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A BOOK DEDICATED TO PROFESSOR GEORGES MILLOT

Georges MILLOT
(1917-1991)

Dr. Georges Millot received his PhD in 1949 from the University of Nancy. He
began his career as Assistant Professor at the same university in 1942 and then as
Professor at the “Ecole Nationale Supérieure des Mines”and at the “Ecole Nation-
ale Supérieure de Géologie” of Nancy. In 1954, he joined the University of Stras-
bourg and became successively or concomitantly Head of the Geological Institute
(1954-1981), Founder and Head of the “Centre de Sédimentologie et Géochimie de
la Surface” (1963-1981) and Dean (1962-1965). He retired as Emeritus Professor in
1981, but remained in charge of many activities at the French Academy of Sciences
where he was elected in 1977 a permanent member. In his personal and profes-
sional life he was awarded many honorific distinctions, such as Officier dé la Lé-
gion d’Honneur and Officier de ’Ordre du Mérite National. He was also elected an
associate member of the Belgian Academy of Sciences, Letters and Arts (1975),
and he was nominated Doctor Honoris Causa at the Universities of Madrid
(Spain, 1979), Neuchatel (Switzerland, 1981), Pavia (Italy, 1981) and Ankara (Tur-
key,1991).

Georges Millot’s research career, extending over 50 years, almost always in-
volved “Clay Geology”, which is the title of the book that he published in French
in 1964,in Russian in 1968 and in English in 1970. His research may be qualified by
the following: “birth of clay minerals in weathering profiles, evolution of clay
minerals during sediment deposition and death of clay minerals during sediment
burial”. He was among the pioneers identifying clay minerals, defining their for-
mational processes and their relationships with their environment and reporting
about their potential as markers. In 1963, he created a research center in Stras-
bourg which became one of the “clay research centers” known world-wide in the
Earth-Science community. He also assumed many responsibilities in the Groupe
Frangais des Argiles and in the European Clay Group and was one of the initiators
of the Association Internationale pour I'Etude des Argiles (AIPEA).
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Foreword

It was a great honour for me to become acquainted with Georges Millot 40 years
ago at the admission committee for teaching positions in junior high schools
(Lycées); he was on the jury and I was a candidate. We recognized each other
immediately. He was a spiritual guide for me,becoming, year after year,a beloved
friend.

I'would like to acknowledge this friend, on behalf of my colleagues in Geology
and my fellow members of the Académie des Sciences, who were all very attached
to him. We all admired the scientist who was always searching for the truth. From an
illness at the beginning of his scientific career,which refrained him from fieldwork
that he liked so much, Georges Millot made a strength. Due to his action, the Earth
Sciences proceeded from a natural to an exact science. It should be recalled that
Georges Millot was one of the founders of geochemistry, with which so many are
acquainted with today. What an opening in a period mainly characterized by sad-
ness in between the two World Wars! This was the beginning of a new concept of the
Earth Sciences which developed more and more over the years.

Behind the scientist was the professor who ensured ceaseless exchanges be-
tween research and teaching. For him, teaching was the most noble profession,
whatever the level. Georges Millot prepared generations of professors who hold a
lasting remembrance of his lectures. He respected and admired the teachers of the
primary school who taught the Parisian boy that he was.

Later came the period of responsibility. Georges Millot was a remarkable sci-
entific manager who took up the French geological profession at a very difficult
period. He succeeded in installing peace among the specialists of the different
disciplines in the Earth Sciences, allowing each to act according to his own capabil-
ities. A fortunate period began for French geology, as many recall nostalgically.

Georges Millot had, in fact, a very high opinion about State service, which he
felt with passion and expressed with kind equability.I remember an open letter that
he addressed to talented and impatient young colleagues and signed «Georges Mil-
lot, servant of the Republic». This reminder of duty impressed many at a moment
when rights are claimed permanently!

Erudite professor and upright higher official are two facets of this rich person-
ality dedicated to serving others. Anyone who was in difficulty or in need knew he
could rely on Georges Millot; and this extended far beyond material problems, since
care of souls was also among his preoccupations. He was obviously among those
who pondered and changed the directionof thoughts and things; he was strongly
involved in the development of contemporary ideas.

Then came the period of honours, that of membership to the Académie des
Sciences. Georges Millot entered the Académie des Sciences in order to serve; once
again! Another of his great successes, one of which he was very proud, was to have
reenlivened the periodic journal, Comptes Rendus de I’Académie des Sciences, in the
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domain of Earth Sciences and to make it into an up-to-date review, which was
impatiently expected by many.

What an influence in the academic assemblies, where his kind common sense,
as well as his smiling but corrosive humour did wonders, like elsewhere! His mem-
ory will be present for along time in our debates and many of us will think of him
before making decisions in complicated situations.

Indeed, now the time of remembrance has come. The purpose of this book is to
reenliven one of George Millot’s facets, i.e. the eminent scientist, through the works
of some of his close colleagues and disciples, in homage to his illuminating person-
ality.

Jean Aubouin
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Preface

After Georges Millot’s death in September 1991, we felt that not only his professional
career, but also his personal way of life deserved a tribute by at least some of his
close collaborators. As a professor, Georges Millot contributed greatly to the forma-
tion of generations of earth scientists and, among all these colleagues, some had the
privilege to further their own research due to his influence and advice. We were
among those who were lucky to be part of his "working community”. We learned so
much from him, even beyond professional contact. This textbook, which is dedi-
cated to his memory, is our way of thanking him and reviving our attachment to
him. The main idea for this volume was twofold:

- a collection of up-to-date reviews by scientists, who were among Georges
Millot’s closest collaborators and who wanted to remember these years with
this dedication, from research fields in which he was a pioneer or in which he
initiated new research avenues;

- anEnglish presentation of an up-graded synthetic view of the ”’French School”
in surficial geochemistry.

In fact, as for many colleagues of his generation, Georges Millot’s knowledge and

practice of foreign languages was such that he could not present his scientific

message as easily as he would have wished. We are therefore proud, through this
editorial work, to contribute to a presentation of part of the knowledge acquired
through his work.

Last, but not at least, we would like to thank sincerely the authors of the various
chapters which cover most of the scientific topics that were of major interest to
Georges Millot, the reviewers of the contributions who helped to improve the drafts
and the publisher of this textbook.

Strasbourg, 12 February 1996
Hélene Paquet
Norbert Clauer



Table of contents
1 Clay Minerals inWeathered Rock Materialsandin Soils ............ 1
1 INtrodUuCtion .. ...t e 1
2 Hydrolytic Weathering Processes and Genesis of

Secondary ConstitUeNTs ..........c.ieiiiiiniiiiiniiii i, 3
2.1 The Concept of «Intensity of Hydrolysis»:Certainties and Limitations .. 3
22 Introduction to the Concept of “Degree of Weathering”

MajorTypes ofWeathering ...........oviieiiiiiiin i iennnns 4
23 Conditions for the Formation of Alteriteand Arena .................. 5
3 Pedological Clay Minerals: Nature and Characterization .............. 7
3.1 Clays of the Kaolin Group (Low-Activity Clays) ..~......ccoevveennnn.. 8
3.2 Charged Clays of the 2/1 Group (High-Activity Clays) ................. 9
3.2.1 TheHigh-Charged Category (z=0.8-0.9) ........cciiireinniiinnnen.. 9
3.2.2 Thelow-Charged Category (z<0.45) .......iveiiienininevunnanenens 11
3.23 Thelntermediate Category .........ocvvivriniininenenenennenennn. 12
33 SUMMAIY ..ottt 14
4 CoNClUSION ... e 16

References .......... PN 18
2 Calcareous Epigenetic Replacement («<Epigénie») in Soils

and Calcrete Formation ..........cooiiiiiiiiienaiiininnennnannss 21
1 INErOdUCHION ... ov et e 21
2 Vertical and Lateral Development of Calcareous Accumulation ....... 22
2.1 Vertical Organization of Calcarecus Accumulation .................. 22
22 Lateral Variation of Calcareous Accumulation ....................... 23
23 Dynamics of Calcareous Accumulation .................ccoiino.t. 23
3 Isovolumetric Replacementby Calcite ............cocoiiiiiiiiilt 24
3.1 Isovolumetric Replacementin Non-Carbonate Rocks ................ 24
3.1.1  Field Observations .............. e 26
3.1.2  MicroscopeExamination ...........oiiiiiii i 26
3.2 Isovolumetric Replacement in Non-carbonate Materials ............. 27
33 Characteristics of Calcareous Isovolumetric Replacement ........... 28
4 Genesis, Stability and Instability of Palygorskite ..................... 29
4.1 Chemical Composition of Palygorskites ..............ccooiiiiiian 29
42 Main Occurrences of Palygorskitein Calcretes ...................... 30
43 Conditions of Palygorskite Genesisin Calcretes ...............c...... 30
5 Occurrences of Calcite and Calcrete Formation ..................... 32
5.1 Calcite Habits .....o.onvni e 32
5.2 Modesof Induration ... ... e 32



XII

Contents

53
54

6.1
6.2
6.3

7.1
7.2
7.3

8.1

8.2
83

2.1
2.2

3.1
3.2

33

4.1
4.2

2.2
2.3

Role of Microorganisms and Biologic Interventions in Calcrete Units . 34

Originof Calcium ... e 34
Calcite-Silicate Mineral Assemblagesin Calcretes ................... 35
ISOtoPIc COMPOSITION .. uit it e i aeeeanens 35
RESUITS oo 36
CoNclUuSIONS .t e 37
Calcrete and Geochemistry of Landscapes ..............c.covvune.. 37
Rectification ofthe Basement ............cooviiiiiiiiiiiiiiinnnn.., 38
Pedological Actionand Ablation .............. .ol 38
Integration of the Processes ..........c..covvininnnn... e 38
Calcretes and Paleoenvironments .........ccovrereeiivienininnannnns 39
Pedogenesis and WaterTable Diagenesis ................cocoveiint. 39
Paleocalcretes: Jebel Chambi (Tunisia) ............cooeiviiiinen.... 39
Paleoenvironmental Consequences ................cviiiiiinennnn.. 41
ConclusioNs ... 42
RefereNCes .. e 42
LateritesandBauxites .......... oottt 49
INErOdUCTION . ..o e 49
Formation of the Original Bauxites ..............ccooviiiiiiiieen.... 50
Weathering of the ParentRock ..., 50
Transfers and Accumulationinlsalterites ..............c.cooviiin 51
Evolution of the Original Bauxites:Formation of Degraded Bauxites .53
Evolution of the Original Bauxites Under Humid Climates ........... 54
Evolution of Bauxites underTropical Climates with

Alternating Seasons ......c.ii it s 55
Evolution of the Bauxites Under Semi-Arid Climates ................ 56
Mass Balances of the Different Evolutions .......................... 56
The Lakota Bauxites, Ivory Coast ........c.covviieinniiinineneninns 57
The Porto Trombetas Bauxites,Brazil ..............c.ccoiiiiiiiinn.. 58
Alteration Rate and Age of Bauxites .............covviiiiiniinnn... 60
Evolution of the Bauxite Landscapes .............c.cooviiivinon... 61
CONCIUSION L. e 62
References ... e e 62

Geochemical Processes inTropical Landscapes:

RoleoftheSoilCovers ........coiiiiiiiiiiiiiiiiiiiii it ennenns 67
INErodUCHION . ..ot e e 67
Soil Coversin DynamicEquilibrium ............ ... Ll 68
"Eutrophic” Brown Soils and Vertisols on Migmatites of the Sudanian

Tropical Zoneof West Africa .......covveviiiiiiiiiiiiii i 69
Soil Covers Consisting of Tropical Ferruginous Soils ................... 70

Soil CoverswithIron Crusts ... ...ooivrinii i 71



Contents X111
24 Soil Covers consisting of Red FerralliticSoils ........................ 72
25 Soil Covers consisting of Yellow FerralliticSoils ...................... 73
3 Soil Covers in Chemical Disequilibrium (Transformation Systems) ....76
3.1 Transformation Systems in Africa between Sahara and the Humid
TroPICAl ZONE ..o e e 76
3.1.1  SurficialTransformation Systems:Eluviation-Erosion Shift ........... 76
3.1.2  InternalTransformation Systems ............oovviiinviirvnienenennns 77
3.1.2.1 LateralTransfer Systems:Eluvial-llluvial Systems ............ s 77
3.1.2.2 InSituReorganized SYStemMS ......v.iririiinrii it 83
32 Transformation Systems in the Humid Tropical Zone ................ 84
3.2.1  Ferrallitic Soil-Podzol Transformation Systems ...................... 84
3.2.1.1 IntheManaus Area,Brazil .......... ... i 84
3212 InFrenchGuyana ........ooiiiiiiiiii it 87
3.2.1.3 IntheBasin of the UpperRioNegro .............c.coveiiiiiiii.... 88
3.2.2 Transformation Systems on Basement with Drainage Inversion ...... 88
4 CoNCIUSIONS o e e 91
References ... ..o.vnin i e 92
5 Evolution of Lateritic Manganese Deposits .............covuenne.. 97
1 INtroducCtion ... ... i e 97
2 Example of the Moanda (Gabon) Sedimentary Manganese Deposit
Enriched by Lateritization ............ccoiiiiiiiiiiiiiii i 99
2.1 Descriptionofthe Deposits ..........oveviviiiiiiiiiiiiiianenns 99
2.2 Stratified Deposit or Alterite? The Search for the «Protore» ........... 103
2.3 Mineralogy and Geochemistry of theProtore ....................... 105
2.4 Supergene Weathering: Formation and Evolution oftheOre ......... 110
2.4.1  The Parent Rock and its Development Towards the Surface ......... 111
242 TheBase layer ......viuini i 111
243 ThePlaguette HOrzon .........oviviiiiiiiiiiiiiiii i iienenns 113
244  The Upper Horizons:Transition and Pisolite Levels ................. 114
2.5 CondlusioN ... e 114
3 Comparison with Other Manganese Deposits ..................... 116
3.1 The AZUIDEPOSIT « .ottt e 116
3.2 Sites with Lateritic Alteration on Metamorphic Protore (Queluzites) . 119
321 TheWest African Deposits ......covveviinininevieiiiiiennaeanns, 119
3.2.2 The Lafaiete Depositof Brazil ...l 120
4 Conclusion ... i e 121
RefereNCeS ...t 122
6 The Lateritic Nickel-Ore Deposits .........covvuiiiinininienennss 125
1 Geochemical Characteristics of Nickel ............................. 125
1.1 Nickelin Endogenous Conditions ................coviviiviiiien... 125
1.2 Nickelin Exogenous Conditions ..............cooiviiiiinininian 125



XIv Contents
2 Nickel-Ore Deposits .....cocieiiiiniii it 126
3 Petrology of Lateritic Weathering Profiles on Ultrabasic Rocks ...... 127
4 Geochemical Interpretation of the Evolution of Weathering Profiles 132
4.1 Geochemical Balance of Vertical Profiles ........................... 132
42 Control of the Geochemical Evolution ............... ..., 132
43 EvolutionofthelLandscapes .......cvvveineiiiiiiiiiiinnnnn, 133
5 Discussion:Role of the Weathering Factors in the Formation

OF DEPOSIES .+ ettt ettt 133
5.1 Role of the Bedrock and the Geological Context .................... 133
5.2 ClimateDependence .........ovveiiiiiiiiiii i 134
53 TimeDependence .......cooeiniiiiiiiiii i 134
6 CoNClUSION ... e 135

S0 1= =] 01 = J A 135
7 The Behavior of Gold in the Lateritic Alterosphere ............... 139
1 INtrodUCtion ... coui i e 139
2 Chemical and Mineralogical Propertiesof Gold .................... 139
3 The Precambrian Gold Lithosphere and itsWeathering ............. 140
4 Gold Behavior in Natural Supergene Systems ...................... 142
4.1 The Mobility of Gold issued from Parental Sulfides ................. 142
4.2 The Mobility of Gold under s.s.Lateritic Environments .............. 142
43 Laterites in a Humid Equatorial Climate:the Gabon Example ....... 145
5 Conclusionsand Perspectives .........cooiiiiiiiiiiiiiiiiinnnn, 152

REfEIENCES .\ttt s 153
8 Comparative Ecology of Two Semi-Arid Regions:

the Brazilian Sertdo and the African Sahel ................ e 157
1 INtrodUCtion ... .ooi i s 157
2 Ecological Parameters ........ocvuiniiiiniiiiiiiiiiiiiaeas 157
2.1 Geographical Frame ...... ..o 158
22 ClmMate e e 159
23 Geological Framework ... 160
24 Landforms and HydrologicalFrame ..................cocoiiiiil, 161
205 SOl Lttt e 161
2.6 RV /<o 1S3 ¥ 1o o S 163
27 HumanEnvironment ...... ... i 164
3 DISCUSSION ..\ttt 164
3.1 Similarities and Differences in the Ecological Parameters ........... 164
3.2 Consequences on Runoff and Infiltration .......................... 165
33 Consequences for Surface Water Quality .....................e. 166
34 Consequences forSoil Erosion ... 166
35 Consequences for the Functioning Ecosystem ..................... 168
351 TheCaatingaEcosystem ...... ...t 168



Contents XV
3,52 The"BrousseTigrée”ECOSYStem .........oeiineneninnrnnnenennnen, 169
4 Conclusion ... 171

REfEIENCES ...t e 172
9 Importance of the Pore Structures During the Weathering

Processof StonesinMonuments ..............coiiiiiiiiiia.. 177
1 INtrOdUCHION . ...t e e 177
2 Progressive Understanding of the Alteration of Stones in Monuments 178
3 TheFirst Studieson SandstonesinFrance .......................... 180
4 Alteration Morphologies and Parameters governing

theirDevelopment ... 182
5 POre STrUCTUIES ...ttt e it 183
6 Water Balance and StoneWeathering ................ccooienn.L. 186
7 CONCIUSION .t e e e 188

RefErENCES .. e e 189
10 Continental Silicifications:AReview ...........ccccivivneiinann. 191
1 INErodUCTioN . ... e 191
2 The Geological Data and their Interpretation ...................... 193
2.1 PedogenicSilicifications ... 193
2.1.1  Quartzose Silcretes:Relative Silica Accumulation ................... 193
2111 Profile Structure ... e 193
2.1.1.2 Structurelnterpretation ...........ccccviiiiiiiiiiiiiiiieiiieae, 195
2.1.1.3 Palaeogeographical Framework ...............cocoiiiiiiiiiiin... 195
2.1.1.4 Tepetates:Beginning Silcretization? ...............ccviiivniiinn.. 196
2.1.2  Hardpans:Absolute Silica Accumulation ........................LL. 197
2.1.2.1 StructuresoftheProfiles ... 197
2.1.2.2 Micromorphologyand Chemistry ...........cccoiiiiiiiinieenen... 198
2.1.2.3 StructureInterpretation ...........oiiiiiiiiii e 198
2.1.2.4 Hardpansand Duripans in Modern Landscapes .................... 198
2.1.3  Mechanisms of Pedogenic Silicifications ........................... 199
22 Groundwater Silicifications ..ot 200
2.2.1  Sandstone Silicification: the Fontainebleau Sandstones ............ 200
2.2.1.1 Silcrete Distribution and DeepWeathering ........................ 200
2.2.1.2 Silicification by GroundwaterOutflow .................. ...l 201
2.2.1.3 DISCUSSION ...ttt et e e i 202
2.2.2  Claystone Silicification:the AustralianTertiary Regolith ............. 202
2221 DesCriptiOn .ottt e e e 202
2222 Interpretation ......oiii it e e e 203
2.23 Limestone Silicification:the Limestone Plateaus of the Paris Basin .. 205
2.2.3.1 Description on the Silicified Limestones ....................ov.ee. 205
2.2.3.2 Interpretationand Mechanisms .................ooiiiiiiiiii... 205
2.24  \Variability of the Groundwater Silicifications ....................... 206



XVI Contents
23 Silicifications associated with Evaporites .......................... 207
2.3.1  The Modern EvaporiticEnvironments ................ ... ..o 207
2.3.1.1 SaltLake Deposits . ...uueeeiirree e e 207
2.3.1.2 BrineGeochemistry ........c..oiiiiiiiiiiiiiiiiiiii it 207
23.2 Sulphate Replacements in Geological Formations ................. 208
233  DISCUSSION ...ttt e e 209
3 MechanismsatWork ...... ..o 210
3.1 The GeochemicalRules ... 210
3.1 SilicaSolubility ..o 210
3.1.1.1 SolubilityinBrines ...l e 210
3.1.1.2 Complexation:Dissolution in Saturated Solution ................... 211
3.1.2  Mineral SeqUENCES ..ottt e 212
3.2 The Crystal GrowthRules ..., 212
3.2.1  Crystal Nucleationand Growth .............cooiiiiiiiiiiinen... 212
3.2.1.1 QuartzPrecipitation ... 212
3.2.1.2 PetrographicFacies ............ccoiiiiiiiiiiiiiiiiiiiiiiiiiia, 213
3.22 Recrystallization ..o 213
3.23 EpigeneticReplacements ........c.c.vuiiiiiiiiiiiiiiii i 214
4 ConClUSIONS ..o e 215
REfOIENCES ..ottt 216
1 Clay Minerals, Paleoweathering, Paleolandscapes and Climatic
Sequences:The Paleogene Continental Depositsin France ....... 223
1 Introduction ... 223
2 Landscapes and Regoliths at the End of the Cretaceous ............ 224
3 The SiderolithicDischarge ..........cooviiiiiiiii i, 225
3.1 Formation of the "Argiles Plastiques” ...............coooiiiiainat. 226
31,1 TheMottledClays ....ooieiiiiiiie e 226
3.1.2 TheKaoliniticClays .......co.iuiiiriii i 226
3.1.3 OriginoftheClays .......coiuiiiiiiiii i 228
32 Extension of the «Siderolithic» Facies ............ccoviiiiiit 228
33 Paleolandscapes ....o..iiii e e 229
4 The indurated Landscapes ......ooviiiieieneiiiini i enanne. 230
4.1 PedogeneticSilcretes ... 230
42 6] [ (= L P 231
43 Encrusted Paleolandscapes .........oviiiiiiiiiii i 233
5 Pre-Evaporitic Clay Minerals in Restricted Basins ................... 233
5.1 InSoutheasternFrance ...l 234
52 IntheParisBasin ..........oiiiiiiiiii i 235
5.3 Geochemical Mechanisms ....... ... ... 237
54 Paleolandscapesand Mechanisms ..............ccocooiiiiiiiin 238
6 Geochemical Sequence of ClimaticOrigin ................coooint 238
6.1 Development of theWeatheringMantles .......................... 239
6.2 Landscape Disruption ..........coiiiiiiiiiiii e 239



Contents XVII
6.3 LandscapeTransformation ............oooiiiiiiiiiiiiinineaannn.. 240
6.4 EvaporiticAccumulations ... 240
6.5 SequencePolarity ......veuiiii e 241
7 CONCIUSION ..ttt e 241
References ... o 242
12 On the Genesis of Sedimentary Apatite and Phosphate-Rich
Sediments .....ciuiiii i et et 249
1 Introduction ...... ..o U 249
2 ApatiteSynthesis ... ... 250
3 Genesis of Sedimentary Apatite .........c.oooviiiiiiiiiiiiiiaa.., 254
3.1 From ExperimenttoNature ...t 254
32 Natural Apatite ......oiiie it 255
4 Genesis of Phosphorites and Phosphate-Rich Sequences ........... 259
5 Conclusion: A Model for Phosphogenesis ...........c.oveviveenn.. 263
References . .....ooiniiin i e 266
13 Clay Mineral SedimentationintheOcean ....................... 269
1 INtroduction ... ..ot e 269
2 Sedimentary Formation and Destruction of Clay Minerals .......... 270
2.1 In Alkaline EvaporiticEnvironments ............ccoiiiiiiiniinnn., 270
22 InOrganicEnvironments ........ovitiiiiiiiiiiiini i, 271
23 InClay GranularEnvironments .........c..ovuviiiiiinninenenen.n. 273
24 In Deep-Sea Metalliferous Clay Environments ...................... 274
25 InVolcanicand Hydrothermal Environments ...................... 276
3 Detrital Supply and Diagenesis of Clay Minerals ................... 278
3.1 Terrigenous Inputin ModernOceans ...........coviiieiinnenen... 278
3.2 The Origin of Smectite in Old Common Marine Sediments ......... 280
3.2.1  Classical Potential Origins .........ooiiiiiiiiiiiiii i, 280
3.22  ACaseStudy:The Smectites of the AtlanticOcean ................. 282
323 Smectiteand Sea-LevelChanges .............c.coiviiiiiiiienin... 285
33 Diagenesis with Increasing Burial Depth .................... ... ... 287
34 Other DiageneticConstraints ...............coiiiiiiiiiiiiin.... 289
4 Preservation and Destruction of the Paleoenvironmental Record of
Marine SedimentaryClay .........cooiiiiiii i 291
4.1 Paleochimate ... ..o e 291
42 Past Continental Sources, Paleocirculations and Tectonics .......... 293
43 Progressive Obliteration of Paleoenvironmental Messages
DY DIagenesiS .. .vert i e 295
REfEIENCES . it e 299
14 Revisited Isotopic Dating Methods of Sedimentary Minerals for

StratigraphicPurpose ........cciiiiiiiiiiiiiiiniincenienesanns 303



XVIII Contents
1 INErOdUCTION ... oo 303
2 SomeFundamentals ........... .. i 304
2.1 Analytical ASPecES .. ..ot e 305
22 Mineral Phases suitable for IsotopicDating ........................ 306
23 Influence of Particle Size and Temperature on Isotopic Dates ....... 308
24 Concept of Isotopic Homogenization ............................. 310
3 Examples of Isotopic Dating of Clay Minerals ...................... 316
3.1 Rb-Srand K—=ArDating .........c.oiiuiiiiniiiriiniiiiieinannnns 316
3.2 SM-NADating ....ovii e 317
33 A0Ar/39ArDating ... e 317
4 Isotopic Dating of Non-Clay Minerals ................ccoiiivenn., 318
4.1 Dating by Reference to the SecularVariation of MarineSr .......... 319
4.2 Pb-Pb DatingofCarbonates ............coiviiiviiiiiiiinnnann, 320
5 CoNClUSION ... e 321
References ... ..oii i 322
15 Concomitant Alteration of Clay Minerals and Organic Matter
during Burial Diagenesis ...........ccoiiiiiiiiiiiiiiiiiiiiie, 327
1 INtroduction ... . e 327
2 Maturation Stages of OrganicMatter ...............ccoiiiiiinn.. 328
2.1 The OIIWINAOW ... oi e e 329
2.2 TheVitriniteReflectance ..o, 333
23 The Dispersed OrganicMatter ............c.oiviiiiiiinvninnenanns. 339
3 Mineral Alterations ...........covi i 341
3.1 The Disappearance of SwellingLayers .............c.coooiiiiivin. 341
3.2 Definition of theTransitionZone ............ccoiiiiiiiiiiinn.... 343
33 Relationship betweenTransition Zone, Depth andTemperature ....350
34 Relationship between Smectite/lllite Transition, Overpressure
andOrganicMaturation ..............coiiiviiiiiiiiiiiiiennnenann. 351
35 Stability-Instability of Smectite .............cciiiiiiiiii 356
4 CONCIUSIONS ...t e e e e e e 357
ReferenCes . ..ot e 357
INAEX o e et i ettt e r e 363



XIX

List of Contributors

JEAN-PAUL AMBROSI and

DANIEL NAHON

Laboratoire de Géosciences de
I'Environnement, UM GECO, CEREGE
Université d’Aix-Marseille i

B.P. 80

13545 Aix en Provence, France

BRUNO BOULANGE,

Instituto de Geociéncias

USP, ORSTOM

C.P. 11.348

05422-970 Sao Paulo (S.P), Brazil

RENE BOULET

Instituto de Geociéncias

USP ORSTOM

C.P 11.348

05422-970 Sao Pauio (S.P), Brazil

HErVE CHAMLEY

URA719,SN5

University de Lille 1

59655 Villeneuve d'Ascq, France

SaM CHAUDHURI

Department of Geology, Kansas
State University

Manhattan, Kansas 66506, USA

NORBERT CLAUER

Centre de Géochimie de la Surface
1 Rue Blessig

67084 Strasbourg, France

FaBricE COLIN

Laboratoire de Géosciences de
I'Environnement, UM GECO, CEREGE
Université d’'Aix-Marseille Ili

B.P. 80,

13545 Aix en Provence, France

and ORSTOM, 213 Rue La Fayette
75480 Paris, Cedex 05, France

EMMANUEL FRITSCH

Instituto de Geociéncias

USP, ORSTOM

C.P 11.348

05422-970 Sao Pauio (S.P.), Brazil

DANIEL JEANNETTE

Centre de Géochimie de la Surface
1 Rue Blessig

67084 Strasbourg, France

BERNARD KUBLER
Institute de Géologie
Université de Neuchatel
11 Rue Emile-Argand
2007 Neuchatel, Suisse

JEAN-CLAUDE LEPRUN
Mission ORSTOM

C.P. 4010

Boa Viagem

51020 Recife (PE), Brazil

JacqQues Lucas

Centre de Géochimie de la Surface
1 Rue Blessig

67084 Strasbourg, France

YvEes Lucas

Université de Toulon
B.P. 132

83957 La Garde, France

HELENE PAQUET

Centre de Géochimie de la Surface
1 Rue Blessig

67084 Strasbourg, France



List of contributors

GEORGES PEDRO
Académie d’'Agriculture
18 Rue de Bellechasse
75007 Paris, France

L. PrREVOT-LUCAS

Centre de Géochimie de la Surface
1 Rue Blessig

67084 Strasbourg, France

MEDARD THIRY

Ecole des Mines de Paris

Centre d'Informatique Géologique
35 Rue St Honoré

77305 Fontainebleau, France

JEAN-JACQUES TRESCASES
Laboratoire de Pétrologie
dela Surface

Université de Poitiers

40 Avenue du recteur Pineau
86022 Poitiers, France

MARIE-MADELEINE BLANC VALLERON
Laboratoire de Géologie

Muséum National d’Histoire
Naturelle

43 Rue Buffon

75005 Paris, France

FrANCIS WEBER

Centre de Géochimie de la Surface
1 Rue Blessig

67084 Strasbourg, France



CHAPTER 1

1 Clay Minerals in Weathered Rock Materials and
in Soils

GEORGES PEDRO

Since Georges Millot’s initial contribution to clays and his thesis on the rela-
tionship between composition and development of sedimentary clayey rocks
defended in 1949, half a century has passed by. So much has been discovered on
clays during that period that it would almost be impossible either to list the
work undertaken or to give a comprehensive account of the present situation in
a concise presentation. I have, therefore, selected some topics in which Georges
Millot was mainly interested and I will proceed according to his methods,i.e.I
will present facts observed in nature, examine them with the best-suited tech-
niques available and finally organize the data into a coherent picture, even
though I am not as bright as he was. I will try and aim for clarity rather than for
the enlightenment which was his.

Georges Millot soon realized, after his thesis, that studying soils and pedo-
logical profiles covering the continents was essential if research on the origins
of clays was to progress any further. Thus, he soon became interested in clays in
weathered material and in soils (cf. Millot 1964, 1970), and I will review the cur-
rent research on this topic in his memory.

1 Introduction

Soils or pedological covers are, according to a now classical viewpoint, the out-

ermost thin layers of loose material of the geosphere which support life on

earth. A soil, which appears as a natural entity interfacing the lithosphere with
the atmosphere and the biosphere, is like the skin of our geoid. Actually, it re-
sults from two types of processes which are quite distinct and do not develop at

the same rate (Pédro 1992):

1. The first type of process is related to interactions between the mineral
world (the superficial geosphere) and the atmosphere. These processes are
inert and azoic, and could be considered as some sorts of surface metamor-
phism or «atmospheric metamorphism». This type is subdivided into two
subclasses in which water plays a major role: (1) changes in the chemical
and mineralogical composition of the superficial geosphere (weathering =
alteration) during which water acts as a solvent and a reagent; and (2) struc-
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tural changes with plasma formation (clay plasmation) during which water

acts mainly as a lubricant.

2. The second type of process, which is of biotic and organic nature, is related
to the biological invasion of the surface of our planet and consequent devel-
opment of the biosphere. The involved biochemical reactions include syn-
thesis reactions followed by degradation when organisms die, leading to
organic matter which is incorporated into the soil as humic plasma.

To what extent these processes affect any region on earth depends on the proc-

esses involved, on their intensity and on their duration. They always seem to be

vertically stratified, especially in well developed situations where the altered
layers are some 10 m thick. Three levels are organized in a more or less parallel
way above the compact unweathered rock (Fig. 1). The lower level (III) is only
affected by geochemical weathering (without any pedoplasmation and biologi-
cal activity whatsoever). The maturity of the resulting mineral material varies
but the original rock frame can always be recognized. Water acts both as a rea-
gent and as a lubricant in the middle level (II), leading to reorganization and
pedoplasmation processes which erase the initial rock structure. Both geo-
chemical weathering and clay plasmation strongly affect this mineral level
which often corresponds to the pedological horizon B. The upper level (I) is
affected by all three types of processes but is mainly characterized by biological
activity. Organo-clay plasmation takes over from initial weathering and is spe-

cific to the pedological herizon A.

The outlines of this chapter having been set up, we can now be more specif-
ic. The full stratification, which has just been described, is characteristic of
deep soils typical - but not exclusively - of intertropical regions where soil for-
mation has been intense over long periods. Usually, only the upper two levels
(A/B) are present and the soils are termed normal. Also, superficial soils com-
prise only the top level (horizon A) and are affected by all three types of proc-

ATMOSPHERE
PEDOLOGIC Weathering s s
ZONE Level | (A) + Biologic activity \ B|o+'(_: and
(EPIDERM) + Organo-clay plasmation I organic domain
Disappearing
A Weathering
pef;?ggiin;g Level i1 (B) + Clay plasmation
WEATHERING Abiotic
ZONE mineral
(DERM) Level 111 Weathering domain

Recognizable
initial rock

FRESH ROCK

Fig. 1. Stratification of superficial processes
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esses — i.e. weathering, clay plasmation and biological activity — which may oc-
cur simultaneously. The three levels can be grouped into two petrological
zones: (1) the weathering zone which includes the deeper zone of level III where
the original framework of the rocks can still be recognized; and (2) the pedolog-
ical zone ”s.s.” or the soil in its initial sense, which includes levels II and I where
the original material can no longer be recognized because of changes and rear-
rangements.

Similarly to skin, the pedological cover can thus be divided into dermis and
epidermis, and two main domains can be distinguished on biological and or-
ganic grounds: the incorporation of organic matter is the hallmark of the su-
perficial biotic domain, and the abiotic domain includes levels II and III. His
extensive studies in this domain led Georges Millot to emphasize the impor-
tance of hydrolysis.

The present chapter reviews what is currently known about the abiotic do-
main, successively dealing with the weathering zone (level III in which the orig-
inal rock can be recognized), its various states and its relationship with the type
of secondary minerals obtained, especially the phyllosilicates, and the submi-
crometric clay particles which are typical of the mostly mineral level II, where
the original rock can no longer be recognized.

2 Hydrolytic Weathering Processes and Genesis of Secondary
Constituents

2.1 The Concept of «Intensity of Hydrolysis»: Certainties and Limitations

Hydrolytic weathering of the earth’s surface always results, from a geochemical
standpoint, in at least some loss of silica and alkalies from the initiadl rock,
whereas Al (and Fe) are maintained in situ. Lamellar secondary constituents,
which are usually Al phyllosilicates (siallitization) but which can also be Al hy-
droxides under extreme conditions (allitization), appear in these conditions.
The degree of hydrolysis and the type of newly formed minerals are, of
course, related as shown by field work (e.g. Lacroix 1913; Harrasowitz 1926; Tar-

dy 1969; Quantin 1993), experimental investigations (Pédro 1964, 1966, 1978;

Robert 1970) and theoretical considerations (Fritz and Tardy 1973; Fritz 1981;

Bourrié 1990). Three prime scenarios have long been recognized (Pédro 1966,

1978,1984).

1. Total hydrolysis leads to complete loss of silica and alkalies inducing for-
mation of gibbsite, AI(OH)B. Allitization is on the way.

2. If hydrolysis is less pervasive, loss of silica might be only partial, whereas
loss of alkalies is complete. Kaolin-type phyllosilicates with a 1/1 layering
are formed, which is recognized as the monosiallitization process.

3. Hydrolysis can even be weak with incomplete loss of silica and alkalies. Low
charge 2/1 phyllosilicates of smectite type (beidellite) form and bisiallitiza-
tion is in progress.
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For a long time, the intensity of hydrolysis and the degree of weathering were
considered to be directly related. However, facts accumulated from major sur-
veys following World War II until the 1960s, have provided evidence for a revi-
sion of this view. Thus in some very slightly weathered formations, where small
amounts of secondary minerals are formed, these secondary minerals are of the
allitic type (gibbsite), whereas other massively weathered formations corre-
spond to a very low level of hydolysis and hence contain very large amounts of
smectite-type clay.

These facts led to a different approach , in which two factors were consid-
ered simultaneously (Pédro et al. 1975; Sequeira Braga et al. 1989): (1) the degree
of weathering measured as the amount of weatherable primary minerals that
have actually disappeared; and (2) the type of weathering, which is mainly
based on the geochemical nature of the authogenic components. Since the type
of weathering has just been briefly described, a closer look might be needed to
evaluate the concept of degree of weathering.

2.2 Introduction to the Concept of "Degree of Weathering” Major Types
of Weathering

Epigenetic replacement («épigénie») which is a specific form of weathering, will
not be considered here, and is discussed in the contribution of H. Paquet and A.
Ruellan.

The main parameter with respect to the degree of weathering is the ratio
between secondary and primary components in weathered rock units. Two cas-
es may occur.

The first case can be considered as massive weathering which develops
when the conditions are such that chemical decomposition affects synchro-
nously, and in the same way, all the weatherable minerals of the parent rock,
including the most stable aluminosilicates (i.e. K-feldspars and muscovite).
Weathering is considered to be massive when chemical weathering is more im-
portant than physical weathering, and when all weatherable minerals quickly
disappear, replaced by large amounts of identical secondary minerals, formed
regardless of the constitution of the initial primary minerals. These secondary
components are either gibbsite, kaolinite or smectites (low charge 2/1 clay min-
erals). This case is known as a stage of alterite formation, i.e. loose material in
which the original petrographic structure of the parent rock is preserved - al-
though the volume may change - and which always contains a large amount of
secondary phyllosilicates (typical clay weathering). These changes occur at lev-
el III which was defined above.

In the second case, weathering acts progressively in a limited way. This
kind of weathering induces differential leaching of the primary framework
minerals, starting with the most vulnerable. The resulting material tends to be
loose and contains a large amount of coarse grains (by the release of primary
minerals) and few secondary components, because the reaction kinetics for
crystallization and neoformation are very slow. The clay minerals are often
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very diverse and the types of minerals obtained depend much more on the ini-
tial primary minerals than on the general bioclimatic conditions. The most typ-
ical minerals are high-charged 2/1 phyllosilicates resulting from changes in the
trioctahedral structures of the micas. A small amount of neoformed minerals
(gibbsite, kaolinite and smectites) also result from weathering of other weather-
able minerals such as plagioclases, amphiboles and others. Physical weathering
is always more intense than chemical weathering in this case; the degree of
weathering - measured by the secondary constituents/primary constituents ra-
tio - being variable. This form of weathering usually develops in very superfi-
cial soils (A) and in normally developed soils (A/B). Sometimes, especially on
coarse-grained rocks, a very thick unit III called arena can develop (e.g. Collier
1961; Tardy 1969; Seddoh 1973; Dejou et al. 1977; Meunier 1980; Sequeira Braga et
al. 1989). Arenization designates the kind of weathering affecting a large thick-
ness of material, while leaving the lithological pattern of the original rock un-
changed, although the total volume changes because of swelling.

2.3 Conditions for the Formation of Alterite and Arena

Generally speaking, alterization typically occurs in wet and semi-wet climates,
the type of alterization depending mainly on the length of the warm rainy sea-
son. The longer the rainy season, as in equatorial areas, the more pronounced is
the silica loss (kaolinite-gibbsite); the shorter the rainy season (dry tropical
areas), the more smectitic is the type of weathering. On the other hand, areniza-
tion which develops on coarse-grained rocks requires mild geochemical weath-
ering which occurs either under temperate or cold wet climates and low tem-
peratures (<10 °C), where the kinetics of neoformation reactions are reduced,

Fig. 2. Climatic and pedoclimatic conditions along a transect in peninsular India. (Bourgeon 1991)
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or under warm dry climates, where deep drainage is insufficient for subsurface
material to be affected.

The transition from arena to alterite under a warm climate has been stud-
ied and the key role of drainage demonstrated (Bourgeon 1991; Bourgeon and
Pédro 1992) owing to the recent discovery of a transect in southern India, which
bears all the steps of a full-scale natural experiment. The parent material
(gneiss) is the same throughout the transect and the temperature is high and
constant throughout the year (around 24 °C in Mysore). Mean annual rainfall
increases over 60 km from 720 mm in the dry zone to 2650 mm in the wet zone
because of the monsoon climate (Fig. 2). Mean climatic drainage [Dcm] which
represents the amount of water that actually percolates yearly the profile be-
yond a depth of 1 m, could be evaluated for the various sites over several years.
Present-day drainage values were then used for estimating real climatic drain-
age per year [Dc] and its variability (1st and 3rd quartiles). The results showed a
transition from a dry zone where Dcm is near zero - present-day drainage being
sporadic - to a zone where Dcm is small but occasionally large every fourth
year, to a wet zone where Dcm is systematically positive every year, increasing
regularly towards the foothills of the Ghéts (Dcm>1500 mm). All weathering
profiles were caused by primary weathering and a simple relationship could be
identified between the pedoclimatic conditions and the main changes affecting
the soil, especially those affecting level III (Fig. 3).

Arenization develops.in the driest part of the transect, where the mean
drainage is close to zero. Weathering is of very limited extent leading to arenas
that are always cohesive in semi-arid zones (i.e. where drainage is sporadic)
and increases wherever deep drainage is effective some years, leading to less

Fig. 3. Geochemical and min-
eralogic characteristics of the
weathering zone along the
transect in Fig.2. (Bourgeon
1991)
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compact arenas. Formation of alterites is characteristic of the zone where
drainage is regularly positive: as long as Dcm remains low, the degree of weath-
ering is less than 100, which is the domain of very friable arenas where weather-
ing just about penetrates the core of feldspar grains. As soon as Dcm increases,
the degree of weathering becomes equal to 100 (all weatherable minerals are
decomposed) and the resulting material is an alterite in the strict sense of the
term. The amount of drainage now affects the whole altered level.

The type of secondary component appearing along this series changes in
parallel with the drainage (Fig. 3). When arenization is weak (consistent and
poorly cohesive arenas), plagioclase remains intact whereas biotite and amphi-
bole are affected and replaced by 2/1 low-charge mineral structures which are
swelling (10-14 A/1.0-1.4 nm) mixed-layer minerals. Geochemically speaking,
Ca is entirely maintained in the profile. When arenization intensifies (friable
arenas), the plagioclase grains are also affected, yielding high-charge K 2/1
phyllosilicates (sericite and illite). Export of Ca becomes considerable, whereas
K is retained. Finally, when weathering gets intense, removal of alkalies signifi-
cantly increases. Kaolinite appears together with illite in the very friable arena
domain. As the degree of weathering reaches 100, the 1/1 kaolin phyllosilicates
invade the alterites.

The transect clearly shows that there is a domain in which high-charge
K 2/1 phyllosilicates appear, which corresponds to advanced arenization. This
domain lies between that of low-charge Ca phyllosilicates (smectites) charac-
teristic of hot and dry tropical regions, where arenization is restricted, and that
of 1/1 alkali-poor phyllosilicates characteristic of wet tropical regions (forma-
tion of alterites). This shows that there is some coherence between the type and
the degree of weathering under warm climates. This no longer holds for arenas
in temperate regions.

3 Pedological Clay Minerals: Nature and Characterization

For a long time, standard investigations on secondary components (clays, ox-
ides, hydroxides) were based only on X-ray diffraction data - especially on the
(o001) reflections — and on chemical analyses. In other words, one did not take
totally into account either crystallography or crystal chemistry. Likewise,
shape, size (lateral extension and thickness) and morphology of clay crystal-
lites, or the way the particles are organized with respect to each other were ig-
nored.

Secondary components of alterites (level IIT) are often microcrystalline -
usually (2-10 pm), sometimes even 100 pm - and slightly hydrated. At the other
end of the scale, the components of the pedological horizons (levels II and III)
are cryptocrystalline, of submicronic size (ca. 0.1 pm), usually hydrated with
well-marked colloidal characteristics. In between is a vast world which had to
be considered, before better understanding of pedological clays could be
gained.
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In order to make things clear and synthetic and for demonstration purposes, let

us, as a first approximation, consider the following two major divisions:

1. Phyllosilicates with neutral and slightly hydrated layers characteristic of ex-
tremely alkali-depleted environments (cations of alkali and alkaline-earth
metals are virtually removed), are typical of monosiallitization (1/1 phyllo-
silicates) where kaolinite appears, and of allitization in which gibbsite neo-
formation occurs. Talc, pyrophyllite, serpentines, etc, obviously belong to
this type.

2. Phyllosilicates with charged and more hydrated layers making up the bulk of
the 2/1 phyllosilicates, indicate that bisiallitization has occurred, regardless
of whether this resulted from «transformations» (apparent bisiallitization)
or neoformations (true bisiallitization) (Paquet 1970).

This distinction corresponds roughly to the separation between low-activity

clays and high-activity clays, which is the nomenclature commonly used now.

3.1 Clays of the Kaolin Group (Low-Activity Clays)

Clay minerals of this group have a uniform layer which is neutrally charged and
has a well-defined composition, i.e. $i,0,AL(OH),. However, the shape, size and
«texture» of the minerals vary considerably. For instance, size and morphology
differ markedly for kaolinite particles from ferrallitic alterites and for those
from micro-aggregated ferrallitic horizons of the same profile (e.g. Robain et al.
1990). Also, normal kaolinite is poorly hydrated and has a very low cation ex-
change capacity (CEC), whereas halloysite is hydrated and was thought to have
a higher CEC (e.g. Delvaux et al.1990).

Current data show that these differences are mainly due to the presence of
lattice defects caused by trace amounts of elementary impurities. These defects
may be within the layers, which introduced concepts such as domain of coher-
ence, intergrowth and segregation (e.g. Mestdagh et al. 1980; Manceau and Ca-
las 1985; Muller and Bocquier 1987; Calas et al. 1990), or due to the presence of
different types of layers in the crystallite, as seen in hybrid structures such as
kaolin/smectite mixed-layer minerals and which now account for the large cat-
ion-exchange capacity of what was once believed to be halloysite in many soils
(e.g. Delvaux et al. 1990; Gaboriau 1991).

These discoveries are due to the use of direct analytical methods (combined
spectroscopy and microscopy) involving physical methods such as infrared
(IR) spectroscopy, extended X-ray absorption fine structure spectroscopy (EX-
AFS), nuclear magnetic resonance (NMR), electron spin resonance (ESR),
Méssbauer effect, lattice imaging, high resolution transmission electron micro-
scepy (HRTEM) and scanning transmission electron microscopy (STEM) etc.
This topic will not be further considered here because it seems premature to
give a synopsis, as the cases studied so far do not provide a broad basis for a
general model.
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3.2 Charged Clays of the 2/1 Group (High-Activity Clays)

This group of clay minerals is very different from the previous one, inasmuch
as it includes a wide range of minerals whose 10-A-silicate layers present a wide
range of compositions (as determined with classical means) and whose inter-
layer spaces are charged and hydrated to various extents. This provides for a
wide diversity of behaviours.

The first analytical step was based on X-ray diffraction patterns (oo1) and
on bulk chemistry. This allowed us to distinguish among species such as smec-
tites, illites, vermiculites etc. The main criterion used was the charge of the lay-
ers, the value 0.6 being considered to set a major discontinuity in the z values
ranging from o to 1 (Mering and Pédro 1969). The z value is relative to the for-
mula Si,0,, for phyllosilicates. However, it turned out that results based on an
assumption of strict ordering between X-ray and chemical data, were not as
relevant as expected. Several concepts were then introduced in order to clear
things up: (1) smectites derived from transformation with charges ranging from
0.4 to 0.6 have an atypical crystal chemistry; (2) random mixed layers are re-
sponsible for a series of irrational (001) reflections; and (3) crystallinity, used
mainly in sedimentary sequences containing illite (e.g. Kubler 1990), is estimat-
ed from the width of the (oo1) reflection.

Unfortunately, the introduction of these concepts was not very satisfactory.
The next step went beyond characterization of the layers and the stacking of
layers within the crystallites, as analysed in mineral powders which were not or
only slightly hydrated. One had to take into account parameters relating to the
size of the particles (extension and thickness/number of layers), their shape ,
their degree of flexibility or rigidity and the way they were arranged with re-
spect to each other. These parameters have to be determined on hydrated and
undisturbed natural samples. This was possible due to: (1) the availability of
special techniques for preparing wet samples (Tessier and Berrier 1979; Tessier
1984); (2) the application of electron miscroscopy to this material (SEM and
HRTM) and, more importantly, of small angle scattering (SAS; Pons 1980; Ben
Rhaim et al. 1986; Gaboriau 1992); and (3) the introduction of various parame-
ters such as the hydration level, the exchange capacity, the total surface area,
etc.

On the basis of the currently available data and by using the layer charge z
as an index, the crystal chemistry of 2/1 phyllosilicates can be divided into three
categories: the high-charged species (z=0.8-0.9), the low-charged species
(z<0.45) and the intermediate category (where 0.45<z<0.8).

3.2.1  The High-Charged Category (z=0.8-0.9)

This category includes species in which the layer stacking is of an ordered or a
semi-ordered type (corresponding to a translational disorder). The species of
this category correspond (1) to illites and micaceous clays when the charges are
compensated by non-hydrated fixed cations such as K (anhydrous interlayer
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&~ o5pm Fig. 4. Diagram of a polycrystalline microdomain. (Tessier 1984)

i o

Microdomain thickness e =70-80 nm

space); (2) to vermiculites when the charges are compensated by hydrated ex-
changeable cations such as Mg - hydrated interlayers appearing although hy-
dration is limited (two structured sheets of water molecules); arid (3) to alumi-
nous intergrades of soils and chlorite-like minerals when charge compensation
involves hydroxy cations of the [Al_(OH),]3x" type.

In species belonging to this group, the term «elementary particle» (well-
delimited rigid platelets) makes sense and condensation leads to structures
combining a large number of particles of the same type with diverse orienta-
tions. Platelets are joined by discontinuous arrangements of the assembled and
disconnected type which leads to a structure similar to a house of playing cards.
The total surface area in contact is very small, which explains why stability is so
low. This type of arrangement is obviously found in the phyllosilicates with
neutral charged layers mentioned previously.

The main issue at this point is to find out what is the basic particle in such a
structure. The basic particles can be monocrystalline units, i.e. elementary crys-
tallites. This occurs in micromicas with large lateral extensions (ca.1 pm) and a
thickness greater than 10 nm, in (true) vermiculites and occasionally in chlo-
rites. The basic particles can also be polycrystalline, which is characteristic of
illites (sensu Grim) in which the small crystallites (lateral extension ca. 5 nm)
join face to face into stable lenticular units. These units are the true units called
microdomains (diameter 0.5 nm; thickness<ioo nm; Aylmore and Quirk 1971;
Fig. 4). These microdomains then aggregate into structures similar to houses of
playing cards, the packing density varying according to the physical and hydric
state of the system.

Because of this, it has been suggested that clay minerals with rigid platelets
be characterized relative to a nested model, similar to that for proteins. The
various levels that have been suggested are the primary structure

Scale Clay constituents

(order of Levels of organization micromica illite

magnitude) vermiculite

1nm primary structure layer + interlayer structural unit | structural unit

180 nm secondary str. “pexture” monocrystalline entity crystallite crystallite
tertiary str. polycrystalline entity — microdomain

10 pm quaternary str. fabric arrangement of particles | crystallite microdomain

(house of cards) aggregate aggregate

Table 1. Polycrystalline arrangements of clay
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(layer=structural unit), the secondary structure (monocrystalline particle= el-
ementary crystallite), the tertiary structure (polycrystalline particle) and the
quaternary structure (type of fabric; Table 1; Pédro and Tessier 1987).

3.2.2 The Low-Charged Category (z<0.45)

The low-charged category includes species without ordering whatsoever (tur-
bostratic structure), in which there is no limit to interlayer hydration, leading
to the formation of true diffuse double layers. Smectites, especially montmo-
rillonites, are the species of this category, in which all interlayer cations are
exchangeable. No discrete elementary particles with well-defined dimensions
are known in this category. Condensation always leads to loose sponge-like
continuous frameworks, such as in polymers. The walls of these continuous
networks are perfectly flexible like a film and the mesh size is determined by the
thickness, lateral extension, etc. These parameters are functions of the type of
smectite: the weaker the charge and, for a given charge, the more octahedral the
charge deficit, the thinner is the wall. They are also functions of the geochemi-
cal conditions determining the type of exchangeable cations and the concentra-
tion of the interstitial solutions, and the physical and hydric conditions (water
potential).

The organization of the walls of the networks consists of a face-to-face sub-
parallel disposition with overlapping layers or groups of layers facing each oth-
er. Large surfaces of contact are created which allow easy sliding, resulting in
broad units connected together. The final structures are termed delaminated
and connected and have a fractal organization (Ben Ohoud and Van Damme
1990).

Figure 5 outlines the arrangement in a Na-montmorillonite and in a Ca-
montmoillonite under identical conditions (dilution=1072 M; 3 kPa=pF 1:5). The
Na samples exhibit adjustments with few layers (M=8), but the water interlayer

Fig. 5. Network arrangement of
a montmorillonite sample in
Na and Ca states. Details of the
framework and appearance of
the network (under well-hy-
drated and poorly hydrated
conditions; Ben Ohoud and
Van Damme 1990).
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(diffuse layer) is very thick (dooi=8s5 A) with a small lateral extension; this
structure is known as a tactoid and is extremely flexible. In the Ca samples, the
adjustments are broader and thicker (M=55 layers, ca.100 nm) and the interlay-
er water is organized into a monomolecular sheet (doo1=20 A-3 layers), this
structure having been called a quasi-crystal (Aylmore and Quirk 1971).

It is obvious from these observations that there is a strict relation between
the wall thickness (number of layers) and the total surface area of the sample.
Surface area measurements can, therefore, provide valuable information on the
«texture» of the material. The nested structures defined in the first category
become imprecise. The layer (primary structure) and framewerk (quaternary
structure) can even be directly related (as in Li smectites of the hectorite type).
Usually, however, intermediate structures combining levels IIT and IV exist:
tactoids and quasi-crystals.

3.23 TheIntermediate Category

The intermediate category is the most commonly found among clay minerals of
soils, especially in temperate ones. It includes all intermediate species with a
layer charge z between 0.45 and o.7. This domain is by far the most difficult to
characterize because neither the chemical nor the X-ray diffraction data are
discriminating enough. Progress could only be obtained using a more compre-
hensive approach, i.e. going beyond characterizing single layers by including
the other nesting levels involved in the textural fabric. This is why measuring
parameters such as hydrability, cation-exchange capacity, total surface area
and volume per unit mass were needed, using undisturbed and hydrated sam-
ples (Tessier 1984).

Several relationships were inferred from a series of 2/1 clays (true vermicu-
lites not included) covering a broad range of crystal chemistry, the layer charge
ranging from 0.3 to 1.

The first relationship was between charge and hydration. Hydration is
measured as the amount of water contained under well-defined conditions. Fig-
ure 6 (Tessier and Pédro 1987) was obtained from Na clays in contact with dilut-
ed solutions (10 M NaCl) at a water potential of 3 kPa (pF=1.5). Two domains
appear in this figure: (1) the material is well hydrated and organized as a con-
tinuous framework when z<o0.6, which is typical for smectites in reference to
the AIPEA International Nomenclature Committee (Brindley and Pédro 1972):
the weaker the charge, the greater the hydration; and (2) hydration is weak and
is more or less independent of the charge when z>0.6, the presence of discrete
particles and houses of playing-card structures being easily demonstrated.

The second relationship is between charge and cation-exchange capacity
(CEG; Fig. 7; Tessier and Pédro 1987). Two cases can occur: (1) the CEC=z and
all interlayer cations are exchangeable when z<o0.45; and (2) the CEC is always
less than z and some of the interlayer cations are no longer exchangeable when
z>0.45. Moreover, the closer the charge to 1, the greater is the non-exchangeable
fraction, two explanations being possible for this (Fig. 8). Either (1) «structural
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Fig. 6. Sample hydration of sev-
eral 2/1 clays as a function of
layer charge z. (Tessier and

Pédro 1987)
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Fig. 8. Interpretation of structural and textural interstratification of 2/1 phyllosilicates. (Robert et
al. 1991)

interstratification» is present with alternating anhydrous and hydrated inter-
layer spaces, which seems to occur in crystallites with a relatively large lateral
extension (micromica-like minerals); or (2) the thickness (and the number of
layers) of crystallites decreases as the charge decreases and the CEC increases.
This occurs in clay particles with a small lateral extension for which ordering
between the specific surface and the CEC is strict (Fig. 9). This arrangement, in
which small particles are piled up with some overlap into large flexible lamellae
has been called «textural interstratification» by Nadeau et al. (1984) and Robert
et al. (1991).

3.3 Summary

Several levels must be taken into account when characterizing 2/1 clay minerals

in the intermediate domain:

1. The structural level relates to the crystal chemistry of the layers and can be
investigated using the z charge which ranges from o0.45 to 0.9, depending on
the type and extent of isomorphous substitutions. When the charge increas-
es, the thickness of the monocrystalline units increases, the CEC decreases,
the selectivity towards K cations increases and the rigidity increases.

2. The textural level relates to the type of polycrystalline units and to the way
they are assembled with respect to each other.

A discontinuity occurs at a z value of about 0.6 within the 0.45-0.9 domain.

When 0.6<z<0.9, the monocrystalline particles, which are relatively thick and

somewhat heavily charged, tend to join their faces in a quite orderly fashion.

Discrete, stable and rigid polycrystalline units are formed. These microdo-

mains, as they are called, build up structures like houses of playing cards.
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Fig. 9. Relationship between specific surface, exchange capacity and X-ray diffraction patterns of
2/1 clays in soils. (D. Tessier, pers. comm.)

Broad 10 A reflections are observed, sometimes associated with 15.5 A reflec-

tions. Some 50-60% of the charge is compensated by cations with exchangeable

properties. This type of material was previously known as «open illite». When
0.45<z<0.6, the monocrystalline particles, which are very thin, have a weak
charge and vary according to the type of the charge of the interfoliar cation (Na,

Ca). They can join turbostratically by overlapping laterally into arrangements

which are flexible and join up to form a continuous network. As in smectites,

15.5 A reflections are observed. Over 70% of the interlayer cations are exchange-

able. This type of material corresponds to «transformation clays» with a well-

marked beidellite characteristic.
Figure 10 summarizes the characteristics of 2/1 high-activity clays as a func-
tion of layer charge z. Two main cases appear:

1. The parameter z is meaningful in terms of crystal chemistry to characterize
the different layers within the sample. This is observed first, when the
charge is weak (z<o0.45), as all cations in the interlayer are exchangeable,
such as in smectites (i.e. clay material with a turbostratic structure forming
a continuous framework); and second, when the charge is very high (2»0.9
to 1), as most cations in the interlayer site are fixed, such as in micaceous
clays with a well-ordered structure, rigid crystallites and a discontinuous
framework. The z value, which depends on the initial conditions during
genesis, determines the type of mineral and its properties. The traditional
approach used in mineralogy, which is based on structural parameters, is
therefore usually quite efficient.

2. The second case includes all the species of the intermediate category
(0.45<2<0.8). The z value, which is an average value, results from simultane-
ous presence of layers and crystallites belonging to both end-member
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groups mentioned above, the percentage of each of which depending on the
conditions during evolution. The traditional mineralogical approach no
longer holds for such mixed structures insofar as fabric aspects take prece-
dence over the other aspects. This is why hydration and other related pa-
rameters are so useful. It has also been observed that when the exchange
capacity is less than half the charge, as when z>0.6, clays have an illite tex-
ture and fabric. But when the exchange capacity is over half the interlayer
charge (z<o0.6), the typical fabric is a smectite framework.
The main lesson to be remembered from this review on 2/1 clay minerals in soils
is that although the concept of clay species still holds, one should not forget to
extend it by including textural aspects. This line of thought agrees with what
Georges Millot (1970) felt 30 years ago. He wrote in 1970 in his book, Geology of
Clays (p. 24): "In fact, we should be aware of two dangers: that of drying up a
natural evolution by means of jerky mechanisms going from one species to the
next, and that of diluting the concept of a mineral species into a continuous
succession in which no distinct steps are discernible” Nowadays, the textural
approach can provide a coherent link between these two seemingly contradic-
tory viewpoints.

4 Conclusion

Important facts regarding phyllosilicate clays found in soil and weathered ma-
terial now seem to emerge from the data presented. The main factor from which
everything more or less derives, seems to be the layer charge z.

Clays with neutrally charged layers (z=0) belong to low-activity clays. Their
characterization depends primarily on the type of layer and to a lesser extent on
their crystal chemistry, which usually turns out to be constant, at least for the

. Fig. 10. Structural and textural
Low-charge High-charge haracteristics of 2/1 clays
2/1 clays 2/1 clays car:acerlslc.so.zlcays ex-
cluding vermiculites)
Disorderly stacking Order{y or semi-orderly
stacking

Textural and/or structural

Turbostratic structure interstratification

CEC =2z CEC <z
0 045 060 1
: L] L] T 1

True smectites Micaceous clays
Markedly hydrated Poorly hydrated
Flexible frameworks Discrete rigid particles

Tactoids-Quasicrystals Microdomains

Continuous arrangement Discontinuous arrangement

delaminated and connected assembled and disjoncted
(fractal type) (compact type)
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major elements. This characterization is not very thorough by modern stand-
ards and the size - and to a lesser extent the shape ~ of particles (lateral exten-
sion, number of layers in each crystallite) should also be taken into account.
Size is directly determined by conditions during evolution, as these are respon-
sible for the presence of minor elements within the lattice. Kaolinites, for in-
stance, may reach thicknesses far greater than 2 pm. However, even when crys-
tallites with sizes less than 1 pm are considered, a kaolinite from a ferrallitic
alterite (e>1000 nm) is completely different from a kaolinite of the B horizon of
an oxisol (e~10-100 nm; e.g. Muller and Bocquier 1987; Robain et al. 1990), with
clear implications regarding the understanding of the genesis conditions and
the behaviour of the constituents.

Clays with charged layers (z>o0) form high-activity clays, illustrating the
colloidal tendency of this type of mineral. The layer which forms the basic unit
is always the same (2/1 layer) but, because the heterovalent isomorphic substi-
tutions are so diverse, charge z seems to extend over a wide range: o to 2 in
theory, 0.3 to 0.9 in nature. These variations lead to frameworks whose atomic
structure (tetrahedral or octahedral substitution), texture (type and size of
crystallites) and type of particles (continuous or discontinuous) vary consider-
ably. Two groups can now be clearly distinguished:

1. The low charge 2/1 clays (z<0.6) behaving basically like smectites - al-
though their domain is somewhat broader than that of «true» smectites -
are well hydrated and markedly selective for divalent cations, especially for
Ca.

2. The high charge 2/1 clays (z>0.6) typically occurring as discrete particles -
generally polycrystalline - are weakly hydrated and are highly selective to-
wards anhydrous monovalent cations, especially K.

This sheds some light on the vast world of clay minerals which are tiny but
essential components of the earth’s surface, lying somewhere between «crystal
and smoke» to take a favourite quotation of Georges Millot from the title of a
book by H. Atlan. However, much remains to be done bearing in mind that any
clay - even a monomineral clay - represents a population of particles with di-
verse compositions and/or sizes (Paquet et al. 1983; Duplay 1984). It would be
appropriate to quote here one of the last scientific messages of Georges Millot
taken from the opening address of the IXth International Clay Conference in
September 1989, which incidentally was held in Strasbourg: «Any clay, even a
monomineral clay is a population of different particles. Each particle is itself a
population of micro-domains. When the environment changes, each micro-do-
main and each particle starts changing. Each of them shifts towards a new ther-
modynamic equilibrium according to its own speed: population dynamics are
going on. Population dynamics apply to clay mineralogy today.»
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CHAPTER 2

2 Calcareous Epigenetic Replacement
(«Epigénie») in Soils and Calcrete Formation

HELENE PAQUET AND ALAIN RUELLAN

1 Introduction

This contribution is a review offering a new interpretation for the genesis of

calcretes as defined by Goudie (1973). Calcretes are calcareous crusts which de-

velop within weathering or soil profiles formed under warm climates with a

marked dry season, excluding travertine or spring-, river- and water table ce-

mentations of various origins.

In Mediterranean and dry tropical areas, calcareous profiles usually dis-
play three horizons, as follows: (1) in the middle of the profile, a horizon char-
acterized by calcareous accumulation and referred to as Bca or Cca; (2) above, a
less calcareous or even non-calcareous loose horizon which is the A horizon;
and (3) below the Bca or Cca horizon, a less calcareous horizon which may also
be non-calcareous (parent rock and/or weathered products) and which is the C
horizon. The systematics of the structure of these calcareous accumulations are
given by Gile et al. (1966), Ruellan (1967 1970) and Netterberg (1980).

Calcareous concentration always proceeds in the same way:

+ In the beginning, a diffuse calcareous accumulation forms, but is difficult
to observe.

+ A discontinuous calcareous accumulation then becomes visible, with pseu-
do-myceliums outlining the porosity of the horizons and friable nodules
with more or less gradational boundaries that become progressively indu-
rated (hard nodules).

+ Finally a continuous calcareous accumulation occurs with the hard nod-
ules becoming more numerous and coalescing into massive, nodular or
laminar crusts and eventually into a more compact calcitic slab whose su-
perficial part is extremely hard and platy (ribbon pellicle of Ruellan 1970).
In weathered profiles and parent rocks characterized by schistosity planes
or joints, discontinuous calcareous accumulation can appear as grids, the
bars of which are calcareous (Millot et al. 1977).
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2 Vertical and Lateral Development of Calcareous
Accumulation

2.1 Vertical Organization of Calcareous Accumulation

The study of a profile with a highly differentiated calcareous accumulation al-

lows following succession to be observed from top to bottom (Fig. 1):

+ A loose horizon referred as A which is slightly calcareous (20 to 30%) or
even non-calcareous. Its thickness (often between 30 and 70 cm) varies and
depends on the geographic location, the parent rocks and the climate. This
horizon rests unconformably on the underlying horizon without any tran-
sitional feature, but with signs of penetration of the horizon A into the lime
crusting horizon which is characteristic of dissolution.

+ A lime crusting horizon in which the amount of carbonate is highest near
the top. In complete profiles, one can observe a compact slab overlying a
crust which, in turn, overlies a non-layered (massive or nodular) lime
crusting horizon. Some units may, however, be lacking, such as the compact
slab at the top of the profile, or the compact slab and the crust. There is
always a progressive transition between the top of the lime crusting horizon
and the underlying horizons. This transition affects the carbonate content,
and the continuity of the structures and of the components.

+ The transition continues through the underlying discontinuous accumula-
tions consisting of nodules or grids, down to the diffuse accumulations at
the bottom of the profile.

No relation is observed between the thickness and carbonate amount of the
horizon A and thickness and carbonate amount of the lime crusting horizon.
Likewise, there is no relation between the thickness and carbonate amount of
the lime crusting horizon and the Ca content of the parent rock.

cm

o

50 A

100 +

150 +

A horizon Massive or nodular non-layered
l—_—] lime crusting horizon

E Ribbon pellicle :{-fv: Soft and hard nodules

@ Compact slab Diffuse accumulations

Crust

Fig. 1. Schematic pattern of the vertical and lateral distribution of calcareous accumulations. (After
Ruellan 1970)
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The relationships observed in vertical organization can also be discerned in
the lateral variation of calcareous accumulation.

2.2 Lateral Variation of Calcareous Accumulation

In a slope developed on a homogeneous parent rock, the different types of cal-
careous accumulation can be followed progressively from upslope to downs-
lope (Fig. 1). There is a progressive transition from diffuse and discontinuous
accumulations, to continuous accumulation, and finally to most differentiated
indurated horizons. Thus, at the bottom of horizon A at a depth of about 50 cm,
diffuse accumulations are first observed, followed by a lateral transition to fri-
able nodules, to hard granules and nodules, to a massive or nodular lime crust-
ing horizon, and to a crust and/or a compact slab. The ribbon pellicles are dis-
cordant on this sequence; they are facultative and discontinuous. If the
observation is carried out at greather depth, the same sequence is found again,
but it is progressively displaced dowslope, eventually without the end mem-
bers.

Thus, the same fundamental sequence is observed vertically and laterally.
It consists of diffuse accumulations, soft and hard nodules (or grids), a massive
or nodular lime crusting horizon, a crust, a compact slab and eventually ribbon
pellicles.

2.3 Dynamics of Calcareous Accumulation

The vertical and lateral distribution of calcareous accumulation allows us to

understand its dynamics:

+ Thelime crusting horizon is not a sedimentary horizon, but a pedologic one
developing within a pedologic sequence: the genesis of this horizon can be
followed downslope beneath the lixiviated and continuous horizon A.

¢ The horizon A and the lime crusting horizon belong to the same pedologic
system. As long as calcareous accumulation is only slightly differentiated,
there is an insensible gradation from horizon A to the discontinuous accu-
mulations. But as calcareous accumulation becomes continuous, giving
way to lime crusting horizons, the contrast between the horizons A and B,
progressively increases. This is a pedologic differentiation.

¢ The thickness and carbonate amount of horizon A may not be related to
those of horizons B, or C, and the thickness and carbonate amount of the
horizons B, or C_, cannot be related to those of the parent rock. The reason
is that the thickness and carbonate amount of the accumulation horizons
depend on the Ca lixiviation from horizon A, on the Ca content of the par-
ent rock and on the lateral redistribution of the carbonates, the calcareous
accumulation becoming progressively more intense and thicker downs-
lope.

+ Within a pedologic system, progressively increasing calcareous accumula-
tion results in a crust consisting in up to 90% carbonates. This means that
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most of the parental material has disappeared and that calcareous accumu-
lation can develop if the pedologic system has operated long enough for
lateral migrations to occur, but also if the parental material contained min-
erals whose dissolution could provide Ca.

3 Isovolumetric Replacement by Calcite

As early as 1977 Georges Millot proposed the hypothesis of isovolumetric re-
placement of silicate parental material by calcite in order to explain the genesis
of calcretes in weathering or soil profiles. Occurrence of calcareous epigenesis
(or isovolumetric replacement) can be demonstrated in soil profiles containing
calcareous accumulation developed on crystalline rocks and on their weather-
ing products, since geometric relationships show that volume remains un-
changed during epigenesis. These geometric criteria apply at all scales of obser-
vation, i.e. to sedimentary, tectonic and petrographic structures, as well as to
textures, fossils, alignment of minerals, macles, cleavages, inclusions, etc. Per-
manence of structures and volumes is thus real.

3.1 Isovolumetric Replacement in Non-Carbonate Rocks

With reference to Boulet (1974), who described the replacement of plagioclase
by calcite in weathering profiles developed on the migmatitic basement of Hau-
te-Volta, Africa, calcareous isovolumetric replacement was demonstrated to be
a very general process in subarid and semiarid areas (Nahon et al. 1975; Millot et
al. 1977; Ruellan et al. 1979; Bech et al. 1980).

This was first shown in calcareous profiles developed on granites, migma-
tites, gneiss, schists and quartzites, all these rocks having been selected because
they were poor in Ca or devoid of this element and because they exhibited rec-
ognizable geometric structures. The most significant example presented here is
that of a calcrete occurring in a weathering profile developed on Precambrian
greenschists of the Tiznit area in the Anti-Atlas, southern Morocco (Millot et al.

1977).

Plate I, 1-8. Epigenetic replacements by calcite in calcretes developed from non-carbonate rocks. 1
Outcrop of the Precambrian greenschist of the Anzi series (30 km east of Tiznit, Morocco) affected
by calcareous epigenetic replacement in the form of a calcareous grid (x 1.5); 2 greenschist, incip-
ient weathering shows palygorskite (p) replacing a schist polyhedron (S) crossed by microfissures
(x 40); 3 greenschist, showing advanced weathering with palygorskite (p) replacing a schist poly-
hedron and calcareous epigenetic replacement (c) after palygorskite from microfissures (X 40); 4
detail: calcitization (¢) follows palygorskitization (p) of greenschist (S) (x 80); 5 epigenetic replace-
ment of a quartz grain (Q) by calcite (c) (x 100) in a granite; 6 epigenetic replacement of plagioclase
by calcite in a granite. Calcitic micrite (c) replaces plagioclase (F) whose macle systems are pre-
served (X 100); 7 epigenetic replacement of biotite by calcite in a granite. In the biotite crystal (B)
ferruginous segregations perpendicular to cleavage are preserved in the calcitized zones (c) (x
100); 8 epigenetic replacement of biotite (B) by calcite (c) developing from biotite cleavage (X 100).
(After Millot et al,1977)
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3.1.1 Field Observations

At the base of the section, slightly weathered to non-weathered greenschists are
observed. These are cut with respect to cleavage by a system of parallel and
transverse diaclases. Within the weathered greenschists, calcareous accumula-
tion progressively develops in the form of a grid above which a calcareous crust
stands out. The first impression is that the horizontal and vertical bars of the
calcareous grid represent filling of cracks. But careful observation shows that,
in fact the calcareous grid does not disturb the structural organization of the
parent rock. Moreover, numerous relict fragments of schists' are preserved
without displacement and they remain in their original orientation within the
calcareous units, which become thicker from the bottom to the top of the sec-
tion (Plate I, 1).

These observations do not allow reference to a system of fissures filled with
precipitated calcite. In fact, each schist polyhedron, which is delimited by dia-
clases, is progressively replaced by calcite from the outer to the inner zone: the
replacement process seems to start from fissures, joints and cleavages which
represent privileged pathways for soil solutions to carry the dissolved Ca.

3.1.2  Microscope Examination

The greenschist is cut into polyhedra by fissures (Plate I, 1) which develop clay
rinds in the initial stage of weathering (in the zone of incipient schist calcitiza-
tion; Plate I, 2). These clay rinds consist of randomly oriented bundles of fibres
of palygorskite and will be considered later. With further development, paly-
gorskite entirely pervades the schist polyhedra, although schist relicts can still
be observed. Concurrently, areas of palygorskite replacement in the polyhedra
are seen to be replaced by calcite (Plate I, 3). It should be noted that during the
replacement of the original silicate material of the schist by palygorskite and
then by calcite, the volume of the polyhedra remains constant. This is the evi-
dence for concluding that the progressive replacement is isovolumetric (epige-
netic replacement or calcareous «épigénie»; Millot et al. 1977). In the final stage,
at the top of the calcrete, volumes are no longer preserved. Calcite forms a con-
tinuous matrix enclosing relicts of schist and palygorskite (Plate I, 4), which
attests for the progressive process.

Examples exhibiting mineral replacement by calcite were also found in the
Ifni granite of the Anti-Atlas region, Morocco, for instance. First case: calcite
replaces a quartz crystal whose separated fragments retained the same optical
orientation (same extinction; Plate I, 5). Second case: it replaces a feldspar with
two orthogonal macle systems without any visible displacement (Plate I, 6).
Third case: calcite replaces a biotite with lines of ferruginous segregations per-
pendicular to the cleavages which are well preserved in the calcitized zones
(Plate I, 7). Fourth case: biotite is almost completely replaced by calcite (Plate I,
8). These are a few of many examples testifying to the epigenetic replacement of
original minerals of a granite by calcite.



3 Isovolumetric Replacement by Calcite 27

Plate I1, 1-4. Epigenetic replacements by calcite in calcretes developed from sediment. (After Truc
et al. 1985). 1 scattered spots of calcitic micrite in a clay-quartz loam; 2 indurated micritic nodule:
quartz content decreased to 30% of the total; 3 detail of the calcitization front; 4a clay coatings
(cutanes) around quartz grains; 4b corrosion of quartz grains and epigenetic replacement of
quartz by calcite (relict cutanes are shown by arrows). (After Truc et al, 1985)

3.2 isovolumetric Replacement in Non-carbonate Materials

Further demonstration of calcareous isovolumetric replacement came from
studies of nodules or calcretes which developed from loose materials without
easily recognizable geometric fabric. Under the microscope, the distribution of
quartz grains is identical in both the sediment and the enclosed nodules (Truc
et al. 1985). The following example from Chabet Smala section in Tunisia shows
the progressive transition from a loam to a compact calcareous slab (Regaya
1984).

In the clay-quartz loam, calcareous accumulation first appears in the form
of scattered spots without clear outlines (Plate I, 1) and then in the form of
nodules (Plate 11, 2, 3). In the calcitized zones, the abundance and size of the
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quartz grains decrease as a result of corrosion (30 to 50%), and the amount of
clay minerals composed of palygorskite is only 1-2% of the total rock. The
quartz skeleton is never displaced or removed by calcitization as suggested by
Gile et al. (1966), Allen (1985) and Machette (1985): quartz is clearly replaced by
calcite (Plate II, 4a,b). Towards the top of the section, nodules coalesce and
form first a continuous calcareous layer and then a slab in which quartz grains
represent only 5% of the volume of the rock and from which palygorskite is
absent.

Systematic comparison of several series of thin sections from calcretes of
various loose sediments shows the corrosion of quartz graine, as well as the
permanence of their distribution until replacement. Volumes are preserved or,
in other words, the appearance of a calcitic volume corresponds to the disap-
pearance of an equal volume of clay-quartz material; such correspondence is
by definition a calcareous isovolumetric replacement.

3.3 Characteristics of Calcareous Isovolumetric Replacement

The characteristics of calcareous replacement were pointed out by Georges Mil-
lot after many studies in collaboration with different teams of geologists, soil
scientists, geomorphologists and geochemists. They are as follows:

1. In semiarid climates, alternating humid and dry seasons induce dissolution
of silicates during humid periods and crystallization of carbonates during
dry ones, with an intermediate stage of palygorskite, especially when the
parent rocks are rich in Al-Mg silicates (Paquet 1983). This proposal is
based on modelling (Millot et al. 1977,1978; Al Droubi et al. 1978) and exper-
imentation (Halitim et al. 1983). The latter authors clearly demonstrated
that during wet periods and under the influence of Ca-Mg solutions, the
dissolution of primary silicates is accompanied by the formation of a fi-
brous Mg silicate, usually palygorskite, in natural environments.

2. Calcareous isovolumetric replacement may affect all types of rocks, e.g.
plutonic, volcanic, or sedimentary rocks, and results in a monometallic
(Ca) and monomineralic (calcite) state in calcretes and in a bimetallic (Ca,
Mg) and monomineral (dolomite) state in dolocretes (Millot and Paquet
1987), the latter not being discussed in this chapter.

3. Calcareous isovolumetric replacement is a function of weathering related
to the planation of landforms (Ruellan et al. 1979; Millot 1980). In fact, be-
cause this replacement changes the nature of the parent material at the base
of the weathering cover, although it does not modify either its volume or its
fabric, there is no apparent effect on landforms. However, when regulated
by water table level, calcareous replacement induces the «hidden» and «hy-
podermic» (as defined by Millot (1980), i.e. under the surface) levelling of
the bed rock.

These characteristics, as well as examples of the geochemistry of land-
scapes and paleoclimatic and paleogeographic reconstructions, are successive-
ly examined below.
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4 Genesis, Stability and Instability of Palygorskite

A discussion of epigenetic replacement requires the examination of the role of
palygorskite which represents the predominant clay mineral in calcretes of
semiarid areas (references in Jones and Galan 1988). This fibrous mineral may
represent up to 95% of the clay fraction.

4.1 Chemical Composition of Palygorskites

Chemical analysis of individual palygorskite particles collected from calcretes
in Precambrian greenschist gave the information to be considered below. There
are very slight chemical variations from one particle to another (Paquet 1983;
Table 1), however, palygorskite from the inner part of the calcrete correspond-
ing to maximal calcitization, may have the highest Ca and Mg contents. From
the tentative distribution of ions between tetrahedra and octahedra on the basis
of 21 oxygens per half unit cell the structural formulae of samples (4), (5) and
(8) are as follows:

(4) (Si7.88A10,12) (Alx.gzMgl.64Feo.28) 021 Ca
(5) (Si7.80Alo.zo) (A11.68Mg1.86Fe
(8) (Si,gAl,,,) (Al g Mg, Fe

0.14

0.06 Ko.os

) 021 CaO.ZO K0.14
) 021 Cao.lo Ko.lo

0.30

0.22:

In these formulae, the Fe contents are higher than those usually reported
(Weaver and Pollard 1975; Newman 1987), which seems to be specific for paly-
gorskite from weathered materials or soils (Paquet 1983; Paquet et al. 1987).
Such high Fe contents have also been recently reported by Singer et al. (1995) for
soil sepiolites.

Octahedral compositions of palygorskite and smectite particles from cal-
cretes were compared on the basis of (Al + Fe3*)"! vs. Mg"! values for six positive
charges per half unit cell (Paquet et al. 1987). The small chemical variability
from particle to particle, as mentioned above, was found for both the smectite

Basal part of calcrete Middle part of calcrete Surficial part of calcrete
1 2 3 4 5 6 7 8 9 10 11

$i0, 69,65 68,62 69,67 70,34 68,68 69,26 68,52 70,00 70,95 70,42 70,65
AL O3 15,66 15,61 15,43 15,45 14,14 14,28 15,30 15,15 14,93 15,82 15,43
Fe203 3,49 3,75 3,53 3,44 3,61 3,28 3,24 2,57 2,03 2,52 2,02

MgO 9,63 9,76 10,65 9,72 10,93 11,06 10,87 10,77 10,65 10,23 10,03
CaO 1,12 1,03 0,35 0,48 1,57 1,52 1,57 0,78 0,46 0,28 0,72
K,0 0,45 0,64 0,37 0,57 0,97 0,60 0,99 0,72 0,97 0,82 0,69

Table 1. Chemical analysis of palygorskite fibers extracted from a calcrete developed on Precambri-
an greenschists
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and the palygorskite. A large overlap of the chemical compositions of palygor-
skite and smectite was visible, with preferential uptake of Mg by palygorskite.

4.2 Main Occurrences of Palygorskite in Calcretes

Palygorskite may be found in several microscopic facies of calcretes, and occurs
in the following ways: (1) as coatings or cutans surrounding soil micro-aggre-
gates or primary minerals (Beattie and Baldane 1958; Van den Heuvel 1966;
Beattie 1970; Singer and Norrish 1974) and called «palygorskans» by Brewer
(1964); (2) as micro-aggregates dispersed in the calcareous matrix (Van den
Heuvel 1966; Turchenek and Oades 1974); (3) as oriented or unoriented bundles
of fibres in pores and voids (Eswaran and Barzanji 1974; Yaalon and Wieder
1976); and (4) as weathering rinds surrounding primary minerals or rock frag-
ments and, in turn, surrounded by calcitization zones (Millot et al. 1977; Paquet
1983). In some calcretes, palygorskite may be accompanied or replaced by sepi-
olite, a Mg-rich fibrous mineral (Van den Heuvel 1966; Gardner 1972; Bachman
and Machette 1977; Hay and Wiggins 1980; Jones 1983; Paquet et al. 1987).

4.3 Conditions of Palygorskite Genesis in Calcretes

The genesis of palygorskite in calcretes can be related to three main processes,
according to various authors: (1) weathering of more or less Mg-rich primary
minerals, such as amphiboles and pyroxenes (Elgabaly 1962; Eswaran and Bar-
zanji 1974), or biotite, chlorite and phengite (Millot et al. 1977); (2) weathering of
secondary minerals, such as smectites (Frye et al. 1974; Yaalon and Wieder 1976;
Watts 1976, 1980; El Prince et al. 1979; Viani et al. 1983; Jones 1986); swelling
minerals (Bachman and Machette 1977) and mixtures of chlorite, kaolinite,
smectite and mica (Millot et al. 1969, 1977; Jones and Galan 1988); and (3) direct
authigenesis from soil solutions in evaporative conditions (Van den Heuvel
1966; Gardner 1972; Singer and Norrish 1974; McGrath 1984; Thellier et al. 1988).
The two first processes have been illustrated at the rock scale (Millot et al. 1977)
and at the crystal scale (Paquet 1983). In the calcrete formed on Precambrian
greenschists, taken as an example in the above dicussion, microprobe analyses
were carried out on thin sections along a transect from schist matrix to a micro-
fissure (Plate I, Fig. 4). The following three domains could be observed on the
spectrum (Fig. 2): a domain in which Si, Al, K and Mg are abundant and corre-
spond to the phyllosilicates of the parent rock; a domain in which Mg clearly
increases and Si and Al decrease, indicating the presence of palygorskite; and a
domain in which Si and Al contents are low, Mg decreases noticeably and Ca
appears in abundance, corresponding to the calcitized zone.

Microscope and microprobe investigations lead to the following interpreta-
tions: (1) palygorskite is a mineral formed by direct weathering of primary min-
erals of parent rocks (Plate 1, Fig. 2), or as the result of transformation of, fol-
lowed by recrystallization from clay minerals of the parent materials of
calcretes; (2) the formation of palygorskite takes place before and during calci-
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s Fig.2. Microprobe analysis
along a section from the schist
to a microfissure. (After Paquet
1983)

> Schist
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Calcitization
Zone
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tization (Fig. 2; Plate I, Fig. 4); and (3) at the end of calcitization, the amount of
palygorskite tends to decrease, being replaced by calcite, like the silicates. This
is contrary to the assertion of McGrath (1984) according to whom the amount of
palygorskite increases as calcitic induration develops. In fact, as calcitization
becomes intense, especially in calcareous crusts and slabs, palygorskite is no
longer stable; just as is observed in loose horizons overlying calcretes, where
seasonal variations are more perceptible and soil solutions more dilute. In such
horizons, palygorskite transforms into smectite which is more stable in surfi-
cial environments, whereas calcite is progressively dissolved (Paquet and Millot
1972).

The conditions governing the genesis and stability of palygorskite have
been clarified by means of bidimensional (Velde 1985; Jones and Galan 1988) or
tridimensional stability diagrams (La Iglesia 1977; Weaver and Beck 1977).
These diagrams have been calculated from different types of data: free forma-
tion energy for palygorskite (Tardy and Garrels 1974); rate of aqueous dissolu-
tion for pedogenic palygorskite (Singer 1977); and solute-ion activity (Jones
1986). The diagrams show that genesis and stability of palygorskite are depend-
ent on three principal variables - high pH, and high Si and Mg activities in soil
solutions. These three factors are most beneficial during dry periods of semiar-
id climates when evaporation concentrates solutions. In contrast, when the
medium is less alkaline or more dilute, the neoformed clay minerals are smec-
tites (Paquet 1983).

Some authors have reported the occurrence and even the predominance of
sepiolite in calcretes (Van den Heuvel 1966; Hay and Wiggins 1980; Jones 1983;
Milnes 1992). The presence of sepiolite is attributed (1) to an abundance of dis-
solved Mg and Si in conjunction with increased concentration of soil solutions
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(Jones and Galan 1988), or (2) to the absence or immobilization of solutes for
colloidal aluminium (Jones 1983; Mc Grath 1984) as the result of a reduction in
permeability and, at least for some loci, or (3) to «closure» of the system by
calcite precipitation (Velde 1985). According to Bachman and Machette (1977),
sepiolite has in any case to be considered as a late-stage product of pedogenesis,
whose content increases with age within calcretized geomorphic surfaces.
These authors have also asserted that both sepiolite and palygorskite are absent
in the younger surficial horizons overlying calcretes.

5 Occurrences of Calcite and Calcrete Formation

As evidenced by the denomination «calcrete», calcite is the predominant miner-
al in calcretized horizons. Calcite whose precipitation necessitates high
pH values (often higher than 9, even than 10; Ruellan 1970; Mohr et al. 1972),
exhibits both macroscopic and microscopic forms of accumulation.

5.1 Calcite Habits

According to Monger et al. (1991), the major macroscopic habits consist of fila-
ments, coatings on relict grains, fillings of tubes, nodules disposed vertically or
diagonally, internodular fillings and petrocalcic horizons. The microscopic
habits are multiple, such as filaments representing calcified root hairs, micritic
calcite-impregnated pore walls («pore hypocoatings» or «neocalcitanes»; Seg-
hal and Stoops 1972), coatings of relict grains in the form of micritic, or sparry
calcitanes in nodules, and dense micritic calcite surrounding skeleton grains.
Internodular fillings of calcitanes and non-coalescent micritic calcite were also
observed, as well as laminae of pure micritic calcite, sparry calcite.in voids and
structures of microcodium in laminar zones.

5.2 Modes of Induration

Nahon (1991) demonstrated that induration proceeds by progressive glaebuli-
zation, e.g. by multiplication, association and coalescence of calcitic plasmic
concentrations into a continuous indurated horizon. Calcitization develops
from replacement of primary minerals of parent rocks by precipitation of cal-
cite from soil solutions that diffuse from inter-aggregate fissures until they
reach the small pores of the plasma of the host rock. In the beginning, calcitic
plasmic concentrations, e.g. spots and nodules ranging in size from a few mi-
crons to 2 cm are formed, and their roughly spherical shape testifies to centrip-
etal and isotropic calcitic concentration. In argillaceous material, the size is
controlled by the size of the aggregates.

For Nahon (1991), the progressive glaebulization, as considered from a spa-
tial or temporal point of view, is accompanied by an evolutionary mineral se-
quence in which calcite represents the predominant and stable mineralogical
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phase. As characterized by IR spectrometry in micro-sequences of temperate
climate (Nahon et al. 1980; Dupuis et al. 1984; Ducloux et al. 1984), this mineral
sequence shows the following stages: amorphous Ca carbonate, which is in a
precocious, very hydrated and metastable form, disordered calcite and/or arag-
onite, and true calcite. Goudie (1973) described aragonite in calcretes from
South Africa and Milnes (1992) reported small quantities of the same carbonate
in a calcrete from South Australia. However, aragonite is usually considered as
ephemeral (Nahon et al. 1980), like fibrous calcite (Bocquier 1973; Nahon 1976;
Durand 1979; Pouget and Rambaud 1980; Verges et al. 1982). Calcrete formation
thus results from progressive glaebulization, but it may also form from calcite
accumulation in the macro- and microporal systems of the soil profile, which
evokes the neocalcitanes, calcitanes and fillings mentioned above.

In fact, Milnes (1992) showed that the calcite concentration of an indurated
horizon is related to the accumulation of micritic calcite in pores, which pro-
gressively stops water infiltration. Calcite is considered to be at once illuviated
from overlying pedologic horizons and precipitated from soil solutions. Chad-
wick et al. (1987) indicated that large voids are preferential sites for calcite pre-
cipitation, since they dry more rapidly than small ones and because they are in
more direct contact with the atmosphere, which is depleted in CO,. However,
Wieder and Yaalon (1974) suggested that dispersed clay minerals constituting a
microporal system may also serve as nucleation points for micritic calcite for-
mation.

Precipitation of calcite and thus development of calcitization of indurated
layers requires a three-stage process (Salomons et al. 1978): Ca enrichment of
soil solutions, Ca transfer by soil solutions, and precipitation of calcite. Evapo-
ration is usually considered to be the main factor in calcite precipitation al-
though other mechanisms may also intervene, especially the decrease of CO,
partial pressure resulting in a pH increase. This «triple process» governs the
formation of calcrete, whether the latter should be considered as resulting from
epigenetic replacement by calcite of minerals from parental materials (Millot et
al. 1977; Salomons et al. 1978; Reheis 1988; Nahon 1991; Reheis et al. 1992), or
from impregnation by calcite of a more/less porous layer (Gile et al. 1966; Allen
1985; Machette 1985; Milnes 1992).

Recently, Wang et al. (1993, 1994) proposed a model combining «dynamic,
mass-continuity, hydric, geochemical, mineralogical and textural factors». Be-
cause of this combination it is possible to «predict the features of a calcrete as a
function of any desired climatic changes in temperature, wet-dry relative dura-
tions, PCO,, water-table position and slope». First restricted to calcretes devel-
oped at the expenses of quartzite, this dynamic model was then extended to
calcretes replacing silicate rocks in semiarid regions (Wang et al. 1994) and
could successfully produce the mineral and textural zonations identified in
natural calcretes.
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53 Role of Microorganisms and Biologic Interventions in Calcrete Units

Laminar crusts («crofites zonaires» or ribbon pellicles; Ruellan 1970) in the up-
permost part of calcretes are of doubtful origin. According to Rabenhorst et al.
(1984, 1991), their origin has been traditionally ascribed to inorganic processes
of carbonate precipitation. However, more recently some authors have referred
to a biogenic origin. According to Gile et al. (1966) and Ruellan (1967), laminar
crusts are composed of alternating light and dark thin laminae of micritic cal-
cite; the latter would precipitate from thin layers of free water perched above an
almost impermeable calcareous horizon. Each lamina might represent a physi-
cal (calcite dissolution-reprecipitation) episode in the uppermost part of the
calcrete.

A biogenic origin could involve any of several types of microorganisms
forming laminar structures, for example: cyanobacterial mats with stromatolite
features (Campbell 1979; Krumbein and Giele 1979), filamentous Cyanophyceae
(Wright 1989; Verrechia 1990; Verrechia et al. 1995) and microcodium (Estaban
1974; Monger et al. 1991). All these microorganisms could directly or indirectly
induce precipitation of calcite (Folk 1993) and their development might be fa-
voured in micro-environments, such as pores where humid conditions are pre-
served even during the dry season (Milnes 1992). Moreover, many cases of cal-
crete exhibit proof of biological activity affecting either the laminar part, as
seen above, or the innér part of the calcrete; such cases are calcified roots
(Klappa 1980; Wright et al. 1988, 1995; Rossinsky et al. 1992), insect burrows
(Milnes 1992), fungal hyphae (Callot et al. 1985), microfossils (Milnes and Lud-
brook 1986) and Bulimes macro-fauna (Truc 1989).

5.4 Origin of Calcium

If calcrete develops from dolomitic marly rocks, its Ca obviously originates
partly or totally from these rocks. Ca was also demonstrated by Bourgeon
(1992) to be autochthonous in the case of calcretes on Ca-rich silicate rocks. The
author studied calcrete-bearing red soils which developed from amphibolic
gneisses and amphibolites on pediments of the southern part of the Mysore
Plateau (India) in semiarid conditions. Carbonate accumulation was shown to
be the result of integration of three processes: upward movement of slightly
weathered Ca-rich materials through organic activity, slow transfers of these
materials by rainwash on pediments, and weathering of these materials result-
ing in enrichment of soil solutions in soluble elements, especially Ca.

In contrast, if no relation can be observed between the thickness and the
calcite content of a calcrete and the Ca amount of the corresponding parent
rock or of the silt-clay horizon at the top of the profile, Ca must have entered
the weathering profile - as in the case of the calcrete developed from silicate
parent rocks described above. If surrounding landforms are carbonate-rich,
they provide the calcium necessary for calcrete formation either in dissolved
form, related to short- or long-distance transfer by soil solutions (Nahon 1991),
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or in suspended form, as in the case of slope debris, colluvium and alluvium
(Millot et al. 1977). If no carbonate-rich surrounding landform can be observed,
the only other possibility is aeolian influx.

Many authors have reported the role of calcareous dust in the formation of
calcretes in semiarid or desert areas, especially in the United States (Brown
1956; Gile et al. 1966; Reeves 1970; Gardner 1972; Gile and Hawley 1972; Machette
1985; Schlesinger 198s5; Liu et al. 1994), but also in Australia (Jessup 1961; Jessup
and Wright 1971; Milnes 1992), North Africa (Coque 1962; Millot et al. 1977) and
in many other parts of the world. Chadwick and Davis (1990) and McFadden et
al. (1991) even reported on a relationship between the rate of calcarecus dustfall
and the development of calcrete. For other authors, Ca could be provided by sea
spray (Morelli et al. 1971; Jame 1972; Oliva 1974).

Rabenhorst et al. (1984) showed that the combination of micromorphologi-
cal and isotopic analyses is helpful in distinguishing between pedogenic and
lithogenic carbonates. The origin of Ca, if external to the weathering profile in
which calcrete develops, may be identified through isotopic analysis. In fact,
the #Sr/%Sr ratio is typical for each rock type and calculation of that ratio in the
calcareous glaebules of calcrete gives useful information on the Ca source (Na-
hon 1991), especially if the ratio is compared with the Nd isotopic composition
(Grousset et al. 1992). This might be a promising investigation method for trac-
ing the origin of Ca in the calcretes.

6 Calcite-Silicate Mineral Assemblages in Caicretes

It is now well-established that calcretes are calcareous layers occurring within
weathering profiles developed in semiarid to arid climates with marked dry
seasons inducing strong evaporation and high pHs. Calcite predominates in the
mineralogical composition of calcretes, but it is accompanied by clay minerals
which are essentially fibrous in shape (very frequently palygorskite), to the ex-
tent that it is tempting to consider the latter as a diagnostic mineral for cal-
cretes. Sepiolite and occasional smectite are scarcer. Relict primary minerals
such as quartz, feldspars and micas are usually observed as traces.

6.1 Isotopic Composition

The conditions under which this mineral assemblage could form can be esti-
mated from C and O isotopic compositions of the calcite (Gauthier-Lafaye et al.
1993). The studies including isotopic analyses of C and O of calcite emphasized
the importance of evaporation in the formation of the carbonates (Salomons et
al. 1978; Talma and Netterberg 1983; Schlesinger 1985; Mc Fadden et al. 1991).
Lawrence and Taylor (1971) also showed that in clay minerals formed in weath-
ering profiles, C and O isotopic compositions are similar to those of local mete-
oric waters, especially when the clay minerals, such as kaolinite, halloysite or
montmorillonite, formed in an open system.
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Samples Clay content 580 3¢
(% of total) (SMOow) (PDB)
Calcrete A
Calcite (1) 100% +22,0 -5,8
Calcite (2) 75% +26,8 -11,3
Palygorskite (2) 20% (+ Sm. 5%) +28,0
Palygorskite (3) 90% (+ Sm. 10%) +34,2
Calcrete B
Calcite 100% +28,0 -9,83
Smectite 100% +27,0

Table 2. Mineralogical and isotopic compositions of the Portuguese samples'. (After Gauthier-La-
faye et al. 1993)

However, no isotopic data on clay minerals from calcretes are presently
available. The calcretes are from environments in which the isotopic composi-
tion of meteoric water has been modified by evaporation, which induces enrich-
ments in the heavy isotopes, as shown by Schlesinger (1985) for calcites of cal-
cretes. If clay minerals of calcretes are in isotopic equilibrium with soil
solutions, then they should be more/or less enriched in **O and thus reflect the
rate of evaporation in solutions from which they have formed.

6.2 Results
Stable isotope analysis has been applied to the study of two calcretes developed

from basaltic rocks in Portugal and containing the following mineral assem-
blages: calcite—palygorskite in calcrete A and calcite~smectite in calcrete B. The
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Fig. 3. Oxygen isotopic variation of water in isotopic equilibrium with the analysed minerals vs.
temperature, in calcretes A and B. Palyg. Palygorskite; Calc. calcite. (After Gauthier-Lafaye et al.

1993)

1 Isotopic compositions are measured per thousand as compared to standard mean ocean water
(SMOW) for oxygen, and Peedee Formation Belemnitella americana (PDB) for carbon. For oxy-
gen, precision is +0.2 per thousand in the case of carbonates and 0.5 per thousand in the case of
silicates; for carbon, precision is 0.3 per thousand.
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results are presented in Table 2 and Fig. 3 (Gauthier-Lafaye et al. 1993). In cal-
crete A, oxygen isotopic equilibrium is roughly achieved between the calcite (1)
and the local meteoric water (6'*0=0.4%, after Yurtsever and Gat 1981) or a
slight enrichment in **0 is noticed. The enrichment in **O is more significant in
calcite (2) for which 6*0=26,8%. For palygorskites, the enrichment in **0 is
pronounced, especially in the case of palygorskite (3) in which 6*0=37.2%. Such
an enrichment is ascribed to the meteoric water which is enriched in *0. For
such an isotopic composition, evaporation is estimated to be about 80% by the
Rayleigh evaporation model. In calcrete B, calcite and smectite yield isotopic
compositions indicating rather similar formation conditions. The oxygen iso-
topic compositions correspond to meteoric water whose evaporation is estimat-
ed at about 40-50% of the total water. In the case of calcrete A, the enrichment
in **0 is more important for the clay mineral than for the calcite.

6.3 Conclusions

The *O content of clay minerals and associated calcites in calcretes attests to
the fact that these two types of minerals are not in isotopic equilibrium with the
local meteoric waters: they display marked enrichments in *0. Such enrich-
ments can be related to evaporative episodes before mineral formation.

The formation of palygorskite and smectite requires more marked evapo-
rative conditions than does calcite precipitation, as the *O content of calcite is
more similar to that of meteoric waters. This would substantiate the hypothesis
of McFadden et al. (1991) that pedogenic calcite dissolves and precipitates in
open systems. It is further suggested that palygorskite formation takes place in
a more confined environment than that of smectite.

7 Calcrete and Geochemistry of Landscapes

During his frequent field-trips to tropical Africa and the Sahara, Georges Millot
was often intrigued by the large flat surfaces with low slopes and frequent indu-
ration, which characterize semiarid and arid regions. These large surfaces
which are connected to hillsides by a system of concave slopes and downslopes
to the terraces of the fluvial drains, develop on hard parent rocks and are called
“pediments”. During the 1970s, debates took place on the origin of these vast
indurated surfaces: were these surfaces indurated because they were levelled, or
have they been affected by planation because they were «reinforced» by calcrete
formation? The process of calcareous epigenetic replacement recognized by
Georges Millot brought some evidence into the debate (Ruellan et al. 1979; Mil-
lot 1980).
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7.1 Rectification of the Basement

Calcareous epigenetic replacement works at the bottom of weathering covers.
As shown above, the nature of the parental material is changed but not its struc-
ture or volume. Thus, there is no direct or perceptible action on landforms oth-
er than a preparatory one. In fact, epigenetic calcareous replacement, in which
the weathering front is regulated by the underground water table, reduces the
surface roughness of bed rock; it induces a buried and «hypodermic» rectifica-
tion of the basement.

7.2 Pedological Action and Ablation

At the top of calcretes, pedological processes operate; these include biological
reworking, structural modification and above all, dissolution of calcite during
rain periods. Thus, the thickness and volume of calcrete decreases; calcrete is
degraded from the top, leading to the development of a loose, sandy or silt-clay
horizon which represents the original minerals which escaped dissolution or
calcareous replacement. That loose horizon may contain rock fragments which,
together with scattered vegetation, play a fundamental role in preventing rain-
water from concentrating in rills. Thus, in semiarid areas, instead of rill wash,a
rain wash takes place and progressively induces the ablation of the loose super-
ficial horizon. The result is progressive rectification of the landforms, e.g. pla-
nation.

7.3 Integration of the Processes (Millot 1980, 1983)

In summary, one can assert that rain wash lowers the surface of the loose hori-
zon by ablation, that the basal part of this loose horizon is reconstructed by
dissolution of the surficial layer of the calcrete, due to hydrologic and biologi-
cal action, and that the calcrete is expanded downward by calcareous epigenetic
replacement of the basement. Thus, three regular and roughly parallel surfaces
develop progressively, i.e. a soil surface, a calcrete surface and the surface cor-
responding to the basal zone of epigenetic replacement. The ultimate combina-
tion of these results is planation of landforms.

In the course of time, calcrete evolution progresses due to two effects. In the
uppermost part of the calcrete, a dissolution front liberates a surficial, loose
and mobile horizon which takes part in the rectification of slopes when affect-
ed by erosion. In the basal part of the calcrete, calcitization leads to the replace-
ment of parental materials and thus to the smoothing of the basement. Conse-
quently, calcrete formation is an important factor in landform planation.
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8 Calcretes and Paleoenvironments
8.1 Pedogenesis and Water Table Diagenesis

Calcrete formation by replacement of parental material is a geochemical proc-
ess working during weathering (pedogenesis), as well as during «hypodermic»
alteration (water table diagenesis; Mann and Horwitz 1979; Arakel 1985; Truc et
al. 1985; Rossinsky et al. 1992). In fact, calcrete formation depends on two types
of process. First, during pedogenesis in hard parent rocks, soil solutions circu-
late along different pathways, such as along schistosity or fracturation joints,
microfissures and diaclases. Calcareous epigenetic replacement develops in the
form of calcareous grids whose growth and thickening result in a continuous
indurated layer. In loose and porous rocks, soil solutions circulate in the mac-
ro- and microporal systems and the resulting calcareous forms are spherical
(mottles, soft and hard nodules). They coalesce progressively, resulting also in
a continuous calcareous layer. The second set of processes operates through the
water table, whose dynamics fluctuate with permeability and with the seasonal
supply from rainfall. During dry periods, the mineral load of water induces - as
with soil solutions - dissolution of silicates and precipitation of carbonates
such as calcite or dolomite. Through repeated alternations of dry and wet peri-
ods, massive calcretes develop progressively.

When studying a calcrete; it is not always easy to identify what results from

pedogenesis and what results from water table diagenesis. For this reason,
Klappa (1983) proposed a unique term, «pedo-diagenesis». However, even if the
geochemical mechanisms concerned are similar in both cases, some differences
in structural sequencing may be helpful. In fact, in calcretes related to pedogen-
esis, pedo-biological sequences can be observed. These are increasingly numer-
ous towards the top of the profiles, before carbonate dissolution in the surficial
loose horizons. In calcretes related to water table diagenesis, such pedo-biolog-
ical sequences are lacking and only mineral replacements are observed (Truc et
al. 1985).
Otherwise, the combination of petrographic and isotopic analyses (Prikryl et al.
1988) is thought to be very useful to differentiate the pedogenetic from the dia-
genetic origin of calcretes. Recent studies which integrate stable and neodym-
ium isotopic compositions also seem to be quite promising.

8.2 Paleocalcretes: Jebel Chambi (Tunisia)

The dual origin of calcretes has been observed in many geological formations, a
classic example being seen in the section of the Jebel Chambi in Tunisia (Sassi et
al. 1984). The Jebel Chambi is located in the area called «Ile de Kasserine» in
central Tunisia. No continental or marine deposit has been identified up to
now, either in the Jebel Chambi or in the other emerged zones («ensemble de la
Jeffara»), for the period between Late Cretaceous and Late Eocene/Oligocene.
And it was traditionally recognized that a red and white thick detrital forma-
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Fig. 4. «Sedimentation-calcrete formation» cycles. Example from the South Chambi section. (After
Sassi et al. 19084)
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tion, Miocene in age, rests on the Abiod Limestone which represents the young-
est Mesozoic unit.

The detailed study of the Jebel Chambi and of neighbouring jebels led to the
conclusion that the thick detrital formation involved three cycles of «sedimen-
tation-calcrete formation» (Fig. 4). In each of the cycles, there was an alterna-
tion of accumulation of red detrital sediments which were progressively calcre-
tized and of degraded calcretes. Outcrops, rock samples and thin sections all
showed evidence of replacement by calcite or dolomite either by weathering or
by water table diagenesis. Water circulation was favoured because of the nature
of the sediment (Truc et al. 1985). Periods of degradation of the calcretes were
illustrated by ablation, dissolution and incipient karstification. These alterna-
tions may be connected either to tectonic movements which affected the Jebel
Chambi during the Tertiary or to climate variations. Palygorskite is the only
clay mineral in the calcrete; its neogenesis is evident since the surrounding
landscape and the loamy parent materials are depleted irr palygorskite.

A terrestrial gastropod fauna including Bulimes which definitively belongs
to the Middle Eocene, is found in the loamy beds as well as in the calcrete-
bearing ones (Truc et al. 1985). Therefore, a formation which was classically
ascribed to marine or lacustrine Miocene is actually a calcrete-bearing, conti-
nental, Eocene formation. The case of the Jebel Chambi is not unique; in fact,
such calcrete-bearing, continental, Eocene formations were later identified in
the Chaine Nord des Chotts, Tunisia (Abdeljaouad 1989), in the High Plains of
Oranie (Bensalah et al. 1987), and in the Hammada du Guir, Morocco (Elyoussi
et al. 1990). Evidence for epigenetic replacement, abundance of palygorskite,
and biostratigraphic data thus characterize a detrital Eocene unit with calcretes
and Bulimes fauna in the three North African countries.

8.3 Paleoenvironmental Consequences

The identification of calcareous epigenetic replacement in an indurated conti-
nental formation, whatever its age may be, leads to following conclusions. From
a paleoclimatic point of view, the development of calcareous epigenetic re-
placement of parent material indicates alternating climatic conditions and long
dry periods. From a paleogeographic point of view, calcareous bars or slabs
cutting or replacing detrital sediments cannot be automatically considered to
be of lacustrine or marine origin (example of the Jebel Chambi). From a strati-
graphic or cartographic point of view, the geometric relations between the cal-
cretized sediments and the other sedimentary formations in the same basin
should henceforth be recorded on geological maps (example of North Africa as
a whole).
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9 Conclusions

Due to the studies of Georges Millot, a new insight into the genesis and evolu-

tion of calcretes, which are usually considered as the result of impregnation of

more or less porous media by calcite, was obtained. The principal lessons which
may be drawn from the work of Georges Millot are the following:

1. Calcretes represent a weathering system which is specific to semiarid cli-
matic conditions.

2. Calcretes develop in many cases by isovolumetric replacement of the min-
erals of parent rocks and of weathering products by calcite (calcareous
«épigénier).

3. Regulated by the underground water table, this epigenetic replacement re-
duces roughness of basement rocks below the calcretes. At the top, after
biological and pedogenetic reworking, calcrete degrades, resulting in a
loose and mobile silty-clay horizon which is subject to ablation. Calcrete
formation thus facilitates the regularization of landforms and is an active
factor in planation.

Due to the identification of the phenomenon of epigenetic replacement in
calcretes, it can be stated that many other supergene deposits may be reinter-
preted in terms of epigenetic replacement (iron crusts, nickeliferous and man-
ganiferous ore deposits, silcretes, etc.) and that numerous calcareous forma-
tions considered to be lacustrine or palustrine may actually be characterized as
palaeocalcretes. Thus, the latter could provide important information on pal-
aeoclimates and palaeoenvironments. Even the palaeoclimatic stages of cal-
crete formation are being dated now (Liu et al. 1994; Mack et al. 1994).
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CHAPTER 3

3 Laterites and Bauxites

BRUNO BOULANGE, JEAN-PAUL AMBROSI AND DANIEL NAHON

1 Introduction

The term «bauxite» was introduced by Berthier (1821) and refers to rock sam-
ples belonging to the laterite type. Lateritic bauxites have been studied by many,
mainly by prospection and exploration geologists, and by geologists, soil scien-
tists and geomorphologists interested in the mechanisms of bauxite formation
and evolution. Many overviews have been published on the topic during this
century (Lacroix 1913; Harrasowitz 1926; Harrison 1934; Patterson 1967; Valeton
1972; Bardossy and Aleva 1990). It is now well known that bauxites and laterites
result from pedogenic processes, i.e. from weathering of a large variety of sedi-
mentary, metamorphic and igneous rocks, under tropical and humid climates
(Bocquier et al. 1984).

Lateritic bauxites, which are very often indurated, consist of Al oxi-hydrox-
ides (gibbsite Al(OH),, boehmite AIOOH) and Fe oxi-hydroxides (goethite
FeOOH, haematite Fe,0,) resulting from weathering of the parent rocks. The
degree of weathering varies according to their chemical and mineralogical
compositions, and to the climatic and drainage conditions. The alkalis and al-
kali-earths are completely removed, while Si is either completely or partly
leached. In the former case, gibbsite forms from the remaining Al, and in the
latter case, the residue of Si combines with Al to form kaolinite. The weathering
of the parent rock leads to the formation of «secondary» or neoformed minerals
which can be associated with «relict» minerals inherited from parent rocks.
Several weathering units (horizons, facies) can be defined from the spatial (tex-
tural and structural) repartitioning of the mineralogical phases. The formation
of these different weathering units reflects the allitization and monosiallitiza-
tion mechanisms which have been defined by Pédro (1964), the term bauxite
strictly referring to a horizon of Al accumulation that has an economic value.
Georges Millot (1964) first distinguished two types of bauxitization of parent
rocks i.e. the «direct» and the «indirect» one. These two processes lead to the
formation of aluminous horizons called «original bauxites» (Fig. 1) which can
undergo structural, mineralogical and chemical transformations resulting in
the formation of «degraded» bauxites (pseudobrechic, nodular, pisolitic baux-
ites of Boulangé 1984; Boulangé and Millot 1988). During these transformations,



50 Laterites and Bauxites

l——l Parent rock —’———l

direct bauxitization indirect bauxitization
(inherited structure) {without inherited structure)

¢ l

l ORIGINAL BAUXITES

l—_ deferruglini zation

iron removal - - -{ DEGRADED BAUXITES | ----- resilication

pseudobrecciated
nodular
pisolithic

ARGILLO-FERRUGINOUS KAOLINITIC
CRUST FACIES

Fig. 1. The bauxitic facies and their genetic relationships

new accumulation units form according to the type of chemical transfer. For
example, Fe migration into the subjacent argillaceous saprolites leads to the
formation of the argillo-ferruginous crust. Resilications can create new kaoli-
nite facies. These various facies form according to the physico-chemical condi-
tions of the weathering environment which depend on the climati¢ (tempera-
ture, humidity, vegetation) and topographic parameters (slope, drainage).

2 Formation of the Original Bauxites
2.1 Weathering of the Parent Rock

During direct bauxitization, a pervasive hydrolysis of the parent minerals leads
to the formation of gibbsite and goethite which are the only neoformed miner-
als. All major elements of the parent rocks, including Si but not Al and Fe, are
removed. Al and Fe accumulate within the boundaries of the framework grains
ard in in-filling fissures and cleavages, and create a network of septa which
encloses dissolution voids (Delvigne 1965; Nahon 1991). These elements can also
be transported over short distances outside the boundaries of the original crys-
tals. These transfers result in a random distribution of gibbsite in dissolution
voids within the Fe-Mg minerals,and in an occurrence of gibbsite and goethite
in dissolution cracks of quartz grains.
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During indirect bauxitization, removal of the elements released by hydrol-
ysis of the parent minerals is incomplete. Fe, Al and part of the Si accumulate in
situ and form goethite and kaolinite. This process does not alter the texture of
the parent rocks: kaolinite exists as pseudomorphs of the parent minerals, and
goethite as septa which coat the inter-mineral fissures. The Fe contained in
these goethite networks is then re-distributed and forms haematite concretions
in the micropores (Tardy and Nahon 1985). This kaolinite alterite is a precursor
for the bauxite sensu stricto which eventually forms as a result of the dissolu-
tion of the kaolinite and the neoformation of gibbsite. During this bauxitization
stage, the texture of the parent rocks is rapidly lost, but the original lithologic
structure is preserved (veins, fractures, folds).

To summarize, direct or indirect bauxitization involves the following proc-
esses: complete or partial dissolution of the parent minerals, loss of cohesion of
the parent rocks associated with an increase of porosity, and conservation of
broken but unaltered relicts of parent minerals. The fragments of single grains
present single extinctions under XPL, indicating that they did not move and still
retain their initial volumes (Nahon 1986a,b). However, variations of volume up
to 20 to 30% related to the degree of porosity, are sometimes noticed (Colin et
al. 1992). As a result, gibbsite forms in horizons where the structure and occa-
sionally the texture of the parent rocks are preserved. Those horizons which are
not yet in the final stage of bauxitization, are called lithomarge with conserved
structure (Tardy 1969), coarse saprolite (Trescases 1975), or isalterite (Chatelin
1974; Boulangé 1984). This type of weathering under humid climates leads to the
formation of a continuous and simple profile from parent rocks to the top soil
with plant cover. Biological activity is responsible for the disaggregation of al-
terites, redistribution of the various components (gibbsite, kaolinite, goethite),
and for downward transfers of elements into an accumulation horizon. These
relative and absolute accumulations (D’Hoore 1954) contribute to an increase of
the Al content up to economic concentrations.

2.2 Transfers and Accumulation in Isalterites

Dissolution of parent minerals creates an important intra- and inter-mineral
porosity, adding to the fissural porosity of the parent rocks. The porosity is
subsequently lined or filled with materijal precipitated from dissolved species
or from particles of percolating fluids. From bottom to the top of isalterites, i.e.
from the fissural porosity to the alveolar porosity, different types of accumula-
tion have been observed (Bocquier et al. 1984). These transfers generate differ-
ent sub-units inside the isalterites.

At the bottom of the isalterites, these transfers are characterized by an ac-
cumulation of silico-aluminous and amorphous material and of halloysite in
the trans-mineral fissures of the parent rocks, while weathering proceeds.
These accumulations increase the Al content of the parent rocks. Boulangé
(1984) reported an increase of 2 to 5% of the Al content relative to the initial
granite. Transfers and redistributions of elements occur through porosity cre-
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ated by weathering of the parent minerals from the top to the bottom of the
isalterites. Accumulation resulting from these chemical and particle transfers
forms yellow to red sepic (isotropic) matrices which consist either of alumino-
ferruginous amorphous products, or of argillo-ferruginous material. In these
accumulations, kaolinite, which is poorly crystallized, is associated with
goethite and forms small disk-shaped crystals (Ambrosi and Nahon 1986). Des-
iccation and re-hydration of the kaolinitic and goethitic products lead to a zo-
nation of the rocks which results from Fe migration and concentration as
haematite in internal red kaolinite zone characterized by microporosity. The
external yellowish zone, which is Fe depleted, displays a higher porosity, and is
composed of an aluminous plasma where gibbsite replaces kaolinite (Boulangé
et al. 1975). These segregations within the cutans are mainly related to varia-
tions of water activity and pore size (Tardy and Nahon 1985; Trolard and Tardy
1987). Solutions circulating in the cutans induce dissolution of goethite and ka-
olinite. Fe migrates over short distances and precipitates as haematite in the
microporosity of the internal zone. Kaolinite displays a lower dissolution to-
wards the internal zone and is replaced by gibbsite which precipitates as pris-
matic crystals (Fig. 2). In each void, successive accumulations form complex
cutans which display similar organizations, i.e. with Fe and kaolinite in the in-
ternal zone and gibbsite in the external zone, reflecting the succession of dry
and wet conditions of the environment. These accumulations in the poral spac-
es increase the cohesion of the isalterite. They also increase the Al content, add-
ing to the bauxitic character of the isalterite.

In the bauxite facies, the Fe and Al contents are related to the chemistry of
the parent rocks: a parent rock with a high Al content will generate a bauxite
with a high Al content. Isovolume mass balances on the basis of the method

Fig. 2. Microprobe analysis in a ferrigibbsian cross section: relative distribution of Fe, Si and Al
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Layers Thickness (m) AlO3 FerO3

(%) (%)

Fragmentary bauxite 1 130 290
Upper massive bauxite 0.5-1 140 80
Lower massive bauxite 10-15 120 200
Ferruginous layer 0.2-0.5 60 250
Upper isalterite 3-5 60 250
Lower isalterite >2 20 80

Granite 44 g 45¢g

in 100 cm3 in 100 cm3

Table 1. Isovolume estimation of Al O, and Fe O, gains in the isalterites and the original bauxite of
the Mt. Tato (Ivory Coast; after Boulangé 1984)

developed by Millot and Bonifas (1955) have shown that more than 50% of the
Fe and Al contained in a bauxite developed on a granite, come from transfers
which took place after weathering of the parent rock. Boulangé (1984) noticed
that accumulation of Fe oxides is always greater than accumulation of Al (Ta-
ble 1). Iso-elemental mass balances (Zr, Ti) give better results when the varia-
tions of the rock volume are important (Colin et al. 1993).

Under humid tropical climates with alternating rainy and dry seasons, the
original bauxites are progressively transformed through a succession of proc-
esses: absolute accumulation of kaolinite (halloysite) in the fissures of the par-
ent rocks, dissolution of the framework minerals and neoformation of gibbsite,
secondary cutan accumulations of kaolinite and goethite, and transformation
and alteration of these argillo-ferruginous accumulations into haematite and
gibbsite (Fig. 3). A simple weathering profile with a continuous sequence in-
cluding the parent rock, the isalterite and the soil is, therefore, replaced by an-
other profile with an accumulation horizon (original bauxite) on top. If the
same climatic conditions persist, the bauxite profile becomes progressively
thicker at the expenses of the parent rock, as the alteration proceeds down the
profile (Nahon and Millot 1977). This type of profile develops on hilly land-
scapes with convex slopes, which are characteristic of humid tropical zones.

3 Evolution of the Original Bauxites: Formation of Degraded
Bauxites

Original bauxites formed under humid climates with alternating wet and dry
seasons, show various evolution patterns depending on whether the climate be-
comes wetter or drier.
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Fig. 3. Sketch of a bauxite profile developed from a granite (Mount Tato, Ivory Coast): layers and
chemistry (means for each layer and facies)

3.1 Evolution of the Original Bauxites Under Humid Climates

Under humid climates, original bauxites undergo localized Fe leaching which
determines the development of alumino-ferruginous pseudobrechic volumes.
Short-distance transfer of Fe takes place towards the centre of the pseudobre-
chic volumes which are progressively indurated, to form nodules located in an
Al matrix which is lighter in colour (Parron et al. 1983). The nodules develop
concentric (Nahon 1976) and pisolitic structures which are mainly composed of
goethite with up to 25% mol of AIOOH. As Fe leaching proceeds, the nodular
and pisolitic structures tend to disappear and the Al matrix becomes predomi-
nant,

Above the bauxite levels, vegetation (forest) protects the clay-sandy cover
which formed by relative accumulation of residual Si which was observed with-
in the original bauxite. The biochemical cycle of Si through the vegetation feeds
kaolinite formation in the cover (Lucas et al. 1993). This mechanism also affects
the underlying bauxite unit, and the degree of kaolinization of the Al matrix is
related to the level of residual silica. Under permanent humid conditions, as the
parent rocks are progressively bauxitized, the degradation of the top of the
bauxite horizon leads to the development of a thicker soft clay-sandy cover.
Evolution of this cover towards podzolic soils, which involves clay migration,
accumulation, aggregation and destruction of the aggregates, can also be ob-
served (Pédro and Chauvel 1978; Ambrosi and Nahon 1986; Lucas and Chauvel
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1992). At the bottom of the bauxite profile, changes in the conditions of weath-
ering of the parent rocks due to impeded vertical drainage can also result in the
resilication of gibbsite with its transformation into kaolinite.

Changes in humid conditions erase the characteristic organization of the
original bauxite, which is transformed into a pseudobrechic or nodular degrad-
ed bauxite, depending on the degree of Fe leaching. Kaolinite formation at the
top and/or in the lower part of the profile induces the loss of the bauxite charac-
ter. These processes which are more or less intense, can lead to an extreme evo-
lution, such as a fersiallitic soil generated at the expenses of the totally eroded
bauxite.

3.2 Evolution of Bauxites under Tropical Climates with Alternating
Seasons

When a tropical climate with alternating dry and humid seasons persists, the
original bauxites are exposed to climatic conditions similar to those having pre-
vailed during their formation. As the formation of original bauxite and the ac-
cumulation of material in the saprolite proceed, bauxites undergo important
mineralogical and structural transformations caused by the alternation of dry
and wet periods, and by geomorphological variations.

The transformation of gibbsite into boehmite is the first change which can
be observed. Two opposite views concerning the stability of gibbsite and boeh-
mite exist according to thermodynamic data: gibbsite is thought to be more
stable than boehmite (Garrels and Christ 1965; Sarazin 1979), or gibbsite is less
stable than boehmite (Rossini et al. 1952; Nahon 1976). Chesworth (1972) and
Trolard and Tardy (1987) claimed that water state and water saturation have to
be considered in the calculations. Gibbsite is stable in a saturated environment
at 25° C and 1 atm, and boehmite becomes more stable than gibbsite in an un-
der-saturated environment.

Environments which are water under-saturated can predominate in the up-
per part of bauxite levels and on hillsides that are bauxitized. Boehmite stability
which is not favoured by an alternation of dry and wet seasons, is however in-
creased by an intense ferruginization which leads to a boehmite-haematite as-
semblage (Tardy et al. 1988b). Part of the released Fe from profiles located high-
er in the landscape migrates laterally and is mainly retained by the original
bauxites located in the slopes, which become characterized by a boehmite-
haematite association. When the clay-sandy top horizon is not too thick, the
alternation of dry and rainy seasons favours the evolution of the original gibb-
site-haematite association towards a boehmite-haematite association charac-
terized by high Fe amounts of up to 50%.

Reorganization of the boehmite-haematite material leads to the formation
of Al pisoliths (Boulangé and Bocquier 1983). The Al-Fe crusts are cut into
pseudobrechic volumes and nodules. The centripetal degradation of these frag-
ments and nodules feeds a new inter-nodular matrix. The alternating wet and
dry conditions result in the development of new spherical nodular volumes by
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Fe migration from a saturated central zone to a more dehydrated external zone.
Consequently, progressive Fe leaching leads to reorganization of the matrix
into pisoliths with a cortex becoming more and more complex. A complete Fe
leaching either on the scale of the microsystem or the horizon, induces forma-
tion of a boehmitic matrix with pisolitic structures.

The original bauxites progressively lose their structure and are replaced by
degraded bauxites which display intermediate evolutionary stages including
pseudobrechic, nodular and Fe or strictly Al pisolitic facies. The last stage of
bauxitization is represented by a boehmite-rich bauxite with pisolitic struc-
tures. This bauxite is eventually affected by dissolution processes; the Al which
has been released, may migrate over short distances and precipitate as gibbsite
in the pore spaces, or may migrate downwards even to the lower saprolite in
which it forms kaolinite with Si.

The formation of pisoliths represents a stage in the degradation of the lat-
erite bauxites, Fe and Al are progressively released and migrate downwards and
downslope. In these zones, accumulation of Fe and combination of the Al with
Si results in the formation of argillo-ferruginous crusts representing the last
stage of these transformations.

3.3 Evolution of the Bauxites Under Semi-Arid Climates

Under semi-arid climates characterized by predominantly dry periods, the
scarce vegetation does not have any efficient geochemical and protective role.
Relicts of original bauxites or indurated degraded bauxites are often exposed by
mechanical erosion. Gibbsite is not stable in the uppermost part of the profile
due to low water activity, Al migrates downwards and residual Fe accumulates.
These processes result in the formation of a Fe-rich crust at the top of the baux-
itic profiles (Boulangé 1984). Exposure of degraded bauxites which are strictly
Al and contain boehmite and gibbsite, improves the stability of boehmite (Am-
brosi1990).

According to the degree of induration or degradation of the original and
degraded bauxites, mechanical erosion carries away the residual materials
(nodules, pisoliths, clays, etc.) from bauxites and alterites and the parent rocks
can be exposed.

4 Mass Balances of the Different Evolutions

The chemical trends which are observed in the sequence: parent rock, alterite,
original bauxite, degraded bauxite and argillo-ferruginous lithology, are illus-
trated by two examples: (1) bauxites developed on granite in the Ivory Coast
(Lakota); and (2) bauxites developed on clay-sandy sediments in Brazilian Am-
azonia (Porto Trombetas).
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Fig. 4. Sketch of the mineralogical evolution during the original bauxite development from a gran-
ite weathering (Mount Tato, Ivory Coast)

4.1 The Lakota Bauxites, ivory Coast

The Lakota deposit (700000 tons) is located at the top of a 380-m-high hill
(Mont Tato). The profile displays an isalterite about 5 m thick which is covered
by a massive original bauxite about 15 m thick (Fig. 4). In the Lakota area, pis-
olitic bauxite horizons or argillo-ferruginous crusts occur at the top of many
other kills whose summits are lower than Mont Tato.

In Mount Tato, some of the parent minerals have been transformed into
gibbsite in an indirect way (albite and orthoclase feldspars, biotite), and others
have been transformed directly into gibbsite (microcline, muscovite; Fig. 4).
This alteration is generally pseudomorphic, and the texture and structure of
the parent rock are preserved. A network of septa enclosing residual voids
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Fig.5. Fe O,-TiO, relationship
in the original and degraded
bauxites of the Lakota area
(Ivory Coast). 1 Original baux-
ite development; 2 pisolitic de-
graded bauxite development; ,
ferruginous crust development

forms. These voids are rapidly filled by gibbsite and haematite cutans (ferri-
gibbsitans) which strengthen the weathered rock. As the structure is preserved,
isovolumetric calculations can be used to evaluate the gains and losses of Fe
and Al in each horizon. These transfers are very large and can represent up to
50% of the original bauxites. The calculations show that the formation of an
original bauxite of about 15 m requires 45 m of granite on the top of the hill
where lateral accumulations are not expected (Boulangé 1984).

The degraded pisolitic bauxites have been formed at the expense of the
original bauxites. During this transformation, some of the elements which are
associated with unweathered minerals do not move. During the early stage of
weathering, Ti of primary minerals such as biotite and ilmenite, is retained as
very resistant anatase. The Fe,0,/TiO, ratios show a relative accumulation of Fe
and Ti, and show that their contents increase in similar proportions (Fig. 5). In
the original bauxite, Fe,O, contents range from 7 to 10% and the TiO, contents
remain close to 1%. The Fe and Al enrichment (ferrigibbsitans) therefore takes
place without any extra supply of Ti. On the contrary, the pisolitic lithologies
show high TiO, concentrations which are related to the residual behaviour of
anatase during the Fe leaching occurring during pisolith formation. The forma-
tion of the Al-Fe crusts is, on the contrary, associated with an absolute accumu-
lation of Fe without Ti (Fig. 5). The multiplication of the TiO, contents by two or
three in the pisolitic bauxites indicates a decrease of volume ranging from 50 to
70% during the transformation of the original bauxites.

4,2 The Porto Trombetas Bauxites, Brazil

Located in Amazonia, the Porto Trombetas deposit (1000 million tons) devel-
oped on clayey and Cretaceous clay-sandy sediments. The profile displays from
the top to the bottom (Fig. 6): a clay-sandy horizon with kaolinite (8-10 m), a
nodular bauxite (1-3 m), an horizon with ferruginous nodules (1 m), a bauxite
(6 m) and a kaolinite horizon (1 m) on the sediments. The studies of this depos-
it (Boulangé and Carvalho 1989), and of the very similar Juruti deposit (Lucas
1989), show that the succession of horizons cannot result from a sedimentary



4  Mass Balances of the Different Evolutions 59

Fig. 6. Sketch of a bauxite profile on sediments (Porto Trombetas, Amazonia, Brazil): layers and
chemistry (means for each layer and facies)

process, but from a long geochemical process which took place under equatori-
al or humid tropical climates. The sandy-clayey sediments are intensively
weathered and are transformed into an original bauxite. The vegetation plays
an important role in the dynamic of this bauxite, mainly in the Si behaviour.
The root system of the plants takes a part of the residual Si which is always
present (4-6%) in the original bauxites. (residual quartz and kaolinite which
has not been transformed into gibbsite). Si is returned to the soil through the
litter and contributes to the resilication of gibbsite. This original bauxite is,
therefore, successively affected by Fe leaching and resilication processes: (1) Fe
accumulates in an underlaying sedimentary layer rich in quartz which corre-
sponds to the horizon with Fe nodules observed today; and (2) resilication of
the thick top clay-sandy horizon takes place. Large quantities of Al are concen-
trated at the base of this clay-sandy horizon in the nodular bauxite.

Crust, ferruginous nodules and upper kaolinite represent facies derived
from degradation of an original bauxite, and they are characterized by varia-
tions of the Fe and Ti (Fig. 7a). The TiO, and Zr contents which are high in the
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upper kaolinite and low in the Fe nodules, corroborate this filiation (Fig. 7b). In
the lower kaolinite, disappearance of the structure and decrease of the rock
volume, which are related to the resilication process, lead to a relative accumu-
lation of residual minerals (anatase and zircon) shown by higher TiO, and Zr
contents in this layer.

Iso-elemental calculations (Zr) show that the volume of the clay-sandy ho-
rizon is reduced by a factor of nine when compared to the sediments. Therefore,
formation of a top clay-sandy horizon about 10 m thick requires 9o m of sedi-
ments (Boulangé and Carvalho 1989). In such a context, Si loss is very high and
represents 90% of the total mass of the sediments. The quantity of residual Si in
the original bauxites is high enough to form the top layer. It is, therefore, not
necessary to consider transport of sedimentary and aeolian material as has
been done by Kotschoubey and Truckenbrodt (1981) in Paragominas, and Lucas
(1989) at Juruti.

5 Alteration Rate and Age of Bauxites
Estimates of the rate of progression of the weathering fronts vary, according to

the calculation parameters used. Fritz and Tardy (1973) obtained a bauxitiza-
tion rate of about 3 mm/1000 years, using a thermodynamic model. Leneuf
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(1959) gave a value of 5-50 mm/1000 years for the weathering of granite into
kaolinite in the Lakota area of the Ivory Coast. For Gac (1980), the average rate
of rock weathering is about 13.5 mm/1000 years in the Chari basin in Tchad.
Isovolume calculations gave a rate for formation of the original bauxites in
Mount Tato of about 14 mm/1000 years (Boulangé 1984). The formation of 15 m
of original bauxite requires 3 to 5 million years. Data on the rate of kaolinite
weathering are scarce: for instance a value of 1 mm/1000 years was obtained
using experimental methods (Pédro 1964) and 3.5 mm/1000 years using a ther-
modynamic model (Fritz and Tardy 1973). The formation of the Porto Trombe-
tas profile discussed here required about 100 m of original sediments, and last-
ed 30 to 100 Ma according to these values. Lucas (1989) calculated that 30 Ma
were necessary to weather 75 m of sediments.

The two examples presented above are probably limit cases. The Porto
Trombetas deposit shows that bauxitization is an old process which lasted dur-
ing a long period under humid tropical climatic conditions. The Mount Tato
deposit shows that original bauxites can form even today under a tropical cli-
mate with alternating dry and rainy seasons, and also that this bauxitization
strongly depends on the geomorphological conditions. However, presence of
degraded lithologies in the Lakota area shows that bauxitization which has gen-
erated these rocks, is also very old in Africa. Various authors agree that laterite
bauxite deposits have been formed during the Cretaceous. During this time
span, the climatic conditions were varyied (Tardy et al. 1988a; Kobilsek 1990),
but the bauxite profiles continued to evolve either by thickness increase or pro-
gressive degradation.

6 Evolution of the Bauxite Landscapes

In Amazonia, original bauxites and degraded rock lithologies exhibit a vertical
succession under a humid tropical climate. The thickness of the formations in-
dicates that conditions did not change over a long period. A continuous lower-
ing of the weathering sequence results in the geochemical planation of the
bauxite landscapes. This planation is oriented and increased by the horizontal
structures of the sedimentary parent rocks.

In Africa, the degraded rocks (pisolitic bauxite and argillo-ferruginous
crust) generally show that bauxitization is also an old process under a tropical
climate with alternating dry and humid seasons. At the landscape scale, the
spatial organization of the lithologies is related to altitude; from top to bottom
of the slope, original bauxites, degraded, nodular or pisolitic bauxites and argil-
lo-ferruginous crust can be successively observed. This distribution results
from the evolution of the relief of the original bauxites. As the topographic sur-
faces are levelled by continuous lowering of the weathering sequence of the
original bauxites, degradation domains are observed on the slopes. The loss of
material, mainly of Fe and Al, leads to an important volume decrease of the
original rocks. The progressive reduction of volume related to this evolution
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first creates a surface covered by a pisolitic bauxite and, then, after a complete
dissolution of these pisoliths, creates a second surface covered by an argillo-
ferruginous crust. The degradation processes which develop from the bottom
to the top of the hill, contribute to the levelling of the landscape (Boulangé and
Millot 1988). In Africa, remnants of pisolitic and argillo-ferruginous crusts in-
dicate a long geochemical and climatic process.

7 Conclusion

Equatorial and tropical climatic conditions lead to the formation of original
bauxites with economical value, to the degradation both of these bauxites and
of the degraded lithologies (pisolitic bauxite, ferruginous crust, kaolinite)
which result from simple changes in the geochemical systems related to lower-
ing of the weathering profiles.

The bauxite landforms are progressively erased by chemical erosion when
the hydrographic system does not change. On the profile or hillside scale, the
vertical or lateral distribution of the original and degraded bauxites corre-
sponds to geochemical processes which are mainly controlled by climatic fac-
tors.

An original bauxite profile can be preserved and become thicker only if the
conditions of vertical drainage remain optimal, i.e. if a lowering of the hydro-
graphic system occurs. On the region or continent (craton) scale, the develop-
ment and conservation of a bauxite deposit requires a tectonic control.
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CHAPTER 4

4 Geochemical Processes in Tropical Landscapes:
Role of the Soil Covers

RENE BOULET, YVES Lucas, EMMANUEL FRITSCH AND HELENE PAQUET

1 introduction

The relationship between morphogenesis and pedogenesis has concerned geo-
morphologists and pedologists for along time. As suggested for example by Tricart
and Michel (1965), soil science relates to geomorphology as geomorphology does to
structural geology. Geomorphological evolution constitutes a framework to soil
formation and evolution. Soils rarely develop directly in situ at the expense of a
parent rock. Much more frequent is the formation of soils within regoliths, alter-
ites, slope debris, alluviums, colluviums or aeolian accumulations, etc.

In the frame of a wide scientific programme entitled «Géochimie de la surface
et formes du relief», Georges Millot stimulated investigations of a multidisciplinary
group composed of geologists, soil scientists, geographers and geochemists work-
ing in tropical Africa on humid forest and on desert areas (Millot et al. 1976; Boc-
quier et al. 1977; Boulet et al. 1977; Nahon and Millot 1977; Millot 1979; Millot et al.
1979; Millot 1980a,b). These investigations produced abundant information about
weathering processes and the geochemical cycle of elements, and also about the
role of weathering and pedogenesis in the development of landforms. For Millot
(1979), the main point was that weathering and pedogenesis do not only generate
dissolution or disaggregation processes before surficial ablation takes place, they
also operate in another way, namely as hidden «subterranean» or «<hypodermic»
laboratories which transform the nature and structure of the weathering cover
before superficial erosional factors alter landforms.

Since then, these investigations have been complemented by numerous studies
in humid tropical areas. The combination of all the results shows that well-known
weathering covers include two great groups of soil profiles whose roles in the
evolution of landforms are distinct. The first group represents associations be-
tween soil covers and landforms which preserve a permanent pedological differen-
tiation, during the process of deepening, i.e. they preserve the same vertical se-
quences of horizons. However, these soil cover-landform associations evolve
continuously, which means that each horizon develops in its lower part at the
expense of the underlying horizon and is transformed in its upper part by the
overlying one. For that reason, these soil cover-landform associations are called
soil covers in dynamic equilibrium (Fig. 1A): «dynamic» because they evolve con-
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Fig. 1. Equilibrium and disequilibrium of the soil cover. A Soil cover in equilibrium: each horizon
progresses vertically at the expense of the underlying horizon. B1-3 Transformation system: the in-
itial soil cover is in disequilibrium and is replaced by a new one. B1 Transformation starts from the
base of the initial soil cover. System from Burkina Faso, see text. B2 Transformation starts from the top
of the initial soil cover. System from French Guyana, see text. B3 Transformation starts from the base
and the top of the initial soil cover. System from the Manaus region, see text

tinuously and «in equilibrium» because the sequence of horizons always remains
unchanged. This sequence of horizons does not display any unconformity, being
parallel to the soil surface. Lateral variations are progressive. They can be de-
scribed, with a good approximation, by a vertical sequence of horizons (e.g. soil
profile) or by a vertical sequence of units of organization derived from each other.

In the second group, morpho-pedogenetic evolution results in progressive re-
placement of an original soil cover-landform association by another often very
different one. For that reason, they are called transformation systems and, for the
most part, soil covers display two (or more) sequences of horizons which are
discordant to each other (Fig. 1B). The first sequence is vertical and is character-
ized, like soil covers in dynamic equilibrium, by horizons roughly parallel to the
soil surface. The second one is crosscutting and develops laterally either from the
top, from the base, or from both, by truncating the first sequence which is no longer
developing. The characterization of the system thus necessitates a continuous sec-
tion from the top of the interfluve to the drainage line.

2 Soil Covers in Dynamic Equilibrium
Soil covers in dynamic equilibrium develop in pedoclimatic conditions which are

stable enough to keep the sequence of transformations from parent rock to soil
surface constant, and which result in an unchanged sequence of horizons, although
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the latter are in constant transformation. The pedoclimatic conditions are deter-
mined by following factors: climate, vegetation, edafauna, soil porosity,local water
level, the four last being related. Water level depends on the evolution of landforms,
and on the variation in tectonics and eustatic levels. Climatic features and both
tectonic and geomorphologic evolution are related to pedological processes in the
long term, but variable from a geographical point of view. Soil covers in dynamic
equilibrium are supposed to be found in two circumstances: in areas where climat-
ic and tectonic changes are not strong enough to create disequilibrium and in
profiles where the materials are young enough not to have been affected by climatic
or tectonic variation responsible for modifications of the equilibrium conditions.
Examples relating from the driest to the most humid present-day climates will be
presented.

2.1 "Eutrophic”Brown Soils andVertisols on Migmatites of the Sudanian
Tropical Zone of West Africa

In south-central Burkina Faso, ancient kaolinite covers have disappeared or are
only preserved as scarce relicts in the Garango I toposequence of Boulet (1974).In
these areas, under a mean annual rainfall of 9oo mm distributed between May and
October, calc-alkaline biotite- and amphibole-rich migmatites alter into clay min-

Fig. 2a-b. Toposequence of Garango I (Burkina Faso, Africa). a Horizon organization and clay min-
eralogy. b Clay isogrades and vertical variations in the four major profiles. (Boulet 1974; reproduced
with permission of ORSTOM)
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erals,among which montmorillonite is predominant together with traces of kaoli-
nite and illite (Fig. 2a). Landforms consist of short interfluves with convex upper
parts and gentle slopes of 1.5-2%. The thin soil cover (about 2 m) displays vertic
features increasing downslope with associated vertic”eutrophe”soils upslope and
vertisols with calcareous nodules downslope. The horizons are parallel to the soil
surface and show progressive lateral variations from up- to downslope. These
transformations are mainly colour changes from bright brown to olive brown,
calcareous nodules being observed only in vertisols with smectite contents ranging
from 50% in the "eutrophe” brown soils to about 100% in the vertisols.

Under the microscope, the formation of a clay plasma can be observed in the
lower part of the soil which develops by weathering of primary minerals in a hori-
zon whose petrographic fabric is preserved. In the horizon B, pedoturbation ho-
mogenizes the material by alternating wetting and desiccation; the material be-
coming brown with a prismatic fabric. Upslope, the clay content of the surficial part
of the soil decreases to less than 5%, which results in a sandy, poorly cohesive
horizon vulnerable to mechanical erosion (Fig. 2b). In the Garango I toposequence,
field tests of humidity have shown that the soil cover remains moist down to the
base. The soil cover deepens at the expense of weathering material and the upper
part is eroded, principally upslope, which induces a decrease in the relief.

Such smectite soil covers develop on granitic or magmatitic rocks in the eda-
pho-climatic conditions of the Sudanian zone of West Africa, which is character-
ized by high temperature (mean annual temperature=28 °C), mean annual rainfall
between 600 and 1000 mm, a rainy season of 5 months and natural vegetation of
savanna type with widely spaced trees. Such soil covers display a vertical dynamic;
they are in equilibrium relative to present-day pedoclimatic conditions, as corrob-
orated by the study of the hydric regime and by the permanence of the sequences of
elementary structures. They are quite recent and, in any case, they postdate the
thick kaolinite mantles which still cover a large part of the same area. It will be
shown that these soil covers record a lack of equilibrium and are subject to trans-
formation to the North, where the mean annual rainfall decreases.

2.2 Soil Covers Consisting of Tropical Ferruginous Soils

Soil covers composed of tropical ferruginous soils occur in northwestern Central
Africa, in a granitic or granito-gneissic area where the ancient kaolinite soil cover
hasbeen eroded (Lucas 1980). They are located near the main drainage lines, e.g. on
the most evolved hillsides of that rejuvenated zone. The present-day climate is
characterized by a mean annual rainfall of 1200-1300 mm and by a dry season of 5-
6 months; landforms display slopes of less than 4% and scattered domes of out-
cropping rock. Upslope near the domes, lithosols and little evolved soils can be
observed; most of the slope is occupied by more or less indurated tropical ferrugi-
nous soils. On the lower part of the slopes, small areas of hydromorphic soils are
found. The surficial horizons of the tropical ferruginous soils are beige or yellow-
ish-brown and sandy in the upper 20-40 cm; the clay content progressively in-
creases with depth (reaching about 30% of the total soil material). Loose horizons
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which develop to a depth of 80-120 cm overlie a light beige and red mottled «car-
apace» in which the water table is observed during rainy periods. The volume of
preserved petrographic structures, already great in the «carapace», increases rapid-
ly with depth (110-120 cm) where a kaolinite weathering horizon occurs. The «car-
apace» is likely to represent the first stages of formation of iron crusts by Fe segre-
gation under temporarily hydromorphic conditions. The formation of these iron
crusts will be described in the next section.

23 Soil Covers with Iron Crusts

Iron crusts are almost omnipresent in Africa, south of the Sahara. However,in the

Sahelian zone (Leprun 1979), as well as in the humid equatorial zone (Bitom 1988;

Bilong et al. 1992), iron crusts alter more readily than they form. Recent studies

coordinated by Tardy (1990,1994) and carried out in the frame of the PIRAT Pro-

gramme (Interdisciplinary Programme of Investigation on Periatlantic Intertropi-
cal Biogeodynamics) havelocalized the areas where Fe-crust formation presentsa
positive balance. The laterite Fe-crust-bearing profiles develop under a tropical

climate with contrasted seasons, a mean annual rainfall higher than 1100 mm

(1600 mm in some cases), a mean annual temperature of 28 °C, and a dry season of

6 months/year (Tardy 1993). Presently, the mostimportant area of iron crust forma-

tion is Central Africa. Other areas were identified in northwestern Ivory Coast, with

a mean annual rainfall of 1600.mm (Eschenbrenner 1987) and in southern Mali,

with a mean annual rainfall of 1100 mm (Freyssinet 1990).

The theoretical Fe-crust-bearing laterite profile displays the following hori-

zons from the parent rock to the top (Tardy 1993).

1. A coarse saprolite with disjoined minerals in quartz-rich rocks; quartz except-
ed, the primary minerals are more or less weathered, but texture remains sandy
(«aréne»). In rocks devoid of quartz, rock fragments in the process of weather-
ing are observed in altering material with fine textures.

2. A «lithomarge» or fine saprolite in which primary minerals, but not quartz, are
altered into kaolinite, goethite or haematite.

3. A mottled horizon in which the formation and accumulation of Fe nodules
begins and in which different domains are juxtaposed: discoloured domains
eluviated in Fe and clay, microporous domains where Fe accumulates in the
form of haematite, and voids more or less filled by illuviated clay enriched in Fe
as goethite. Haematite accumulates in microporous kaolinite plasmas and is
associated with kaolinite up to the top of the iron crust.

4. A poorly indurated «carapace» more Fe-rich than the mottled clay, but pre-
serving its structure. The «carapace» represents a transitional stage between
mottled clay and iron crust.

5. Aniron crust which is highly indurated and Fe-rich (haematite) and which
may display various lithologies (massive,nodular, vermiform).

6. A horizon of dismantlement and degradation of the iron crust, principally
through goethitic cortification.
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Even if developed in pedoclimatic conditions favourable to their formation, as
for instance in Central Africa, the iron crust-bearing soil covers display zones of
weakness along which they degrade and dismantle. These zones correspond to
thalwegs, as well as to the borders and central parts of plateaus (Beauvais 1991;
Tardy 1993).In addition, the soil cover under consideration is no longer in equilib-
rium. In the other zones, iron crust with its suite of horizons develops at the ex-
pense of fine saprolite («lithomarge») and is degraded in its upper part; iron crust
is thus lowered in the landscape and operates like a soil cover in dynamic equilib-
rium. According to Tardy and many other authors (references in Nahon 1991), the
rate of lowering is about 1 m per 100000 years. Iron crust-bearing soil covers are
obviously more resistant to erosion than loose ones, as corroborated by the exist-
ence of very numerous residual hills in tropical areas. These residual hills are no
longer in equilibrium, but they are far from being indestructible. In fact, a decrease
or anincrease in rainfall results in their disappearance either by geochemical dis-
solution, or by transformation to loose material, as described by Beauvais and
Tardy (1991).

24 Soil Covers Consisting of Red Ferrallitic Soils

Fauck (1972) studied red ferrallitic soils developed from sandstones, which are

frequent in West Africa (Casamance, Burkina Faso,Dahomey, Nigeria, etc.). These

soils develop under mean annual rainfall ranging from 1200-1800 mm and are
distributed in one rainy season in Casamance and Burkina Faso, and in two rainy
seasons in Dahomey and Togo, the mean annual temperature being 28 °C. Such soil
profiles are homogeneous and cover landforms composed of plateaus with low
slopes (several percent). Chauvel (1977; Fig. 10, section C) reported the occurrence
of such plateaus with thick and homogeneous red ferrallitic soil covers for a mean
annual rainfall of 1200 mm in Casamance. Iron crusts which may even be observed
above the parent rocks, are abundant in Casamance, rare in Dahomey and lacking
in Burkina Faso. However, they do not seem to be connected to the pedogenesis of
red ferrallitic soils and they are probably more ancient.

The red ferrallitic soils usually display the following horizons from bottom to
top:

1. Ared, ochrous and white variegated horizon which is transitional to the parent
rock and often contains residual fragments of more or less weathered sand-
stone.

2. A rubified, homogeneous, clay-sandy or clayey horizon, whose thickness is

about 2 m, but which can reach 5 m, and which is rich in micro-aggregates.

These are resistant to dispersion, and their fabric provides a large porosity.

They were also called pseudo-sands or micro-nodules (Chauvel 1977).

A 20-60 cm very progressive transition to the upperlying horizon.

4. A humic horizon, which is 10-20 cm thick, more or less dark grey, sandy or
clay-sandy,and porous.

Fauck emphasized that the texture of rubified horizons is little dependent on
that of the parent rocks. In fact, he reported examples of such horizons in Burkina

W
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Faso, for which the clay content is about 44%, whereas it is 4% in the corresponding
parental sandstones. The clay enrichment is principally explained by relative accu-
mulation caused by the strong dissolution of quartz, by formation of kaolinite from
Si and Al provided by hydrolysis of kaolinite in the upper horizon, and by clay
translocations, although this last point has scarcely been considered.

Dense forest is the type of vegetation which is considered to favour the forma-
tion of such soil covers and to keep their equilibrium. Under other types of vegeta-
tion such as tree-savanna, bush-savanna or cultivation, these soil covers are surfi-
cially degraded. Chauvel pointed out that in Casamance, under cultivation, the
incipient stages of transformation are related to palaeoclimatic variations. These
transformations take place at a mean annual rainfall lower than 1000 mm and will
be described in a further section.

Red ferrallitic soils also develop at the expense of basic rocks, mainly basalts.
They are especially widespread in Brazil under humid subtropical and tropical
climates, where mean annual rainfall and temperature range between 2000 and
1500 mm and between 25 and 16 °C, respectively. Compared to soils developed on
sandstones, they display a very clayey texture, a frequent occurrence of gibbsite,
higher Fe contents and stronger micro-aggregation. These soils are called «ground-
coffee soils» (Melfi 1968; Carvalho 1970; Pédro et al. 1976). They are developed
above a thick gibbsite-kaolinite weathering zone of the basalt. Between that basal-
tic weathering zone and the soil, an iron crust in process of dismantlement is
frequently observed, which then constitutes the parent rock of the red soil. The
formation of red latosols at the expense of iron crusts was also reported by Nahon
etal. (1989) in South Amazonia, at the forest-savanna boundary, for profiles devel-
oped on gneiss. The frequent occurrence of lines or levels of Fe nodules at the
bottom of latosols (Volkoff 1984/1985) leads to the supposition that iron crust-
bearing soil covers were more extensive in Brazil in the past. Their present-day
scarce occurrence was ascribed by Tardy et al. (1988) to temperatures lower than
those observed in iron crust-bearing soil covers of Africa and to the dissimilar
evolution of palaeoclimates, e.g. from arid to humid in South America and from
humid to arid in West Africa and Central Africa.

25 Soil Covers Consisting of Yellow Ferrallitic Soils

Thick yellow ferrallitic soils covering more or less undulating plateaus have been
identified in numerous humid tropical areas. The following list is not exhaustive:
plateaus of middle Amazonia located on both sides of the Amazon river and devel-
oped at the expense of quartz-kaolinite sedimentary formations, undulating pla-
teaus developed on the basement of northwestern French Guyana, plateaus devel-
oped on the basement in the forest area of South Cameroon, and plateaus
developed at the expense of the calc-schist formations of the Bouenza country in
Congo, etc.

The soil cover of the Amazonian plateaus developed under humid tropical
climates (mean annual rainfall 2500 mm) will be taken as an example (Lucas 1989;
Lucas et al. 1996). The vertical profile displays three main units (Fig. 3): (1) the
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lower unit is composed of a white alterite which is a quartz- and kaolinite-bearing
sediment already affected by pedological transformations; (2) the middle unit is
characterized from bottom to top by extensive dissolution of quartz grains, by
authigenesis of kaolinite in the form of a compact clay plasma and by the progres-
sive development of ferruginous and gibbsite nodules; and (3) the upper unit is

Fig. 3. Sketch of the vertical organization of soils on plateaus, North-Manaus area, Amazonia. (After
Lucas 1989)
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Fig. 4. Evolution of soils by geochemical lowering process within a vertical profile (soils on plateaus,
North Manaus area, Amazonia; Lucas 1989)

yellow-red, clay-rich, discontinuously micro-aggregated and shows dissolution of
ferruginous and gibbsite nodules at its base. The lower part of the two upper units
corresponds to transformation fronts, each of them progressively moving down-
ward within the underlying unit due to several processes (Fig. 4). Thus, the evolu-
tion of the soil cover proceeds together with a lowering of its position in the parent
rock and with a lowering of the topographic surface, in accord with losses of mate-
rial which is characteristic of the transformation. The importance of the rate of
lowering can be estimated by calculations based on the export of dissolved ele-
ments out of the catchment area (Lucas et al. 1989). Lowering of the topographic
surface corresponding to the formation of the present-day profile extends between
21 and 222 m. According to the hypothesis based on the quartz content of the
sediment, the most probable value is around 40 m; under present-day conditions,
the rate of lowering is about 20 cm per 100000 years. Thus, pedogenesis represents
an active factor in the planation of landforms, although few important modifica-
tions, except thickening, take place inside soil covers. That is why the latter are
called «soil covers in dynamic equilibrium».

In these soil covers, most of the genetic sequences of organization (in the
meaning of Brewer 1964) are continuous from the base to the top of the profile (in
the example described here, there is progressive differentiation of plasmas, pro-
gressive development of nodules and transformation to loose plasma, etc.). Howev-
er,one can observe some evidence of organization sequences that disappear within
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the profile; they represent relict features of earlier processes different from
present-day ones. For example, black haematite nodules or fragments of iron crust
observed in the upper part of the middle unit of the soil covers of the Manaus area,
cannot be related to any precursor. A detailed study suggests that they represent
relicts of a now almost destroyed Fe crust. Other examples of such transformations
were described in intertropical Africa (Bitom 1988; Beauvais and Tardy 1991; Bi-
longetal. 1992).

3 Soil Covers in Chemical Disequilibrium (Transformation
Systems)

When the factors governing pedoclimates change sufficiently for soil cover to re-
main no longer in dynamic equilibrium, the soil cover is transformed to another
soil cover which tends towards a dynamic equilibrium with the new climatic con-
ditions. These transformations begin where pedoclimatic changes are maximum,
e.g. mainly downslope, but also occasionally in the upper part of interfluves. Trans-
formations then develop laterally. The «transformation system» corresponds here
to both the original and the transformed soil covers.

This type of soil cover has been identified and described in both the humid and
the dry tropical zones with contrasted seasons. In the latter, lateral transformations
play animportant role in the planation oflandforms, as emphasized often by Millot
(1980a,b,1982).

3.1 Transformation Systems in Africa Between Sahara and the Humid
Tropical Zone

3.1.1  SurficialTransformation Systems:Eluviation—Erosion Shift

The transformation of smectite soil covers has been studied in the dry Sahelian
zone (Boulet 1974). In Burkina Faso, smectite soil covers which have developed at
the expense of granite, are in dynamic equilibrium for mean annual rainfall higher
than 600 mm. Where there is less rainfall, these soil covers do not hold moisture
over their full thickness and the upper parts undergo transformation. The transfor-
mation system is characterized by two soil types in the case of landforms with low
slopes (about 0.3%): solonetz whose upper horizon is sandy and overlies a colum-
nar clayey lower horizon, and subarid brown soils whose upper horizon is clay-rich
and displays a cubic structure (Fig. 5). Subarid brown soils result from erosion of
the surficial sandy horizon of the solonetz, by suffosion caused by water circulation
at the sand-clay contact. Moisture-desiccation alternations induce transformation
of the structure from columnar to cubic, after the small columnar units are brought
to outcrop due to the wetting-desiccation alternations. The eroded sand accumu-
lates up to only 50 m further downslope because of low competency of rainwash,
and because the small columnar units are rebuilt due to water circulation at the
sand-clay contact. Circulation also induces separation of the plasma from the skel-
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Fig. 5. An eluviation-erosion shift system. Toposequence of Tassamakat in Burkina Faso, Africa.
(Boulet 1974; reproduced with permission of ORSTOM)

eton in the clay material, thus feeding the sandy upper horizon. Mechanical erosion
follows pedogenesis which prepares the sandy materials to be released by hypoder-
mic or surficial water circulation. This results in progressive thinning of soils and
in formation oflong pediments with very low slopes which announce desert plains.

3.1.2 InternalTransformation Systems
3.1.2.1 LateralTransfer Systems: Eluvial-llluvial Systems

Most of the transformation systems identified in Africa between the Sahel and the
tropical zone are composed of initial, loose or Fe crust-bearing kaolinite covers
which are transformed either by material transfer within the hillslope or by reor-
ganization in situ or over a short distance.

Soil covers displaying discordant horizons were first identified by Boulet
(1974) and re-examined by Nahon (1991) in Burkina Faso. Boulet described the
transformation of a kaolinite-rich, loose initial soil cover by release of material
upslope and accumulation downslope. Such a soil cover is located at Garango, at the
foot of a granitic inselberg developed under a Sudanian-Sahelian climate (mean
annual rainfall of 9oo mm). Itis composed of a ferrallitic upslope domain which is
characterized by a vertical genetic sequence of elementary organizations (Fig. 6,
IV).In the upper fourth of the hillside, the upslope domain transforms laterally and
abruptly to an eluviated sandy material which wedges out at depth. This transition
is a transformation front along which are observed plasma-skeleton disjunction,
export of plasma through the sandy material downslope and relative accumulation
of skeleton. This transformation front develops from base to top and from the up-
to downslope zone within the horizons of the ferrallitic soil. The exported plasma
migrates in two ways. The coarser-grained particles decant to an accumulation
horizon in the lower part of the eluviated sandy material. The finer ones, together
with dissolved elements, migrate laterally to the downslope zone of the sandy mate-
rial where they accumulate in form of tongues; the latter extend upslope and display
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Fig. 6. Evolution of the soil cover (I-VI) at Garango II (Burkina Faso, Africa) reconstructed from
present-day organization and dynamics. (Boulet 1974; reproduced with permission of ORSTOM)

important authigenesis of smectites. Loss of material connected to eluviation of the
upslope domain results in the collapse of landforms which develop from down- to
upslope and provide sandy material. Similar observations in different latitudinal
locations prompted recognition of the occurrence of such transformation systems
ascribed to a disequilibrium of the initial ferrallitic soil covers as a consequence of
evolution to a dry climate. These transformation systems are widespread over
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Fig. 7. Toposequence of Inkebdene. (Mauritania, Africa; Nahon 1976; reproduced with permission
of ORSTOM)

sandstones in Burkina Faso and northern Togo. They were also studied in northern
Cameroon (Brabant and Gavaud 1976; Brabant 1990) and recognized in northwest-
ern Central Africa. In northeastern Brazil, similar systems were identified by Sou-
bies and Chauvel (1984). In Chad, the soil catenas studied by Bocquier (1971) ought
to be considered as transformation systems of the same type, but where complete
transformation of the kaolinite upslope part was achieved.

Nahon (1976) studied the distribution of iron crusts and calcretes in the desert
zone of Senegal and Mauritania, where they develop separately for a mean annual
rainfall between 600 and 700 mm, according to whether the parent rocks are Fe- or
Ca-rich. Under a desert climate, with a mean annual rainfall between 20 and 40 mm,
this author showed the conjunction of both types of indurated formation over the
same migmatitic parent rock. At Inkebdene (Fig. 7), a residual hill is capped by a
dismantled Fe crust whose clay fraction contains both kaolinite and smectite. The
smectite content increases towards the base where calcareous nodules and relict
fragments of calcareous slab encompass Fe blocks. There is also a transition from
this blocky level to a smectitic horizon, in which quartzitic sands and pebbles as
well as calcareous nodules are abundant. Beneath, a 2-3 m thick smectite material
including calcareous nodules overlies the slightly weathered parent rock. Com-
pared to the southern iron crusts, this profile is peculiar because of the disappear-
ance of the kaolinitic level which is thinned and invaded by smectite. According to
Leprun (1977, 1979), the quartzitic pebble horizon could be considered as relict
material after «geochemical melting» of iron crust, as discussed in the Burkina
Faso example. To the north, where the climate is more arid, iron crusts progressive-
ly disappear and are no longer observed, except as spherical fragments encom-
passed in calcretes.

Iron crusts and calcretes were often considered as indurated formations pro-
tecting landforms from erosion. In contrast, Nahon (1976) demonstrated that iron
crusts and calcretes are factors of corrosion rather than protection of landscapes.
Leprun (1977,1979) studied iron crusts developed at the expense of the crystalline
basement in the dry Sudanian-Sahelian zone of West Africa (mean annual rainfall
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Fig. 8. Toposequence of Thion (Burkina Faso, Africa; Leprun 1979; reproduced with permission of
Sciences Géologiques). 1 sandy horizon; 2 A1 horizon; 3 iron crust; 4 eluvial horizon; 5 illuvial hori-
zon; 6 polyhedral horizon; 7 vertic weathering horizon with calcareous nodules; 8 saprolite; 9 migm-
atite; 10 studied section; 11 borehole

between 600 and 9oo mm). He demonstrated that they are affected by internal
«geochemical melting» either from their base (Fig. 8) or from their intermediate
zone. This destruction proceeds by Fe removal under the influence of percolating
waters, resulting in fragmentation of the iron crust into smaller and smaller units,
and in dissolution of these fragments. The only primary minerals, mainly quartz in
the form of whitened sands and pebbles, are preserved in situ. The released clay
fraction accumulates at the base of the illuvial horizon or is exported (Fig. 8). The
terminal stage consists of the disappearance of iron crust except for a few frag-
ments. Mechanical surficial degradation has obviously played a major role in the
adjustment of the top of the iron crust (Leprun 1972), but internal geochemical
degradation is the main factor in the destruction and disappearance of iron crusts.

Degradation does not similarly affect all parts of the landforms in the Sudani-
an-Sahelian zone. For example at Thion in Burkina Faso, an upward disappearance
of the Fe crust can be observed. In the case of iron crusts developed on smooth
slopes, degradation operates in the intermediate zone of the slope, whilst the ups-
lope part evolves into a residual hill and the downslope iron crust sinks. If the iron
crust landform is convex-concave, which is rare, the upslope part transforms into
a Fe fine gravel ridge whilst the downslope part of the iron crust is preserved. But as
in the desert, destruction of the iron crust extends until it has been completely
destroyed, leaving only some relics of its previous presence in the form of ferrugi-
nous blocks or nodules scattered on the surface of desert regs, or in the form of
residual hills. In northwestern Ivory Coast, a multidisciplinary programme, includ-
ing hydrologists and soil scientists, provided a thorough study of a 1.35 km?® water-
shed located on a gneissic basement under mean annual rainfall of 1350 mm. The
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pedological study showed that soil cover is divided into two domains including
several systems (Fritsch et al. 1990a; Fig. 9): (1) an upslope ferrallitic domain com-
posed of a micro-aggregated red soil system and an indurated system representing
the relicts of a plateau framed by a Fe crust and bordered by an escarpment; and (2)
a downslope ferruginous and hydromorphic domain characterized by a surficial
degradation system, an iron crust system on the slope, a hydromorphic system and
an alluvial system. At the border of the plateau, the upslope ferrallitic domain dis-
plays an outcropping iron crust which is separated from underlying alterite by a
red-clay horizon; in the mid part of the plateau, there is a transition from the iron
crust to a fine-gravel horizon with red-clay matrix. Owing to the presence of the
red-clay horizon devoid of ferruginous differentiations and to the lateral transition
from the iron crust to the fine-gravel horizon, the iron crust is supposed to be
transformed by the red-clay material.

In summary, the surficial degradation system is unconformably related to the
upslope ferrallitic domain and extends over the remainder of the slope. It displays
the following variations from base to top, and from up- to downslope: variation in
colour from ochrous to yellow and to white, decrease in content of fine-grained
components (kaolinite and Fe oxi-hydroxides) and modification in structure from
fragmentary to massive. The Fe-crust system on the slope of dihedral form, crops
out or is close to the surface in the mid slope. Upslope, it develops at the expense of
red horizons and of the upper part of the weathering zone of the ferrallitic domain
and is discordant relative to the boundary of the soil-weathering zone. It displays a
ferruginous differentiation resulting in the formation of red and white mottling, of

Fig. 9. Hyperbav (Ivory Coast, Africa; Fritsch et al. 1990). Reproduced by permission of ORSTOM.
Ferrallitic domain: 1 red soil system. 2 iron crust system on plateau. Ferruginous domain: 3 surficial
degradation system. 4 iron crust system on slope. 5 hydromorphic system. 6 alluvial system. 7 fine
gravel unit. 8 top of alterite.
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Fig. 10. Hyperbav (Ivory Coast, Africa). Transformation and differentiation in the hydromorphic
system (Fritsch et al. 1990; reproduced with permission of ORSTOM). Pseudogley and gley subsys-
tem: 1 variegated to reticulated slightly indurated horizon with white patches; 2 yellow, ochreous and
sometimes red horizon with white to grey matrix (A to AS);3 mottled isalterite: red reticles with yellow
rims and white matrix; 4 hydromorphic isalterite: yellow, vitreous white, greenish grey or bluish sub-
vertical layers. Eluvial-illuvial subsystem: 5 white to grey horizon with ochreous, yellow and light
yellow mottlings; 6 white to grey rolling horizon (S) with or without light yellow mottlings; 7 grey
subvertical veins with vertic features within the alterite; 8 grey horizon (SA to AS) with illuviation
cutans.

a «carapace» and of an iron crust. The iron crust can be observed in two places: on
the dihedral top, where it is dark-red to black and is near the surface or crops out;
the second location being downslope and at depth where the iron crust is ochrous
yellow and is dismantled when invaded by the hydromorphic system. The hydro-
morphic system (Fig. 10) appears in the form of a tongue which crops out downs-
lope and occurs at depth upslope. It develops at the expense of the two preceding
systems and of the weathering zone, crosscutting the soil-weathering transition
zone upslope and the iron crust system downslope. From up- to downslope are
observed: (1) a succession of transformations with channeled boundaries, which
resultin bleaching and increasingly sandy texture; and (2) well downslope, an indi-
vidualization of kaolinitic and smectitic accumulation horizons in the form of
superposed tongues similar to those found at Garango. Two major types of process
operate in such a complex soil cover. One corresponds to absolute Fe accumulation
in the iron crust system; this accumulation is also litho-dependent since it is locat-
ed over a Fe-rich compartment of the parent rock. The other corresponds to loss of
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fine-grained components (Fe oxides and clay minerals) which are largely exported
out of the basin. These exportations, which are especially important in the lower
part of the slope, result in topographic prominance of the iron crust as a conse-
quence of collapse of the topographic surface, and in formation of secondary thal-
wegs. The study of hydrodynamics on the slope scale (Planchon and Janeau 1990)
shows that the development of secondary thalwegs corresponds to an internal de-
terminism depending on water circulation along privileged pathways within the
soil profile. Thus, formation of drainage axes is induced by the internal dynamics of
the soil cover. The latter is a hinge element in the latitudinal sequence of transfor-
mation systems. In fact, such a soil cover displays eluviated-illuviated systems
which are more extensive northward, where they invade most of the landscape in
some cases.

3.1.2.2  InSitu Reorganized Systems

In southwestern Casamance, with a mean annual rainfall of 1200 mm, the landscape
is composed of plateaus covered with micro-aggregated ferrallitic soils, whose
horizons are concordant and which are developed above clay-rich sandstones
(Chauvel 1977). To the northeast, climatic conditions become drier and more sea-
sonally contrasted: beige soils appear in the slightly depressed mid part of the
plateaus and progressively occupy the major part of the latter, whilst red soils are
restricted to peripheral patches. This is a transformation system initiated by cli-
matic evolution towards the dry type and in which beige soils develop laterally at
the expense of red ones. Transformation results from collapse of the micro-aggre-
gated structure due to hydric constraints during the dry season, from removal of Fe
occupying exchange sites in kaolinite and from the consecutive dispersion of the
clay fraction, which is redistributed in the profile. At this stage a beige soil is
formed whose low permeability favours rainwash and erosion and induces evolu-
tion of landforms, as shown in Fig. 11.

In tropical areas with contrasting seasons, transformation systems operate in
two ways. One is direct and results from internal processes within the soil cover,i.e.
degradations, transfer of material in the form of dissolved elements or micro-
particles, and transformation in situ together with volume loss. The action of these
mechanisms is not very important for the evolution of landscapes. In contrast, the
second way is indirect and obviously more important. In fact, the internal processes
supply surficial mechanical erosion and especially sheet erosion with an easily
mobilizable material in which the Fe-clay, plasma-skeleton or Fe-skeleton bonds
have already been destroyed; they also induce a decrease in permeability in the
upper horizons, thus favouring rainwash.
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Fig. 11A-D. The supposed suc-
cessive evolutionary stages of a
plateau in Middle Casamance,
Africa. (Chauvel 1979; repro-
duced with permission of
ORSTOM)

3.2 Transformation Systems in the HumidTropical Zone
3.2.1 Ferrallitic Soil-PodzolTransformation Systems
3.2.1.1 IntheManaus Area, Brazil

With mean annual rainfall of 2500 mm, the plateaus of the Manaus area display a
soil cover which is in dynamic equilibrium and is composed of concordant hori-
zons, as mentioned above (Lucas 1989). However, the 25-30 m high valley sides are
characterized by a transformation system which progressively replaces clay ferral-
litic soils by gigantic podzols and plateaus by low hills.

Incipient transformation corresponds to formation of steep slip-off slopes
(Fig. 12a), which are affected by progressive removal of clay (Fig. 13) and represent
an eluvial system favouring lateral export of soil solutions. At this stage, water circu-
lates only in the form of inferoflux on the flattened bottoms of valleys, in the basal
part of rather thin sandy horizons and without surficial flowing. Convex morphol-
ogy together with flowings on valley floors indicate an essentially geochemical
evolution of landforms. This interpretation is coherent with estimations of rain-
wash, as drawn from the data of neutron humidimetry obtained along the slopes of
the same area (Pimentel da Silva et al. 1992); there is no evidence of water redistri-
bution by rainwash under forest. As transformation develops, the impoverished
soils of the lower parts of slopes extend progressively upslope and typical bleaching
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Fig. 12a-d. Schematic pattern of the different types of slopes in the North Manaus area (Amazonia).
(Lucas 1989)

of podzols is identified from a given grain-size distribution (2-4% of the <2 pm
fraction). The significant removal of material from a thick part of the soil, as related
to this evolution, results in progressive formation of long and slightly concave

Fig. 13. Distribution of the <2 pm fraction in the slope soils, North-Manaus, Amazonia (same scale
for all the transects; Lucas 1989)
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Fig. 14. Schematic morphological map of the northern Manaus area, Amazonia. Photo-interpreta-
tion from photos at1:50000 scale. (Lucas 1989).1 plateaus with planar surfaces; 2 plateaus with gently
undulating surfaces; 3 fragment of plateau in continuity with the arched preceding one, slightly in-
clining to the drainage axis; 4 plateau inner valley, with gentle slopes and relief; 5 slope between pla-
teau and intermediate surface with regular steep slope and relief of about 20 m; 6 intermediate sur-
face, slightly arched if narrow, saddled if extended. Intermediate surface slightly inclined to the
drainage axis and lower than the plateau; 7 irregular hillsides displaying numerous small secondary
drainage axes with medium to large relief; 8 regular hillsides with moderate to steep slopes and relief;
9 hillsides with moderate to gentle slopes and relief; 10 flat valley floor. Slopes: steep if >=20%, mod-
erate if between 10 and 20%, gentle if <10%. Relief: large if >=20 m, moderate if betweeen 10 and 20 m,
gentle if <10 m

slopes (Fig. 12¢). Thus, the landscape of plateaus (northeastern fourth of the map in
Fig. 14) is progressively replaced by a zone where only fragments of the initial
plateau are preserved and where the major part is occupied by podzolic low slopes
(southwestern fourth of the map in Fig. 14).

This transformation corresponds to a mean lowering of the landscape of about
20 m. According to the present state of knowledge, the rate of evolution of such
transformation systems is hard to evaluate. This rate is obviously greater than that
of the geochemical descent of plateaus. An estimated value can be proposed by
extrapolation from data of Turenne (1975) who studied ferrallitic soils-podzols
systems in French Guyana and found a rate of 0.5-2 m per 1000 years for lateral
progression of the transformation process. Since the length of the podzolic slopes
of the Manaus area is about 1 kin, their evolution would have necessitated between
500000 and 2000000 years.

3.2.1.2 InFrench Guyana

Ferrallitic soil-podzol systems are developed in French Guyana, with a mean annu-
al rainfall of 2-3.5 m, at the expense of the basement (Veillon 1990) and of coastal
marine sediments (Turenne 1975; Lucas et al.1987). On both rocks, they resultin a
planation of the landscape. The soil cover is thicker and the planation is greater
over the basement than over the coastal marine sediments. In the basement area,
landforms consist of undulating plateaus of large hills. Transformation of sandy-
clay ferrallitic soils to sandy podzols starts in the mid part of interfluves (Fig. 15B)
and clay removal induces an important collapse (Fig. 15C). This results in an out-
cropping of the water table, generating swampy and ill-hierarchized drainage axes
(Fig. 15D). Transformation progresses from the central part to the margins of inter-
fluves leading to formation of an almost entirely podzolized out-of-slope landform.
Only some limited relict zones of ferrallitic soils are observed and they are deeply
transformed, since they consist of slightly argillaceous red sands (Fig. 15E). This
podzolic landform is lowered by about 20 m with respect to the initial relief.
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Fig. 15A-E. Examples of landform units displaying different evolutive stages of the ferrallitic-podzol
transformation system in French Guyana. (Boulet et al. 1984; reproduced with permission of the As-
sociation francaise pour ’étude du Sol)

3.2.1.3 Inthe Basin ofthe Upper Rio Negro

According to studies carried out in the basin of the Upper Rio Negro (Dubroeucq
and Blancaneaux 1987), with a mean annual rainfall of 3000 mm, sequential soil
covers can be related to the different units of basin landforms. From the higher to
the lower landform, the following sequence can be observed (Fig. 16): (1) reddish
yellow, very thick, ferrallitic soils on the high hills;(2) humic yellow, rather thin,
ferrallitic soils on the low-level hills;and (3) podzols and gibbsitic yellow ferrallitic
soils in the form of relict patches in the lowlands. Based on cartographic data, this
succession of soil covers can be interpreted as an evolutionary sequence. The au-
thors state that the geochemical collapse of landscape corresponds to a lowering of
relief of 70 m.

3.2.2 Transformation Systems on Basement with Drainage Inversion
These systems lead to the replacement of a ferrallitic soil cover where water dy-

namics are vertical, by a ferrallitic soil cover where water dynamics are mainly
surficial and lateral. They were identified in French Guyana on”half-orange”land-
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forms developed over schistose or migmatic basements (Boulet 1978, 1983; Boulet
etal. 1978; Fritsch 1979), mean annual rainfall being 3 m. The genetic sequence of
soil covers observed over schists is presented in Fig. 17.

Stage I corresponds to an initial ferrallitic soil cover in dynamic equilibrium,
where water circulation is vertical and supplies a deep groundwater table. Soils
display an upper unit of red-brown micro-aggregated argillaceous horizons with
large porosity, overlying a lower unit composed of argillaceous horizons with mas-
sive structure and fine porosity, which rests on a muscovite-rich red fine saprolite.
At stage II,the micro-aggregated upper unit which is located in the upslope part, is
similar to that of stage I and is more than 1.5 m thick, but it becomes thinner
(around 60 cm) and yellow in the downslope part. Hydrodynamic studies indicat-
ed that this lateral transition corresponds rather to impeded vertical water perco-
lation and to establishment of lateral water-flows within the yellow horizon
perched over the underlying material with very fine porosity (Humbel 1978; Guehl
1984). Simultaneously, surficial rainwash increases 25 times, although mechanical
erosion calculated on patches remains rather weak under forest (about 450 kg
ha™ year™; Sarailh 1983). Stages Il and IV are characterized by progressive sinking
of the yellow horizon with lateral water circulation within the initial soil cover

Fig. 16A-D. Basin of the Upper Rio Negro river (Dubroeucq 1991). A Convex hill. B Levelled hill. C
Slightly undulating surface. D Planar surface. (Reproduced by permission of the Académie des Sci-
ences)
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Fig. 17. Evolutionary stages of the soil cover (I-VIII) developed over schistose basement in French
Guyana. Stages I-IV from Boulet (1977) and stages V-VIII from Fritsch (1984). 1 red-brown micro-
aggregated horizon, rich in relict lithic nodules; 2 transitional horizon; 3 red finely-porous clay ho-
rizon; 4 red fine saprolite; 5 water-table reservoir; 6 yellow sandy-clay horizon; 7 white fine saprolite;
8 pale grey, sandy horizon; 9 pale red, locally yellowish fine saprolite; 10 sandy-clay horizon, bright
yellow at the bottom, pale greenish yellow at the top

whose horizons progressively disappear, the transformation starting from downs-
lope zone. As early as stage I11, in locations where slopes are lower than 10% (sum-
mits, passes), large closed depressions of one to several metres across and 50-70 cm
in depth, are observed. Water accumulates during rainy periods and then percolates
slowly. According to hydrodynamic studies in progress, disappearance of the argil-
laceous red horizon with fine porosity seems to result in increased vertical drain-
age,but rainwash remains important too. From stage V, new transformations take
place (Fritsch 1984).

Upslope and at depth, the fine red saprolite transforms to a lighter material by
partial Fe loss and kaolinization of muscovite. In the uppermost part of the profile,
a pair of horizons transforms the yellow horizon to a depth of around 70 cm: the
more surficial pale greenish-yellow and sand-clayey horizon is affected by clay and
Fe loss; the lower bright yellow, clay-sandy and Fe nodule-rich horizon is affected
by absolute Fe accumulation. The presence oflight grey sandy mottling in the upper
horizon and of ochreous-brown nucleii in the lower one attests to incipient pod-
zolization (Fritsch et al. 1986). The closed depressions observed on the flat part of
the landforms during stage I1I become general on the levelled top of the interfluve.
Downslope and at depth, fine red saprolite transforms to a fine white one in which
red lithorelicts display ochreous rinds due to complete Fe removing of plasma and
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partial Fe removing of lithorelicts, and in which kaolinization of muscovite is
observed. At the top of the profile,a light-grey sandy horizon has transformed the
yellow horizon from the bottom and the underlying fine white saprolite from the
top, by complete loss of Fe and by disappearance of most of the kaolinite.

Each of these transformations results in geochemical erosion, which is greater
when the transformation is more effective. From stage I to stage IV, evolution of the
transformation system results in a steepening of the slopes. From stage V, some
planation, lowering of interfluve tops and slope retreat can be observed. Stage VIII
corresponds to the part of the landform studied by Fritsch (1984). The progress of
transformations ought obviously to generate a more evident planation. Disequilib-
rium of initial soil cover with vertical water circulation is related to relative lower-
ing of the base level ascribed to slight epeirogenic basement uplift in French Guy-
ana, which is the consequence of subsidence of the adjacent sedimentary basins of
the Berbice and Amazon rivers (Boulet et al. 1979). The resulting planation of land-
forms is induced by evolution of the transformation system due to both geochem-
ical and mechanical erosion;the rate of the latter, measured on the scale of mottling
under original forest,and which is less than 7o kg hayear™ in the initial soil cover,
reaches values between 100 and 440 kg hayear according to the year considered,
in soil covers with principally surficial and lateral water dynamics (Sarrailh 1983). It
should be noticed that this increase in erosion, as related to the significant increase
in rainwash (from 0.6 to 15% on average; Sarraihl 1983), is a consequence of inver-
sion of drainage, thus of pedolegical transformations, as observed above.

4 Conclusions

Two major types of soil covers - soil covers in dynamic equilibrium and transfor-
mation systems whose inventory is still not exhaustive - have been identified. For
both types, a tentative demonstration of the role of pedogenesis in the evolution of
landforms has been proposed. It can be emphazised that in tropical zones with
contrasting seasons, geochemical erosion plays a predominant role in the planation
of landforms, in the case of soil covers in dynamic equilibrium. This role is also
important in transformation systems, but mechanical erosion operates more easily
because of destruction of the clay-skeleton or of oxihydroxides-clay bonds due to
transformation. Recent studies have shown that the direct role of geochemical
erosion on planation of landforms is especially evident in humid tropical zones,
either by continuous deepening of ferrallitic soil covers in dynamic equilibrium,
resulting in slow lowering of the topographic surface, or by lateral transformation
of these soil covers.

Soil covers in dynamic equilibrium correspond to zonal soil covers, since they
are in dynamic equilibrium with the pedoclimatic conditions to which they were
subjected since formation. However, it is not yet possible to provide a continuous
latitudinal sequence of these soil covers: the transition from one to the other is
difficult to explain except for the transition from indurated Fe soils to iron crusts.
The ideal case would consist of a latitudinal sequence developed on the same par-
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ent rock (a mesocratic granite for example) without any inherited palaeoclimatic
material, if possible. West Africa cannot provide such an ideal example for two
reasons. The first is the presence of the Sahara desert between the Mediterranean
and the tropical zones, where soil formation is impeded. The second is the palaeo-
climatic history of West Africa, which displays an evolution from a humid to a dry
climate as early as the Mesozoic (Tardy et al.1988), which favours inheritance of
materials. In contrast, the same history goes from an arid to a humid climate in
South America, which tends to obliterate inherited materials. A north-south
transect in Brazil is thus fundamentally important, if developing on sufficiently
young surfaces. Both north-south transects in West Africa and in South America
would shed light on each other.

Very thick and monotonous ferrallitic soil covers in humid areas are usual and
have long been related to ”half-orange”landforms composed of convex hills, which
were considered by Georges Millot (1980a) as the opposite of planation. In fact, the
lower parts of slopes can reach 50%. But in humid zones, soil covers which are
considered to be in dynamic equilibrium, correspond to plateau-like landforms. A
contradiction thus occurs, which cannot actually be answered because of an insuf-
ficient number of detailed studies in humid tropical zones with “half-orange”land-
forms. But the monotony of soil covers in these zones may only be apparent. For
example in French Guyana, the half-orange landform which developed on base-
ment rocks in coastal areas, corresponds to transformation systems. In Manaus, the
notch of ferrallitic plateaus with convex slopes is related to the appearance of
discordant horizons and of transformation systems. In order to complement this
synthetic presentation, it thus seems reasonable to wait for more detailed studies
on the structure and evolution of soil covers in half-orange landform areas.
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CHAPTER 5

5 Evolution of Lateritic Manganese Deposits

FrAaNCiS WEBER

1 Introduction

Manganese is a transition element placed just before Fe in the periodic table. It is,
after Fe, the second most abundant heavy metal in the lithosﬁhere, atabout 0.1%,
which is about 50 times less but 12 to 15 times more than Ni and Cu. The rather
special electronic configuration of the Mn atom enables it to form numerous com-
pounds of valencies between -IIT and +VII, although in naturally occurring miner-
als, usually only +1I and +IV valencies are found, and more rarely +I1L.

In igneous and metamorphic rocks, Mn occurs most often at the valency +1I1, as
a substitution for Fe** and Mg** in Fe-Mg silicates; its abundance, of 400 ppm
(granites) to 1000 ppm (ultrabasites; Crerar et al. 1980), is roughly proportional to
the rocks’ mafic origin. The +1I valency form can also be found in sediments and
supergenic formations, especially as a substitution for Ca** and Mg** in carbonates.
At the valency +IV (and more rarely +11II), Mn forms a great variety of oxides and
hydroxides, more or less well crystallized. It is most abundant in carbonate, espe-
cially dolomitic rocks (>1000 ppm), not considering sedimentary ore deposits,
oceanic nodules and rock varnish.

Geochemically, the behaviour of Mn in the hydrosphere is similar to that of Fe.
Itis soluble in the reduced state (Mn?*), but almost insoluble when oxidized (Mn**).
Nevertheless, the Mn** ion is less easily oxidized than the Fe** ion:

Mn?* Mn¥* + e (e°
Fer* = Fex* + e (e°

it

-1.50 €V)
-0.77 €V)

which explains to a large extent the distribution of Mn and Fe in sedimentary
environments (Wedepohl 1980). However, there are two other important differenc-
es between Mn and Fe: (1) the solubility of Fe decreases considerably in a highly
reducing environment due to sulphide precipitation (as pyrite), whereas that of Mn
remains high because Mn sulphide (alabandite) can only form in extreme reducing
conditions that are rare in nature (Force and Cannon 1988); and (2) Mn is much
more amphoteric than Fe, which means that it can form manganates with a number
of metals (K, Ba, transition metals) scavenging preferentially manganese to iron
under certain conditions.
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Fig. 1. Location of Gabon, the Francevillian series and the Ogooué System. (After Weber 1968)

The large Mn deposits which are presently mined in the world, are either of
sedimentary or volcano-sedimentary origin. They have sometimes been metamor-
phosed (gondites with oxides and garnets, queluzites with carbonates and/or teph-
roite), possibly enriched by weathering and are most frequently found in lateritic
environments. Such deposits are stratigraphically very unevenly distributed. Apart
from oceanic nodules, which are not yet mined, two extensive periods of mangano-
genesis have been confirmed by recent discoveries. They were already described by
Varentsov (1964) in Lower to Middle Proterozoic (Potmasburg and Hotazel in
South Africa, Moanda in Gabon, Azul in Brazil, Amapa and Nsuta in Ghana and
many small deposits in Brazil, West Africa and India) and in Cretaceous to Oli-
gocene host rocks (Groote Eylandt in Australia, Imini in Morocco and Nikopol in
Ukraine).
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2 Example of the Moanda (Gabon) Sedimentary Manganese
Deposit Enriched by Lateritization

Mining of the Moanda deposit which begun in 1962, made Gabon the world’s third-
largest Mn producer,about equal to Brazil depending on the year and following the
former USSR and South Africa, with 2 million metric tonnes extracted per year.

2.1 Description of the Deposits

The deposits appear as one superficial layer which outcrops at the top of several
plateaus and rests on the pelitic FB1 formation of the Francevillian Series (Figs. 1-
4) which is a non-metamorphic Proterozoic series dated at about 2000 Ma (Bon-
homme et al. 1982; Bros et al. 1992). The main mineral-bearing plateaus are those of
Bangombé (40 km?) being now mined, and Okouma (13 km?). The mineralized
layer comprises four different layers from base to top (Fig. 5; Plate I,1-2):
1. A compact, very dense; Mn-rich, base layer of 0.2~0.5 m thick, which rests
apparently in discordance on pelitic sediments of the FB1 Formation of the

Fig. 2. Geological setting of the Moanda manganiferous plateaus. (After Weber et al. 1979)
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Fig. 3. Schematic stratigraphic section of the Francevillian se-
quence (after Gauthier-Lafaye and Weber 1989). 1 fine sandstones
with kaolinitic cement {Meso, or Cenozoic); 2 cherts; 3 tuffs; 4
pyroclastic sandstones; 5 manganiferous protore; 6 dolomites; 7
shales and black shales; 8 sandstones; 9 conglomerates; 10 gran-
ite—gneiss basement (Archaean)

Francevillian Series. Usually a 2-5 cm band of pyrolusite occurs at the base of
the ore (Plate I, 3). Locally, some beautiful, well crystallized pink geodes of
rhodochrosite occur.

2. A”plaquette horizon” 3-9 m thick (5 m on average) overlies the base layer. The
plaquettes (small platelets) of Mn oxides are 1 to a few cm thick and are organ-
ized as almost horizontal beds. They are surrounded by an ochre clayey matrix

Fig. 4. Geological section of the Okouma plateau (after Leclerc and Weber 1980).1 pisolites; 2 mined
ore layer; 3 carbonate protore; 4 Fe formation; 5 pelitic formation (FB1); 6 sandstones (FB2a)
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Fig. 5. Schematic section of the
mined manganiferous layer (af-
ter Leclerc and Weber 1980)

sometimes containing small pisolites. This is the main productive layer of the

deposit.

3. Ao.5-1mthick transition horizon is clearly differentiated from the underlying
platelet layers by the lack of bedding and the presence of blocks of very varied
composition, together with manganiferous platelets. The large biocks of rough
cavernous sandstone are mixed with aggregates of pisolites, while bauxite frag-
ments are cemented by Mn oxides, and by fragments of ferruginous and man-
ganiferous concretions.

4. A pisoliticlayer of 5-6 m thick containing pisolites of 2-10 mm diameter in its
ochre clayey matrix, is capped by a thin (10-40 cm) humus-bearing layer
where some small pisolites are again observed.

Locally, peculiar sinkhole depressions occur at the base of the pisolitic horizon.
They are present in the transition layer and penetrate the underlying horizon,
where the platelets tend to arrange vertically (Plate I, 2). The horizons 3 and 4 (tran-
sition horizon and pisolitic layer), which are too poor in Mn to be mined, are
removed before extraction of the platelet horizon and the base layer.

The true manganiferous cuirasses develop locally along the edge of plateaus
and in depressions along the rivers: the layer is invaded by concretions of Mn
oxides which replace the ochre, clayey matrix and cement plaquettes, pisolites and
other fragments. This induration appears at the transition horizon and spreads
progressively from the top into the plaquette horizon. On plateaus, margins or
along streams that cut the plateaus, the cuirasses can form cliffs of massive ore or
even very large boulders, which led to the discovery of the deposits but which often
have to be left in place due to inappropriate extraction techniques for this type of
ore, which is still exceptional in the deposit. The substratum of the ore-bearing
layer can be of three types depending on the location:
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Plate I. 1 Lower part of the mined layer. A horizon (B) with small plaquettes is noticeable between the
present basal layer (A) and a degrading fossil base layer (C). 2 Upper part of the mined layer. A sink-
hole depression (D) appears at the contact between pisolitic and transition layers (B). It reaches deep-
ly into the plaquette layer (A) in which the plaquettes of manganese oxides are arranged vertically.
These structures correspond to drainage (paths). 3 Fragment of the base layer. Two layers of well-
crystallized pyrolusite (B and D) record the two successive positions of the oxidation front. The lower
ribbon (B) cuts the «thodochrosite shale» (A4), whose bedding continues across the two pyrolusite
bands and the intercalating oxides (C). 4 Base of deposit in a zone where the substratum is decarbon-
ated. The «thodochrosite shale» (4) gives way to a decarbonated «black shale» (B), which itself alters
into a yellow-ochre clay. This clay is penetrated by manganese oxides (D) which develop under the
old base layer (B). A new base layer (not seen on photo) is being formed a little lower down, at the top
of the water table.
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1. Usually it consists of slightly undulating black shales which are very light and
friable and full of organic matter that stains the fingers. However, the shales are
depleted in Mn except for some fillings in diaclases by secondary oxides. Rare
intercalations of black sandstone occur, sometimes at the wall of the deposit.

2. A yellow-brown argillite identical to argillites at the «lithomargins» can be
found at the base of the alteration profiles, which are observed everywhere on
the pelitic formations of the Francevillian Series. This «argillite» sometimes
bears thin beds of grey-white chert or units with «red shales» consisting essen-
tially of Fe oxides and hydroxides. This lithology appears always at plateau
margins,but also,locally, in their central parts.

3. A grey, compact, finely bedded rock, similar in appearance to dolomite, and
rich in a rhodochrosite-type carbonate can also be formed. This «rhodo-
chrosite shale» is crumpled at the contact with the «pyrolusite band»: between
the beds which become detached from each other, small geodes of well-crystal-
lized rhodochrosite develop. This facies is confined to the highest and most
central areas of the plateaus.

2.2 Stratified Deposit or Alterite? The Search for the «Protore»

During the pioneering exploration of the Moanda deposit, Baud (1954, 1956) con-
sidered the deposit as residual, resulting from «a process quite close to that of
laterite and bauxite formation». This hypothesis, however, raised a problem stated
by Routhier (1963): «How can such a concentration of Mn come from a substratum
that appears to be extremely poor in this element ?» Starting from the observation
that occurrences of Mn which were discovered at several places in the Francevillian
basin, seemed to be associated with a stratigraphic horizon well defined in the
series, Bouladon et al. (1965) concluded that «lateritization altered initially an en-
riched banded ore by removing barren interbeds which remain only as residual of
hydroxides of Fe and Al easy to eliminate by screening. Nevertheless, beyond the
zones of cuirasse formation, it cannot have concentrated the Mn at the expense of
Fe and Al, since it is much more soluble than they are in natural conditions of
pH and Eh». This idea was supported by the discovery of a banded iron formation
with siderite, greenalite, stilpnomelane and pyrite associated with the deposits of
the Okouma plateau. Why could this ferruginous deposit not be the precursor to a
Mn-bearing one ? It became important, therefore, to find the original ore un-
touched by lateritic alteration.

A 350 m deep borehole made in 1962 on a sandstone surface layer at the top of
the Bangombé plateau, penetrated the whole FB1 formation without encountering
the expected mineralized layer. Only several years later, after a systematic geochem-
ical study of the deepest cores of Bangombé, was it possible to show that this
borehole did in fact conceal the «protore» of the Moanda deposit (Weber 1968,
1973): a 75 m thick layer with an average Mn content of 13% reaching 25% in some
places. Mn was located in a mixed carbonate (Mn, Ca, Mg)CO, phase which had not
been distinguished from dolomite during the preliminary petrographic investiga-
tion of the core samples. It was then concluded that the layer being mined resulted
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Fig. 6. Outline of the palaeoge-
ography of the Franceville ba-
sin at the time of manganese
deposition (modified after
Azzibrouck 1986). 1 emerged
continental area; 2 shoreline; 3
sand bars (FB2a); 4 manganif-
erous deposit; 5 Fe deposit; 6
stromatolitic, dolomitic and
siliceous formations

from lateritic alteration of a carbonate «protore» analogous to that observed in the
drilling cores. In fact, the process of modification and the supergene enrichment is
still active at the top of the water table. The rhodochrosite or manganiferous mixed
carbonate occurred underneath the «friable black shales» that can be considered as
the decarbonated protore (Leclerc and Weber 1980). In the following years, deep
drilling in the Bangombé plateau for U prospection revealed that the manganifer-
ous carbonate formation continued to a depth of 85 m under the ore deposit, with
Mn contents of up to 30% (Azzibrouck 1986). Thus, not only had the alteration front
not reached the base of the carbonate protore, but also the latter, in the ore-rich
part of the plateau, must have been much thicker than the 70 m found initially. It
could also be concluded that the top of the manganiferous formation corresponds
laterally to the sandstones, which confirms outcrop observations on the plateau.

The carbonate manganiferous formation was also found by drilling in other
parts of the basin, especially on the Okouma plateau where it is clearly associated
with preceding ferruginous pyrite units which were also found interbedded with it
(Leclerc and Weber 1980). These levels are linked to the greenalite, siderite and
pyrite-bearing ferruginous unit already mentioned. The outline of a carbonate
manganiferous protore can thus be traced as it develops at the top of the FB1
formation of the Francevillian, which is an epicontinental basin or a filling lagoon
divided into compartments by large sand bars (underwater dunes) extending over
several kilometres (Azzibrouck 1986; Fig. 6). Towards the open sea, from which the
manganiferous lagoon was separated by shoals, the manganiferous deposit gives
way to a banded Fe deposit interbedded with silicates, carbonates and Fe sulphides.
In the proximal zones, it passes into more or less silicified dolomites that are
probably the result of stromatolitic algal constructions (Bertrand-Sarfati and Potin
1994).
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23 Mineralogy and Geochemistry of the Protore

The manganiferous horizon consists mainly of carbonate-bearing black shales
containing 5-30% Mn. Contents vary greatly due both to differences in the amounts
of carbonates in the black shales interbedded with sandstone, dolomitic or sandy-
dolomitic sediments, which are usually poorer in Mn than the surrounding black
shales and to recurrences of the ferruginous formation, especially on the eastern
edge of the Okouma plateau (Fig. 7). The ferruginous formation is not well differ-
entiated on the Bangombé plateau, but Fe enrichment is nonetheless often seen
there at the base of the manganiferous formation.

The overall average content in the manganiferous formation is 10-16% ac-
cording to borehole data. The anomaly in Mn is accompanied by a significant
anomaly in heavy metals such as Co, Ni, Cu and Zn, whose concentrations in man-
ganiferous ampelites are 20, 5 and 3 times those in the non-manganiferous black
shales of the Francevillian sediments, respectively (Table 1), the Mn enrichment
amounting from 70 to 80 in the same rocks. Amounts of these elements are posi-
tively correlated with those of Mn and negatively with those of Fe (Table 2). Phos-
phorus is also enriched in manganiferous ampelites, three to four times, but it is

Fig. 7. Lithological section and chemical logs of the cores Sd 12 Sd 13 from Okouma plateau (cf. Fig. 4
in this text; after Leclerc and Weber 1980).1 sandstones of FB2a formation; 2 interbedded sandstones
in FB1 formation; 3 sandstones with carbonate cement; 4 shales; 5 carbonate black shales; 6 dolo-
mites; 7 pyritic iron levels
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M D) B)

Manganiferous black shales Normal black shales Ratio (1)/(2)
(91 samples) (153 samples)

Mn 16.9 % 0.22 % 76

Fe 2.9 2.75

Si0, 25.4 57.2

Al>O3 6.4 20.1

MgO 114 1.2

CaO 4.0 11

K20 1.6 3.0

P 0.18 0.05

Ni 297 ppm 62 ppm 4.8

Co 397 17 23.4

Zn 265 92 2.9

Cu 171 53 3.2

Table 1. Chemical composition of manganiferous and normal black shales compared (FB1 forma-
tion, Bangombé plateau; after Azzibrouck 1986)

even higher in Fe-bearing layers where it reaches 1.5%. This results in a positive
correlation between Mn and P on the Bangombé plateau where ferruginous hori-
zons are rare, and in a negative one among the same Mn and P on the Okouma
plateau where drillings showed that such material occurs frequently.

The black shales of the protore consist of a bedded, clayey matrix rich in
organic matter, in which the carbonates are scattered. The main clay mineral is
illite, chlorite being abundant only in the ferruginous units (ferruginous chlorite or
greenalite). Pyrite occurs as aggregates, generally arranged with the stratification
planes, sometimes as granules that could represent old recrystallized framboids.
Amounts of silt-grade detrital elements (quartz, altered micas and feldspars) are
low. Small lenses of chalcedony bordered by rhombohedra of carbonate and cubes
of pyrite are present, but they are quite rare.

Petrographic observation, complemented by microprobe analyses (Fig. 8),
showed that these carbonates form four groups (Plate II):

1. Dolomite s.s. occurs as large rhombohedral crystals almost always highly cor-
roded (Plate II, 1-2). As a result of this corrosion, some rhombohedra appear

P Ni Co Cu Zn
BA® Mn 0.25 0.69 0.80 0.46 0.72
Fe 0.26 0 —-0.04 0 0
okP Mn —0.03 0.43 0.58 0.40 n.d.
Fe 0.54 —0.54 —0.45 —0.55

* BA, on the Bangombé plateau, 451 samples; after Azzibrouck (1986).
> OK, on the Okouma plateau, 126 samples (after Leclerc and Weber 1980).

Table 2. Correlation between iron, manganese and trace elements in FB1 formation
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Fig. 8. Molar composition of MnCO3
carbonates of the manganifer-
ous protore. (After Azzibrouck
1986)

A
RHODOCROSITE

s a a 1. n n n e

CaCo 50 MgCO
3 DOLOMITE 3

emptied: only a thin skin remaining with the interior of the grains filled with
newly formed clay and sometimes cryptocrystalline carbonates. This dolomite
often contains a small excess of Ca (up to 55 molar%) and sometimes a little Fe
(up to 2-3 molar%); it is not manganiferous.

2. Manganiferous dolomite also occurs as large clear rhombohedra sometimes
making up the external coating of zoned crystals with dolomite s.s., as the core
of the crystals and the different overgrowths are separated by clay films. Man-
ganese, whose amounts do not exceed 20%, occupies the two sites of the dolo-
mite network, but there is usually more Ca than Mg. The type composition of
these crystals is: CaCO,=45%, MgCO,=35%, MnCO,=20%. The Fe content does
not exceed a few molars per cent.

3. Cryptocrystalline carbonates with very high Mn contents from 50-75 molar%
(Plate II, 2-3 and 5) represent the third type of carbonate. The excess of Ca over
Mg which is found in Mn-poor carbonates, no longer appears systematically.
The reverse is just as likely as such an excess, especially in patches enriched in
Mn (MnCO,>65 molar%). These carbonates make up most of the carbonate
phase; they are either disseminated in the matrix or grouped together as aggre-
gates that sometimes present a roughly concentric structure, at the centre of
which a rhombohedric crystal or a relic of an old, highly corroded rhombohe-
dron can occur.

4. Thelast group which is much less represented (Plate II, 4), has been encoun-
tered only in Fe-rich facies. It is a carbonate of Fe, Mg and Mn or Fe and Mg
(Boeglin 1981) which passes into true siderite in Fe-banded chert.
Manganese is found exclusively in the mixed carbonates phases, mainly as

(Mn,Ca,Mg)COQ,. Fe is distributed between the sulphide (pyrite), carbonate and

silicate phases, but occurs predominantly in the pyrite (about 80%), except in the

sideritic iron deposits (Plate II, 4 and 6). Phosphorus is obviously localized in a Ca
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phosphate (apatite) well identified in thin section and by microprobe observa-
tions. The transition trace-elements, Co, Ni and Cu, appear to be linked to the
sulphides. Leclerc and Weber (1980) observed large anomalies in Ni, Cu and Co in
pyrite grains. Azzibrouck (1986) reported several analyses of pyrite containing
1.7% Cu, 0.9% Ni and 1.1% Co. He could not establish whether these elements were
present in the form of micro-inclusions of Ni, Co and Cu sulphides, or as substitu-
tions for Fe in the pyrite network, but he noticed that their distribution was very
irregular. In the same crystal, one area can show a strong anomaly in one of these
elements while these anomalies are totally lacking elsewhere. Although geochemi-
cally similar to these elements and strongly correlated with them. Zn has not been
localized by microprobe. It could occur equally well in the carbonates as in the
sulphides and may not give high-concentration anomalies detectable by this meth-
od (Azzibrouck 1986).

The ability of Mn oxides to scavenge transition elements, especially Co, Niand
Cu, is well known, especially in present-day oceanic nodules. The apparent paradox
that Co, Niand Cu are strongly correlated with Mn but mineralogically dissociated,
could be explained by an initial precipitation of all these elements as oxides. In
addition, the fact that the first carbonate precipitated in the manganiferous sedi-
ment is dolomite, suggests that the initial deposit contained a carbonate of Caand
Mg associated with Mn-oxide carriers of Co, Ni and Zn. Early in diagenesis, as the
environment became strongly reducing and more acid due to abundant decom-
posing organic matter, the oxides of Mn, Fe and other transition elements,as well as
the dolomite, were destabilized in favour of phases in equilibrium with the new
environment: Mn, Ca and Mg (more rarely Fe) carbonates and Fe, Co, Niand Cu
sulphides. This mechanism of returning Mn into solution during early diagenesis
explains its enrichment at the top of the FB1 Formation, when an emersion oc-
curred. Before precipitation of Mn, the mechanism concentrated it in the intersti-
tial water of the freshly deposited sediments or even in the deep water of the basin,
until excess concentration caused precipitation as carbonates. Fe tends to precip-
itate earlier, as its sulphide is highly insoluble and its carbonate less soluble than
that of Mn. Solutions then become richer in Mn than in Fe (Force and Cannon 1988).
At each stage, as Azzibrouck (1986) emphasized, microorganisms must have
played an important role in the precipitation of the different mineral phases. Fossil
traces of bacterial activity have been described by Cortial (1985), Cortial et al. (1990)
and Azzibrouck (1986). Scattered isotopic values for carbon of ferruginous and
manganiferous carbonates (6*C=-14to +1 per mil), which contrast with the higher
and narrowly ones of the dolomites (§*C=+2 to +6 per mil), likely represent the
contribution of organic C in carbonate diagenetic neoformations. The organic C
has a much-lighter isotopic compositions (6*C=-20 to -46%0) in the Francevil-
lian sediments (Weber et al.1983).
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Plate II. 1 Corroded crystal (10opm large) of rhombohedral dolomite in the protore of the deposit.
2 Corroded crystal of dolomite (100p1m large) replaced and surrounded by manganese carbonates.
3—6 Distribution of Mn (3), Fe (4), Ca (5) and S (6) in the same slice of a protore sample from deposit
(x 300). Besides manganese carbonates which also contain Ca, other crystals can be seen: non-man-

ganiferous dolomite (D), pyrite (P) and iron carbonates (S) near the siderite pole. The latter are,
however, rare in the protore of this deposit
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24 SupergeneWeathering:Formation and Evolution of the Ore

The ore enrichment corresponds to a three- or a fourfold increase in Mn relative to
the content in the protore. However, it is more informative to consider the ratios of
the main elements with each other. The Fe/Al ratio, at about 1 in manganiferous
shales (0.7-1.3),does not change significantly in the ore or in the pisolites (Table 3).
In contrast, the Si/Al ratio shifts from about 3.8 in the protore to 0.4 in the ore and
to 0.1in the pisolites. These changes signify leaching of Si in a lateritic alteration
profile tending towards bauxitization. Soluble elements such as Ca, Mg and Na are
completely removed. Only K and Ba, which are fixed in cryptomelane-type oxides
remain present in small amounts. On the other hand, the Mn/Al and Mn/Fe ratios
increase from 4 to 5 in the protore to 8 to 10 in the «raw mined ore», and to 15 to 18
in the commercial-grade ore, and they decrease to about 1 in the pisolites. Mn
enrichment in the mined unit corresponds, therefore, to an absolute accumulation.
Since Fe and Al have virtually remained in place, it can be deduced that about half
the Mn of the mined layer results from this accumulation. The relative paucity of
Mn in the pisolites suggests a migration from top to base in the profile, which is
confirmed by the relative enrichment of the base layer compared to the plaquette
horizon. This does not exclude lateral migration, responsible in particular for the
formation of cuirasses, signs of which are much more localized at the scale of the
whole deposit. The successive stages of supergene alterations of the deposit can be
followed through the different horizons of the profile.

Mn | Fe | CaO [ MgO | SiO: | Al:O; | K20 | PF || Fe/Al | Si/Al | Mn/Al | d | Mnlsx)
1°[[16.2 ] 3.5 7.4 3.6 26.6 6.3 1.7 [ 24.0 1.1 3.8 4.9 2.8 45.4
2" 25.9 | 2.6 0.4 0.4 27.3 3.1 1.0 | 28.3 0.8 4.1 8.4 2.9 75.1
3°0 57.4 | 0.8 0.2 0.1 2.5 1.6 0.1 13.4 1.0 1.4 67.5 4.4 253
40 436 | 47 — — 5.1 10.5 - . 0.8 0.4 7.8 2.1 92.9
5° || s0.6 | 2.7 0.2 0.1 3.2 6.6 0.3 — 0.8 0.4 14.5 3.2 162
6 || 13.7 | 12.5 | 0.05 | 0.03 4.5 31.3 0.13 | 21.0 0.8 0.1 0.8 - -

* Intact protore: average for the Sd11 manganiferous black shales (Okouma), g—57 m, 43 samples;
after Weber et al. (1979).

b Carbonate substratum of cut deposit B8 (Bangombé), 3 samples; after Weber et al. (1979).

¢ Basal layer, cut B8 (Bangombé), after Weber et al. (1979).

4 »raw mined ore», Bangombé 04/76, after Weber et al. (1979).

¢ Ore >16 mm 04/76 (commercial-grade ore), after Weber et al. (1979).

f Pisolites, 155 samples from Okouma (COMILOG analyses).

Table 3. Changes in concentrations of major elements in the main facies of the parent rock and the ore
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2.4.1  TheParentRock and its Development Towards the Surface

In the deep horizons of the weathering profile, about 10-20 m below the present
topographic surface, triple carbonates (Mn, Mg, Ca)CO, are subject to epigenesis
into rhodochrosite. This epigenesis is produced in a reducing environment, below
the zone of pyrite oxidation. It induces formation of «rhodochrosite shales» in the
substratum which constitute the true parent rock of the deposit, whose appearance
islittle different from the carbonate black shales of the protore. Particularly notice-
able is a recrystallization of carbonates as wide patches, but these do not obscure
the microstructure which is visible in natural light.

Itis not difficult to describe the mechanism of this epigenesis. The Mn-loaded
surface waters, acidic because of pyrite oxidation and themselves oxidizing, dis-
solve the carbonates. As they percolate through the sediment, which is rich in
organic matter and sulphides, their oxidizing power is attenuated and their pH
rises following reactions with the carbonates until the solubility product of one of
the carbonates is reached, after which the solution will be buffered by reprecipita-
tion of this carbonate. Generally this will be rhodochrosite, as Mn is abundant in the
solution and the solubility product of its carbonate is much lower than that of Mg or
Ca carbonates. Only Fe carbonate has a solubility product of the same order of
magnitude as that of Mn carbonate. However, as Fe is present mainly as pyrite, itis
released only in the oxidation zone, where it is fixed at a valency of 3 in hydroxides,
its concentration being much lower than those of Mn in the percolating solutions.

Above the water table, the parent rock is depleted in carbonate, whatever its
prior development (Plate I, 4). The decarbonatation front appears in distinct zones:
a grey «rhodochrosite shale» is followed abruptly by a very light «black shale»
which, in turn, gives way to a yellow-brown bedded clay towards the surface. There
are no manganese oxide deposits at the decarbonatation front, but gypsum is ob-
served lining the diaclases under it.

242 TheBaseLayer

According to Boeglin’s (1981) description, the base layer often appears «made up of
very hard manganiferous plaquettes, a few millimetres to one or two centimetres
thick, with metallic blue-black or blue-grey fracture surface. These plaquettes are
bound together, often discontinuously which leaves flat spaces between thems». It
usually rests on the substratum through an interlayered «band» of largely crystal-
lized pyrolusite. Mamellated concretions sometimes develop and penetrate the
substratum.

Besides the well crystallized Mn*" minerals, mainly pyrolusite associated with a
little nsutite and lithiophorite, the base layer contains large amounts of cryptocrys-
talline phases close to cryptomelane. Minerals with Mn?* such as manganite and
groutite, and Mn**such as rhodochrosite, also occur (J. Bouladon 1963, Le gisement
de manganése de Moanda [Gabon] - étude de la zone de premiére exploitation
rapport BRGM 5313/MJMG, unpubl. work). However, distinction must be made here
between two extremely different situations depending on whether the base layer is
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above or at the groundwater level. In the first case, it rests on a more or less altered

decarbonated substratum and itself appears to be undergoing alteration. The

Mn**and Mn**minerals are absent and Fe oxide and gibbsite coatings develop in the

hollows between platelets, which tend to separate. In the second case, the base layer

rests on the «rhodochrosite shale» substratum and indications are that it repre-
sents a developing base layer. The contact is always at the top of the water table or in
the zone where it fluctuates, the variable conditions leading to precipitation of
different minerals. Thus, one can see side-by-side, sometimes inside the same ge-
odes, magnificent neoformations of manganiferous minerals at different valency
states: bundles of pyrolusite with a metallic sheen, beautiful scalenohedra of pink
or bright red rhodochrosite and fine black acicular crystals of manganite. Whoever
has had the chance to look at these mineral bodies just after scouring by the bull-
dozers, has no doubt from their brilliance, that these neoformations are fresh. In
fact,exposed to the weather, these minerals are oxidized and tarnish rapidly.

In addition, observed epigenesis of parent rocks by Mn oxides occurs in two

ways: A

1. Epigenesis, at the bottom of the layer, of rhodochrosite by manganite which
gives way to pyrolusite by pseudomorphosis. This epigenesis was first de-
scribed by J. Bouladon (1963, Le gisement de manganése de Moanda [Gabon] -
étude dela zone de premiére exploitation rapport BRGM 5313/MJMG, unpubl.
work) and later by all authors who have dealt with the Moanda deposit (Boul-
adon et al.1965; Bricker 1965; Weber 1968, 1973; Bouma 1970; Perseil and Bou-
ladon 1971; Weber et al.1979; Leclerc and Weber 1980; Boeglin 1981; Nziengui-
Mapangou 1981; Nahon et al. 1983; Beauvais 1984). It corresponds to the advance
of the oxidation front whose intermediate manganite stage is short lived (a few
millimetres). The manganite/pyrolusite band is usually horizontal, but because
of the slight undulations of the substratum, it is often secant on the stratifica-
tion which it cuts sharply. Fine bedding can frequently be seen within the
pyrolusite band, parallel to its base, which superimposes on the stratification
without completely obliterating it. This bedding appears to mark the oxidation
front. Under the microscope, it is expressed by alternation of zones of well-
crystallized «palisade» pyrolusite in which the protore microstructures are
largely obliterated, with zones of microcrystalline structures where the micro-
structures are much better preserved.

2. Epigenesis of the rhodochrosite schist by cryptocrystalline oxides has been
described by Perseil and Bouladon (1971) who have shown that oxidation of the
rhodochrosite rock could take place differently from the process just de-
scribed. «It changes overall, but is keeping its structure, into a grey material,
close to cryptomelane, which gives rise to MnO,g, MnO,r and ramsdellite». In
this case, the pyrolusite band is, of course, absent.

It should be emphasized that, even when the first type of epigenesis with the pyro-

lusite band at the bottom of the layer is observed (which is far from being the most

common case) the base layer consists essentially of a cryptocrystalline assemblage
in which the microstructures of the protore are well preserved. Not only the relicts
of carbonate micro-concretions are visible (fish roe structures; J. Bouladon 1963, Le
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gisement de manganése de Moanda [Gabon] - étude de la zone de premiére exploi-
tation rapport BRGM 5313/MJMG, unpubl. work), but also relics of detrital grains,
mainly phyllosilicates subjected to epigenesis by Mn oxides. It is, therefore, unlikely
that the cryptocrystalline matrix results from «retromorphosis» of well-crystallized
basal-band pyrolusites in which these structures have been largely obliterated
(Nziengui-Mapangou 1981; Beauvais 1984).

The base layer appears to be the horizon where most of the Mn accumulated in
the deposit. This accumulation took place at the top of the water table (or more
likely in the zone where it fluctuates). It appears that the «pyrolusite bands» fossil-
ize a stabilization surface of the oxidation front. Although the active front with the
complete sequence of rhodochrosite, manganite, pyrolusite, can only occur very
near the bottom, fossil bands can be seen at various levels of the base layer (Plate II,
3). The second type of epigenesis corresponds, therefore, to a drop of the water
table during which crystals would not have had time to grow and oxidation would
occur faster than the removal of impurities, especially K which would be held in the
cryptomelane-type constituents. These rapidly changing fronts correspond to
short-lived situations which are seen much less frequently in the field than the
stabilized fronts with pyrolusite bands. However, no quantitative appraisal can be
made on the relative importance of the two phenomena in the formation of the ore.

243 ThePlaquette Horizon

Different types of facies frequently appear immediately above the base layer. They
are sometimes difficult to interpret, especially the «laminated», «vacuolar» and
coral-like ores consisting of nsusite and lithiophorite associated with gibbsite
(Nziengui-Mapangou 1981; Azzibrouck 1986). Also seen quite frequently at the
base of the plaquette horizon,are large lenses of yellow-brown clay. These lenses are
soft with a finely bedded structure and are made up of kaolinite, goethite, quartz
and illite and are relics of altered parent rocks saved by epigenetic processes of the
base layer. Nziengui-Mapangou (1981) described how these clays passed to highly
indurated manganiferous plaquettes. The transition happens over a few centime-
tres, with gradual appearance of the black colour and a hardening process leading
to the plaquettes. It involves the epigenesis of the yellow-brown clays by a mixture
oflithiophorite and cryptomelane which subsequently evolves towards pyrolusite.
This epigenesis which often develops from fractures or diaclases cutting the parent
rock (Azzibrouck 1986), corresponds to the invasion of a completely leached par-
ent rock by Mn oxides, following an abrupt drop of the water table (Weber et al.
1979; Leclerc and Weber 1980). Above these facies, broken-up relics of old base
layers can be seen, whose structures disappear upwards in the plaquette horizon
(Plate I, 1).

J. Bouladon (1963, Le gisement de manganése de Moanda [Gabon] - étude dela
zone de premiere exploitation rapport BRGM 5313/MJMG, unpubl. work), Nzien-
gui-Mapangou (1981) and Beauvais (1984) have given detailed descriptions of the
mineralogical evolution of the plaquettes along the profile, starting from relicts of a
decomposing base layer. Initially, the pyrolusite of the base layer is replaced by
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cryptomelane which penetrates between crystals along cracks and joints. This
process increases the microporosity, while fissures and horizontally elongated
voids develop. Up in the horizon, nsutite gradually takes up from cryptomelane and
becomes the essential constituent of the plaquettes beyond 1 m above the base
layer. Strips of nsutite recrystallized into ramsdellite appear next and around empty
spaces, and true well-crystallized ramsdellite can even be seen. In the upper part of
the plaquette horizon, pyrolusite which almost disappeared from the middle part,
appears again in subhorizontal bands or lenses as «palisade» crystals. Lastly,in the
top few tens of centimetres of the horizon, the plaquettes are fragmented and a
matrix with lithiophorite and aluminous goethite progressively develops at the
expense of all oxidized manganiferous phases.

2.44 TheUpper Horizons:Transition and Pisolite Levels

The transition and pisolite levels indicate a tendency towards bauxitization at the
top of the profile. Large gibbsite nodules appear in the transition layer. The pisolites
consist of concentric envelopes of gibbsite, aluminous goethite and lithiophorite
around nuclei, usually a plaquette fragment (although sometimes it can be a quartz
grain, a ferruginous fragment or even a broken, older pisolite). However, although
the pisolites fit well the continuity of the evolution of the top of the plaquette
horizon, the transition level, in spite of its name, looks more like a break than a
transition. With a chaotic appearance and well defined boundaries with the neigh-
bouring horizons, it appears to be the result of a reworking process. The profile
would, therefore, be truncated and the upper two levels allochthonous. If that were
the case, one would expect these two levels to be somewhere other than at the top of
the deposit, which is not the case. Also, the transition horizon may reflect the
original variations of the protore. The frequent sandstone fragments in this hori-
zonlend support to this hypothesis.

25 Conclusion

The enrichment of the ore in the lateritic profile takes place at the same time by
elimination of the elements that are most mobile in tropical alteration (Ca, Mg, Si)
and by absolute accumulation at the bottom of the profile. The cases of K and Ba are
noteworthy: fixed by cryptomelane, they are much less mobile than in a normal
lateritic profile. One of the original features of the Moanda alteration profile is that
the enrichment process begins in the carbonate-bearing parent rock by epigenesis
of triple carbonates (Ca, Mg, Mn)CO, by MnCO.,. This epigenesis leads to an enrich-
ment of 70-100% over the initial protore (Table 3).

The second stage of enrichment is the most spectacular. It occurs in the basal
part of the intermediate zone of the water table where the supply of Mn is about
250% higher than in the rhodochrosite substratum and more than 450% higher
than that in the protore. However, in the raw ore, the enrichment is only about 100%
relative to the protore, hardly more than in the rhodochrosite country rock. Should
it be concluded that the ore degradation starts from the plaquette horizon ? Mn
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certainly undergoes leaching at this level and it accumulates in the base layer, al-
though some of it is lost. We have seen that internal rearrangements also take place
in the plaquette horizon itself, and that part of the Mn leached from higher levels is
reprecipitated lower down.

The real cause of this apparent impoverishment of the plaquette horizon com-
pared with the base layer must be sought elsewhere. The base layer is not regularly
embedded in the substratum, but randomly follows abrupt variations of the water
table level. This can be a few decimetres, or even metres lower, the base layer de-
grading and breaking up into plaquettes when no longer in water. The underlying
substratum is leached and the released Mn moves to the top of the displaced water
table where a new base layer will start to develop (Fig. 9). The parent rock between
the old base layer and the newly forming one, has leached and altered to a yellow-
brown clay. It is invaded by remobilized Mn from higher levels, but the ochre clays
largely remain in place and are incorporated in the raw mineral deposit. These clays
constitute the matrix of the plaquettes which are eliminated from the commercial-
grade ore by screening. The result is that the final absolute accumulation of Mn
between the rhodochrosite parent rock and the raw mineral deposit is low. The
process of absolute accumulation that occurs initially in the carbonate parent rock
(epigenesis of triple carbonates by rhodochrosite) is, therefore, vital for the subse-
quent development of the ore.

Abrupt drops in the water table level result from the way plateaus are drained
by kinds of microkarsts. Drainage courses, guided by a fracture network, can be
observed in the mine and appear to initiate the sinkhole structures observed in the
transition layer and in the plaquette horizon (Plate I, 2). Not only is there leaching
of soluble elements but suspended clay particles are also mechanically transported,
which explains these sinkhole depressions and the additional enrichment factor, its
contribution being difficult to estimate. Capture of one drainage system by another
can cause an abrupt drop in the water table level in any given part of the deposit.
Such a phenomenon occurred some years ago on the Okouma plateau where a
permanent lake, known to exist in human memory, suddenly and definitively emp-

Fig. 9. Sketch showing the formation of a new base layer after an abrupt fall in the water table. (After
Azzibrouck 1986)
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Fig. 10. Geological setting of the Azul deposit in the Serra dos Carajas. (After Beauvais 1984)

tied. In the deposit, similar events are emphasized by significant slidings of the base
layer by as much as several metres, which in spite of appearances and misinterpre-
tations, are not the result of fault throws.

3 Comparison With Other Manganese Deposits
3.1 The Azul Deposit

The Azul deposit, near the Fe fields of the Serra dos Carajas in the state of Para in
Brazil (Fig. 10), looks like the Moanda deposit. It results from lateritic alteration of
a Lower Proterozoic carbonate protore, as at Moanda, which belongs to the Rio
Fresco formation (Bernardelli and Beisiegel 1978) which is equivalent to the
Francevillian. Beauvais (1984) conducted a comparative study of the two deposits.
The protore consists of two manganiferous units separated by a 60-100 m thick
Mn-poor unit (4% on average). The lower unit, which is 20-40 m thick, is the richer
(21-26% Mn), and the Mn content in the upper unit, which is 30-50 m thick, is no
greater than 14%. The same correlation between Mn and base metals (Ni, Co, Cu, Zn
and Pb) can be seen, as already observed on the Moanda protore (Figs. 11-12). The
parent rock is made up of carbonate-bearing black shales and, as at Moanda, the
carbonates sometimes have micronodular micritic structures, the carbonate being
here close to the rhodochrosite end member (93% MnCO,). The parent rocks, in
fact, underwent alteration which is represented by kaolinization of feldspars and
phyllosilicates and recrystallization of carbonates eventually replacing the detrital
minerals epigenetically. Valarelli et al. (1978) attributed these changes to a «deep
diagenetic alteration» (burial to 5000 m at 200 °C). The analogy of this parent rock
with the surface carbonate-bearing rhodochrosite facies of Moanda is striking. But
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Fig. 11. Geological section of the Azul deposit. (After Bernardelli and Beisiegel 1978)

although we have here, as at Moanda, surface transformation of a mixed carbonate
to rhodochrosite, this «alteration» took place to a depth of 200 m at least, instead of
only 20 m. ,

The present climate is similar in the two regions, both being in the equatorial
zone, but with a transitional tropical climate having only one marked dry season.
The Azul deposit is covered by forest, whereas the Moanda plateaus are covered by
scrub savanna. However, the dry season at Azul is longer and more marked, which
certainly explains the abundance of haematite colouring the deposit red. The geo-
morphological context is very different from that of Moanda where the protore
outcrops at the structural surface of vast plateaus. The Azul deposit rests on the
slopes of the great ferruginous Carajas plateaus and the manganiferous formation,
far from being in structural conformity, outcrops only because of an anticlinal
structure (Fig. 11). The hydrodynamic situation in which the alteration profiles
develop is very different from the one at Moanda: the permanent water table at the
base of the deposit is lacking and oxidation of the carbonates is much more perva-
sive, to several tens of metres beneath the topographic surface.

At the surface,however, the two ore-bearing lithologies are comparable,apart
from the colour which is red at Azul and yellow-brown at Moanda. Here too, there
is a plaquette horizon, a «lateritic breccia horizon» similar to the «transition level»
of Moanda and a pisolitic layer. The vertical arrangement of the profiles is,however,
much less regular than at Moanda, especially in the pisolitic level which is extreme-
ly variable in thickness and extends well beyond the extent of the deposit. However,
no exact equivalent of the Moanda «base layer» is observed. Instead, massive blocks
of ore occur in a bedded structure at the bottom of the plaquette horizon. A «sub-
surface» ore of variable facies (lumpy, massive, pelitic or silty) develops between
this «blocky horizon» and the bed rock.
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Fig.12. Mineralogical section
of core Fs

The structure of the deposit allows the variations of the surface facies to be
linked to those of the protore, which is not possible at Moanda. According to
Beauvais (1984), «the lower series is changed into a granular ore with very dense
plaquettes enriched to a mean Mn amount of 41.50%, whereas the intermediate
series gives a reddish clay horizon whose Mn contents do not exceed 7 to 8% on
average». It seems that the most enriched Mn** carbonates become the richest in
Mp** and Mn* oxy-hydroxides. The oxidized ore formed along three different
paths. The first starts from epigenesis of a reddish clay, the other two from rhodo-
chrosite (Beauvais 1984):

1. Reddish clay — lithiophorite (weakly indurated plaquettes) — cryptomelane

(indurated plaquettes).

2. Rhodochrosite — cryptomelane — nsutite — ramsdellite — pyrolusite —
lithiophorite. ’
3. Rhodochrosite — todorockite — nsutite — cryptomelane.

The first two paths were already recognized at Moanda, but not the third.
However, the transformation of rhodochrosite to manganite and pyrolusite, which
is very typical for the base layer in Moanda, has not been observed here. This might
result from different conditions, as those prevailing in the Moanda base layer seem
not to have occurred anywhere at Azul.
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3.2 Sites with Lateritic Alteration on Metamorphic Protore {Queluzites)

About 200 km NW of Moanda, the Francevillian platform series enter the mobile
zone of the Ogooué System where they have been intensely folded and metamor-
phosed about 1900 Ma ago (Azzibrouck 1982; Bonhomme et al. 1982; Ledru et al.
1989).

The different units of the Francevillian can still be identified in some parts of
the Ogooué System, for instance in a railway cutting near the Mingooué bridge
where the manganese formation was found to be associated with micaschists,
graphite schists, quartzites and amphibolites. This represents a Barrovian meta-
morphism reaching the amphibolite facies (Azzibrouck 1982). The only Mn miner-
al which was identified at this location is garnet spessartite. Besides this, many Mn
deposits were found in metamorphic formations of comparable age in the old
shields of Africa, India and Brazil. They attest to the importance of the Lower
Proterozoic for metallogenesis potentials of Mn. In most cases, lateritic enrichment
was necessary to produce economically workable concentrations.

3.2.1  The West African Deposits

Many Mn ore deposits were found in the West African shield, but only that of Nsuta
(Ghana) was of major economic interest. In the context of research prompted by
Georges Millot, a study of the supergenic enrichment of these deposits was under-
taken by Grandin (1976) who ordered the different stages of supergenic concentra-
tion of Mn in the framework of the evolution of the landshape induced by lateritic
alteration. Simultaneously and later, studies of the mineralogical evolution of these
deposits during weathering were made by G. Grandin himself, E. A. Perseil, D. Na-
hon and P.Nziengui-Mapangou. The overall conclusion of these studies is that the
mineralogical evolution depends on the mineralogical assemblages of the parent
rocks which are more complex in metamorphic protores than in sedimentary ones.
Many Mn minerals, such as rhodochrosite, garnets (spessartite), tephroite, rho-
donite, braunite; hausmanite, etc, were found. At Nsuta (Ghana) and at Tambao
(Burkina Faso), the main Mn-bearing mineral is rhodochrosite, at Mokta (Cote
d’Ivoire) it is spessartite (Perseil and Grandin 1978) and at Ziemougoula (Cote
d’Ivoire) it is tephroite (Nziengui-Mapangou 1981). The main process of enrich-
ment is often the epigenetic replacement of the protore minerals by Mn oxides at
the base of the alteration profiles, as is the case at Moanda.

The sequence observed in the carbonate protore of Nsuta, is similar to that
seen at the base layer of Moanda: rhodochrosite — manganite — pyrolusite. Cryp-
tomelane develops later, followed by nsutite and ramsdellite which replace pyro-
lusite (Perseil and Grandin 1978).In the deposits of Tambao (Perseil and Grandin
1978) and Ziemougoula (Nziengui-Mapangou 1981), birnesite appears after, or in-
stead of manganite, and it is replaced by cryptomelane and nsutite. Tephroite, the
main carrier of Mn in the protore of the Ziemougoula deposits, changes into
manganocalcite and smectite which develop towards a mixture of rhodochrosite
and amorphous silica. This rhodochrosite evolves further like the other Mn car-
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bonates of the protore. The complete alteration sequence in this deposit is: carbon-
ates — manganite (or todorokite) — birnesite — cryptomelane + nsutite (+ lithi-
ophorite) — pyrolusite — lithiophorite + aluminous goethite (Nziengui-
Mapangou 1981).

Alteration of garnet spessartite often leads directly to the association of the
lithiophorite and aluminous goethite (Grandin and Perseil 1977; Perseil and Gran-
din 1978; Nziengui-Mapangou 1981), but in many cases the garnet quartzite protore
is epigenized by cryptomelane, which affects quartz and non-manganiferous sili-
cates, as well as Mn-bearing minerals (Perseil and Grandin 1985).

The Mn concentrated in the lower part of the profile, comes from the superfi-
cial horizons from which it has been removed. Therefore, a Mn-depleted horizon
with Mn and Fe concretions and pisolites appears near the topographic surface.
Sometimes this Mn-depleted horizon can be cemented again by secondary Mn
oxides which can also invade soils and colluvia near the protore outcrop, the true
Mn cuirasses being formed this way (Grandin 1976; Perseil and Grandin 1978).
These cuirasses which can have a high Mn content (>50%), constitute an important
part (15 to 20%) of the ore of the Mokta deposit (Grandin and Perseil 1977). The
main Mn-minerals of cuirasses are cryptomelane, nsutite and ramsdellite, but py-
rolusite and lithiophorite can be found locally (Perseil and Grandin 1978).

In summary, these deposits show evolutions that are similar to that of the
Moanda and Azul deposits, in spite of very different composition of the protore.
Epigenetic replacements of the primary minerals by Mn oxides at the base of the
alteration profile are followed by a cementation by concretionary Mn oxides in the
median and upper parts of the profiles, which leads to the formation of cuirasses.
The more stable mineralogical phases in the ores are cryptomelane, nsutite and
ramsdellite; manganite, birnesite, todorokite and even pyrolusite being only transi-
tional phases of protore oxidation (Perseil and Grandin 1978). Lithiophorite is, as it
is at Moanda, an ultimate alteration phase of Mn oxides (Nziengui-Mapangou 1981),
butitappears earlier on garnet alteration profiles (Perseil and Grandin 1978; Nzien-
gui-Mapangou 1981).

3.2.2 The Lafaiete Deposit of Brazil

Boeglin (1981) conducted a study with the same objectives on the alterations of the
Morro da Mina deposit in the Lafaiete district (Minas Gerais, Brazil). Unlike at
Ziemougoula, the triple carbonates are the protore’s main carrier of Mn; their
composition approaches that of the Moanda protore: (Mn, ,, Ca, ,, Mg, ,,, Fe, ,,)CO,.
The various events which followed the metamorphism-retromorphosis, the hy-
drothermal episode and the meteoric weathering, lead to the progressive evolution
of these carbonates towards an almost unsubstituted rhodochrosite (Boeglin et al.
1980). By oxidation, this rhodochrosite evolved into manganite (or groutite) which
then developed towards nsutite, cryptomelane and pyrolusite (Bittencourt 1973).
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4 Conclusion

The Paleoproterozoic Eon was especially favourable for concentration of sedimen-
tary manganese. In addition to the deposits discussed here, those of the Indian
shield and those of the Potmasburg-Hotazel area of the Transvaal, which are prob-
ably the largest reserves of Mn ore in the world, should be mentioned. Most of these
deposits have undergone supergenic enrichment which has concentrated Mn to an
economical ore. These alterations are usually of the laterite type.

The worldwide simultaneous - geologically speaking - sedimentation of a
considerable tonnage of Mn is undoubtedly related to great climatic changes taking
place during this period, probably caused by the appearance of oxygen in the at-
mosphere (Holland 1962; Chandler 1978). During the Archaean and the early Prot-
€erozoic, virtual absence of oxygen and high concentration of CO, in the atmos-
phere bore upon the composition and properties of the ocean waters in which
divalent Mn, along with Fe, could remain in solution at much higher levels than at
present. These elements were undoubtedly provided to the ocean waters mainly by
volcanism and submarine hydrothermalism, as they are today. For the base of the
Proterozoic ocean, Mn contents of the ocean waters can be estimated to be similar
to those found in enclosed euxinic environments (like the Black Sea), i.e. 200-
500 ppb, which is over 100 times the average concentration in present-day oceans.
This represents a stock of Mn in the order of 10 tons in solution in the oceans. By
comparison, the deposits represent fixed reserves of a few hundred millions of tons.
The increase in the oxygen level in the atmosphere, therefore, induced massive
precipitation of Mn, following that of Fe which occurred a few hundred million
years earlier (in the form of impressive formations of ferruginous quartzite depos-
ited around 2000 Ma, exemplified by the Carajas site).

Mn was concentrated at basin margins, in reducing environments comparable
to present-day euxinic basins where Fe precipitated as sulphides, which explains
why Mnis enriched more than Fe. It was deposited with the black shales, as oxides,
which could either change into carbonates during early diagenesis, or immediately
into carbonates. Microorganisms probably played an important role in the Mn
precipitation, as they do presently.

Most of these old rocks were metamorphosed and incorporated in the ancient
shields (Birrimian) in which are found many metamorphic occurrences of Mn
designated as «grondite» (deposits with oxides and garnets) or queluzites (con-
taining carbonates and tephroite); however, some old rocks are still preserved from
both metamorphism and erosion. This is the case in the Francevillian series of
Gabon, in the Rio Fresco in Brazil and the Transvaal in South Africa, where the
major economic deposits occur.

Laterite enrichment leads to mineral sequences that vary slightly depending on
the nature of the starting minerals and local conditions, but which show the same
broad tendencies. Rhodochrosite s.s. without Ca or Mg substitutions is only seldom
a primary mineral of the protore. It develops at the bottom of alteration profiles at
the expense of a manganiferous carbonate (manganocalcite or triple carbonate of
Ca, Mg and Mn) or other minerals such as tephroite. Oxidation of primary minerals
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generally proceeds through a transitory Mn**phase (manganite, groutite, birnesite,
torodockite) which usually evolves towards cryptomelane with, sometimes, an in-
termediate pyrolusite stage. The latter appears less stable than cryptomelane at the
base of profiles that are still rich in K. Higher in the profile, nsutite appears, possibly
with ramsdellite, followed by a second generation of pyrolusite. However, all can
occur together. Lastly, at the top of profiles all species disappear, giving way to
lithiophorite which is usually associated with gibbsite and goethite. Also, develop-
ment of pisolitic concretions is generalized at this level. When manganese oxides
invade a previously altered and leached rock, the first mineral formed is usually
lithiophorite which can subsequently evolve towards cryptomelane.

The remarkable aspect throughout this whole evolution is a general tendency
for Mn oxides to epigenize all pre-existing materials whatever their nature, man-
ganiferous (carbonates, silicates) or non-manganiferous minerals (mainly the
phyllosilicates). It is the amphoteric nature of Mn that allows it to become fixed in
the form of compounds with other metals such as Ba, K (cryptomelane) or Al
(lithiophorite) by epigenetically replacement of pre-existing minerals. This mech-
anism of epigenesis leads to absolute accumulation cf Mn at the base of profiles
where it may be enriched in ore concentrations, not only relatively to soluble ele-
ments that are evacuated (mainly Si, Ca and Mg), but also relatively to less soluble or
mobile elements such as Fe and Al. It is this propensity of Mn oxides for epigenesis
that makes lateritic alteration so efficient in the elaboration of the Mn deposits. On
the other hand, an obvious depletion in Mn is seen at the top of profiles as opposed
to Fe and especially Al which is represented in gibbsite, aluminous goethite and
lithiophorite. The very top pisolitic horizons, therefore, typically tend towards
bauxitization if the climate is favourable.

References

Azzibrouck AG (1982) Lithostratigraphie, microtectonique et métamorphisme dans la vallée de
I'0gooué entre Booué et N'Djolé, Gabon. Mém DES, Univ Nancy|, 41 pp

Azzibrouck AG (1983) Contribution a I'étude des gites métalliféres précambriens du Gabon. Rapport
DEA, Univ Strasbourg, 51 pp

Azzibrouck AG (1986) Sédimentologie et géochimie du Francevillien B (Protérozoique inférieur).
Métallogénie des gisements de manganése de Moanda, Gabon. Theése, Univ Strasbourg, 214 pp

Azzibrouck AG,Weber F,BesnusY,Edou-Minko A (1990) Relations géochimiques entre le manganése,
les éléments-traces Ni-Co-Cu et la matiére organique dans les ampélites francevilliennes (Pro-
térozoique inférieur, 2000 Ma) du bassin de Franceville, Sud-Est du Gabon. CR 15 Coll Géol
Africaine, Nancy

Baud L (1954) Notice explicative de la feuille Franceville-Est, carte géologique de reconnaissance au
1/500000, Brazzaville. Direction des Mines et de la Géologie de I'Afrique Equatoriale Francaise,
34pp

Baud L (1956) Les gisements et indice de manganése de I'Afrique Equatoriale Francaise. XX Congr Int
Geol, Mexico Colloque sur les gisements de manganése, vol Il, pp 21-30



References 123

Beauvais A (1984) Concentrations manganésiferes latéritiques. Etude pétrologique de deux gites sur
roches sédimentaires précambriennes. Gisements de Moanda (Gabon) et Azul (Brésil). Thése,
Univ Poitiers, 155 pp

Bernardelli AL, Beisiegel VR (1978) Geologia economica da jazida de manganes do Azul. Anais XXX
Congr Brazil Geol, Recife 4:1431-1444

Bertrand-Sarfati J, Potin B (1994) Microfossiliferous cherty stromatolites in the 2000 Ma Franceville
Group, Gabon. Precambrian Res 65:341-356

Bittencourt AVL (1973) Contribucao as estudo genético do minério de manganés de Conselheiro
Lafaiete, Minas Gerais. Thése, Univ Sao Paulo, 81 pp

Boeglin JL (1981) Minéralogie et géochimie des gisements de manganése de Conseilherio Lafaiete au
Brésil et de Moanda au Gabon.Thése, UnivToulouse, 155 pp

Boeglin JL, Melfi AJ,Nahon D, Tardy Y (1980) Solutions solides caractérisant plusieurs générations de
rhodochrosites dans les protores des districts de Conselheiro Lafaiete au Brésil, et de Zie-
mougoula en Cdte d'lvoire. CR Acad Sci Paris 291 (I1):3-15

Bonhomme MG, Gauthier-Lafaye FWeber F (1982) An example of Lower Proterozoic sediments:the
Francevillian in Gabon. Precambrian Res 18:87-102

Bouladon J,Weber FVeysset C, Favre-Mercuret R (1965) Sur la situation géologique et le type métal-
logénique du gisement de manganése de Moanda prés de Franceville (République gabonaise).
Bull Serv Carte Géol Als Lorr (Strasb) 18:253-276

Bouma (1970) Contribution a I'étude des minéralisations du bassin de Franceville (Gabon). Origine,
types métallogéniques, évolutions. Thése, Univ Lille, 73 pp

Bricker 0 (1965) Some stability relations in the system MnQ -H,0 at 25 °Cand one atmosphere total
pressure. Am Mineral 50:1296-1354

Bros R, Stille P, Gauthier-Lafaye F, Weber F, Clauer N (1992) Sm-Nd isotopic dating of Proterozoic clay
material: an example from the Francevillian sedimentary series, Gabon. Earth Planet Sci Lett
113:207-218

Caen-Vachette M, Vialette Y,Bassot JP,Vidal P (1988) Apport de la géochronologie isotopique ala
connaissance de la géologie gabonaise. Chron Rech Min 441:35-54

Chandler FW (1978) Proterozoic redbed sequences of Canada. Geol Surv Can Bull 311:49 pp

Cortial F (1985) Les bitumes du Francevillien (Protérozoique inférieur du Gabon, 2000 Ma) et leurs
kérogénes. Relations avec les minéralisations uraniféres. Thése, Univ Strasbourg, 83 pp

Cortial F, Gauthier-Lafaye F, Lacrampe-Couloume G, Oberlin A,Weber F (1990) Characterization of
organic matter associated with uranium deposits in the Francevillian formation of Gabon
(lower Proterozoic). Org Geochem 15:73-85

Crerar DA, Cornick RK, Barnes HL (1980) Geochemistry of manganese:an overview.In:Varentsov IM,
Grasselly GY (eds) Geology and geochemistry of manganese,vol 1.Schweitzerbart'scheVerlag,
Stuttgart, pp 293-334

Force ER, Cannon WF (1988) Depositional model for shallow-marine manganese deposits around
black shale basins. Econ Geol 83:93-117

Gauthier-Lafaye F, Weber F (1989) The Francevillian (Lower Proterozoic) uranium ore deposit of
Gabon. Econ Geol 84:2267-2285

Grandin G (1976) Aplanissements cuirassés et enrichissement des gisements de manganése dans
quelques régions d'Afrique de I'Ouest. These, Univ Strasbourg, Mém ORSTOM, 82, 1976, 275 pp

Grandin G, Perseil EA (1977) Le gisement de manganése de Mokta (Cote d'Ivoire).Transformations
minéralogiques des minerals par action météorique. Bull Soc Géol Fr 19(2):309-317



124 Evolution of Lateritic Manganese Deposits

Holland HD (1962) Model for the evolution of the Earth’s atmosphere.In:Engel AEJ, James HL, Leon-
ard BF (eds) Petrological studies, a volume to honor A.F. Buddington. Geol Soc Am, Boulder,
660 pp

Holland HD (1984) The chemical evolution of the atmosphere and oceans. Princeton University
Press, Princeton, 582 pp

LeclercJ, Weber F (1980) Geology and genesis of the Moanda manganese deposits, Republic of Ga-
bon. In: Varentsov IM, Grasselly GY (eds) Geology and geochemistry of manganese, vo! 2.
Schweitzerbart'scheVerlag, Stuttgart, pp 89-109

Ledru P.Eko N'Dong J,JohanV,Prian JP, Coste B, Haccard D (1989) Structural and metamorphic evo-
lution of the Gabon orogenic belt: collision tectonic in the lower Proterozoic? Precanibrian
Res 44:227-241

Nahon D, Beauvais A, Boeglin JL, Ducloux J, Nziengou-Mapangou P {1983) Manganite formation in
the first stage at lateritic manganese ores in Africa. Chem Geol 40:25-42

Nziengui-Mapangou P (1981) Pétrologie comparée de deux gites supergénes manganésiferes. Gise-
ment de Ziemougoula (Cote d'Ivoire) et de Moanda (Gabon). Thése, Univ Poitiers, 100 pp

Perseil EA, Bouladon J (1971) Microstructures des oxydes de manganése a la base du gisement de
Moanda (Gabon) et leur signification génétique. CR Acad Sci Paris 273 D:278-279

Perseil EA, Grandin G (1978) Evolution minéralogique du manganése dans trois gisements d'Afrique
de I'Ouest: Mokta, Tambao, Nsuta. Mineral Deposita 13:295-311

Perseil EA, Grandin G (1985) Altération supergéne des protores a grenats manganésiferes dans
quelques gisements d'Afrique de I'Ouest. Mineral Deposita 20:211-219

Routhier P (1963) Les gisements métalliféres. Masson, Paris, 1282 pp

Valarelli JV,Bernardelli AL, Beisiegel VR (1978) Aspectos geneticos do minerio de manganés do Azul
Anais. XXX Congr Brazil Geol (Recife) 4:1670-1679

Valarelli JV, Hypolito A,Weber F (1980) The manganese deposit of Azul Brazil. XXVI Congr Int Géol
(Paris) VII:1024

Varentsov IM (1964) Sedimentary manganese ores.Elsevier, Amsterdam, 119 pp

Weber F (1968) Une série précambrienne du Gabon: le Francevillien. Sédimentologie, Géochimie,
relation avec les gites minéraux associés. Mém Serv Carte Géol Als Lorr (Strasb) 28:328 pp

Weber F {1973) Genesis and supergene evolution of the Precambrian sedimentary manganese de-
posit at Moanda (Gabon). Earth Sci 9:307-322

Weber F,Leclerc J, Millot G (1979) Epigénies manganésiféres successives dans le gisement de Moanda
(Gabon). Sci Géol Bull (Strasb) 32:147-164

Weber F, Schidlowski M, Arneth JD, Gauthier-Lafaye F (1983) Carbon isotope geochemistry of the
lower Proterozoic Francevillian series of Gabon (Africa). Terra Cognita 3:220

Wedepohl KH (1980) Geochemical behaviour of manganese. In:Varentsov IM, Grasselly GY (eds)
Geology and geochemistry of manganese, vol 1. Schweitzerbart'sche Verlag, Stuttgart,
pp 335-351



CHAPTER 6

6 The Lateritic Nickel-Ore Deposits

JEAN-JACQUES TRESCASES

1 Geochemical Characteristics of Nickel
1.1 Nickel in Endogenous Conditions

Nickel belongs to the transition metal family and shows close chemical similarities
with Fe and Co. Even more than these elements, it is concentrated in silicated
Fe-Mg minerals by octahedral substitution with Fe** ions. Thus, the mean mineral/
matrix partition coefficient of Ni is 14.0, 5.0 and 2.6 for basaltic whole rocks, for
olivine,and orthopyroxene and clinopyroxene, respectively. The high Ni contents
in olivine (3000-4500 ppm), spinel (3000-3500 ppm) and orthopyroxene minerals
(650-1000 ppm) emphasize its high affinity for the first formed minerals during
fractional crystallization of magmas. This is due to the electronic configuration of
the Ni** ion: the coordinating octahedron of oxygen atoms is more stable with Ni**
than with Fe** or Mg*" atoms in the centre (Burns 1970). Ni cannot be defined asa
rare element in the universe (in decreasing order of abundance, it takes the 14th
place, before Na, K or Mn), but the average crustal content of 75 ppm emphasizes its
low lithophile characteristics. Niis more abundant in materials of mantellic origin,
especially in ultrabasic rocks with a world average content of 1450 ppm,; the content
being as high as 3000 ppm in dunites (Turekian 1978).

Ni can also combine with S or eventually other elements (As, Fe, Co) to form
sulphides and sulpho-arsenides (pentlandite, bravoite ...). In the presence of Sina
silicated Fe—-Mg magma, the partition coefficient of Ni is highest in the sulphide
phase. The immiscibility of melted sulphides and melted silicates induces a gravi-
tational segregation of the sulphide minerals to the base of magmatic systems. This
model is well illustrated in Archaean ultramafic bodies like komatiites (Western
Australia) and in stratiform complexes (Sudbury, Canada).

1.2 . Nickelin Exogenous Conditions
Most of the endogenous Ni-bearing minerals (olivine and, to a lesser extent, or-

thopyroxene) are at least partially serpentinized as a result of hydrothermal altera-
tion. Part of the Fe and Ni from these primary silicates forms oxides, such as mag-
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netites, during the serpentinization process. Thus, serpentines are systematically
richer in Mg than olivines and pyroxenes.

During weathering, the main Ni-containing primary minerals (olivine or sul-
phide) are rapidly destroyed in oxidizing conditions. The behaviour of Mg, Fe and
Niis then very different: Mg is highly soluble as a divalent ion and rapidly removed
from the weathering profiles, Fe is oxidized to Fe>* which is highly insoluble above
pH 3.0 and accumulates in these profiles as goethite FeOOH or haematite Fe,O,
and Ni behaves in a unique manner, as the ultrabasic nature of the parent rocks
does not favour formation of clay minerals in the weathering profiles, because
these rocks are very poor in Al, Nibeing partly a substitute. The high stability of the
coordinating octahedra around the Ni** ion, as described above, also favours the
formation of nickeliferous trioctahedral phyllosilicates, the so-called garnierites.
Very often garnierites consist of a mixture of two series of isomorphous minerals,
each series joining a Mg pole and a Ni one: the Mg-kerolite/Ni-pimelite family
which are talc-like minerals (d,,,~10 A), and the Mg-serpentine/Ni-nepouite fam-
ily (d,,,~7 A; Maksimovic 1966, 1975; Faust 1966; Brindley and Hang 1973; Brindley
and Maksimovicz 1974; Brindley and Wang 1975; Brindiey 1978; Brindley et al.1979).
Other nickeliferous silicates such as chlorite, vermiculite, talc, smectites, sepiolite
have been described, but they are less frequent than 10 A and 7 A garnierites. Al-
though Ni substitutes for Mg in the octahedral sites of these silicates (Cervelle and
Magquet 1982; Manceau et al. 1985; Manceau and Calas 1986), this only occurs in
purely nickeliferous clusters, as shown by Decarreau et al. (1987) for Ni-Fe-Mg
smectite.

Ni can also accumulate as oxides and hydroxides in the weathering profiles: (1)
Mn-Co and other trace-element oxides (so-called asbolanes with structures mainly
of cryptomelane type or lithiophorite type; Chukrov et al. 1983; Manceau et al. 1987);
and (2) Fe oxi-hydroxide goethite (Schellman 1978; Kuhnel et al. 1978; Maquet et al.
1981; Gerth 1990). In these phases, Ni is substituted in the oxide or hydroxide struc-
tures, although it is always poorly crystallized.

In summary, Ni is expressed in multiple mineralogical forms in exogenous
environments in contrast to endogenous conditions. The stability of the Ni-bearing
secondary minerals is controlled by the physicochemical conditions of the solu-
tions (Eh, pH, chemical composition and concentration, speed of renewal, ...)
which change from bottom to top of the weathering profiles.

2 Nickel-Ore Deposits

Nickel is a metal of a great economic importance as it is used to produce stainless
steels and alloys. Two major types of deposits are known: concentrations of sul-
phides in old ultrabasic rocks (from Archaean to Proterozoic in age), and lateritic
weathering of ultrabasic rocks which were mainly formed since the Cenozoic and
occur now in tropical zones. In these lateritic covers, we can distinguish silicate
from oxide ores, according to the distribution of silicates or oxides among the
nickeliferous minerals. The two types of ore are generally associated in the same
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deposit (Avias 1978). Nodules of ocean deeps composed of Mn and, to a lesser
extent, of Ni could also be interesting Ni reserves in the near future, but theyare not
economically workable today.

Until the end of the 19th century, all Ni produced was from sulphide-type ores.
The lateritic type was discovered in New Caledonia by Garnier (1867), and has been
more and more observed at the surface of ultrabasic bodies which were subject to
tropical climatic conditions. In 1982, 65% of the worldwide production of Ni
(630000 t of metal) was supplied by the sulphide-type ores. But 72% of the world-
wide reserve (97000000 t of Ni; Deyoung et al. 1985) are of laterite type. Nearly one
half of the total reserves of Niare in New Caledonia, the other half being:distributed
in a restricted number of countries, because of the rare occurrence of large areas of
ultrabasic rock outcrops.

The sulphide-type ores are still predominantly used for Ni production for
many reasons: they are often the only deposits occurring in industrial countries
outside the tropical area, they can be valorized, provided that they can be concen-
trated by non expensive physical techniques, and they often contain sub-products,
such as Cu and Pt, which are found less commonly in laterite ores, and the recovery
of which valorizes the sulphide-type ore. In contrast, the lateritic ores (silicated or
oxidized) very often need more expensive processing with a high consumption of
energy.

3 Petrology of Lateritic Weathering Profiles on Ultrabasic Rocks

Above fresh ultrabasic rock, the top of which is often highly distorted, the following
typical sequence of weathering layers occurs in tropical profiles (Trescases 1975;
Lelong et al.1976; Troly et al. 1979; Golightly 1981; Schellmann 1983; Fig. 1): a weakly
weathered rock (saprock), a partially weathered rock with conserved lithological
fabric (coarse saprolite), an entirely weathered rock with collapsed fabric (ferrugi-
nous saprolite or “yellow laterite”), and a red soil with ferruginous concretions
(“red laterite”). The respective thicknesses of these successive layers may vary
according to: climate (and palaeoclimate) which controls the weathering process,
mineralogical composition and fabric of the bedrock, and topographic position of
the profile in the landscape. The two layers which are of economic interest are the
coarse saprolite, with a range of thickness from a few cm to 10 m (silicate Ni ore),
and the ferruginous saprolite (yellow laterite), the thickness of which can reach
several tens of metres (oxide nickel ore). A negative correlation is frequently ob-
served between the thickness of these two layers. The superficial red-soil level is
almost always found with a thickness of 1-10 m. The presence of a sub-superficial
ferricrete near the top of the red laterite is not systematic. Finally, some profiles
have a silcrete layer at the base, or, more rarely, at the top of the profile(Melfi et al.
1980 ; Oliveira et al. 1992).

This sequence of weathering layers is typical for profiles on ultrabasic rocks
almost devoid of Al It can be compared to lateritic profiles developed on silico-
aluminous rocks (Tardy and Nahon 1985; Nahon 1987; Table 1). Lateritic weathering
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Fig. 1. Ni-laterite profile with the mineralogical composition of the successive layers. Numbers 1—7
indicate the various layers: 1 fresh bed-rock; 2 weakly weathered rock; 3 coarse saprolite (bottom);
4 coarse saprolite (top); 5 ferruginous saprolite (yellow laterite); 6 nodular red soil (red laterite); 7 Fe
crust (sometimes present)

leads to a valuable accumulation of Ni ore when the parent rocks are dunites or
harzburgites which have been more or less serpentinized. Olivine and serpentine
are the two prime minerals having the highest Ni content. The most standard fabric
is the so-called mesh fabric, with septa of serpentine isolating olivine nuclei. The
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Ultrabasic rocks Basic to acid rocks
Saprock and coarse saprolite Isalterite  Clay
Ferruginous saprolite (yellow laterite) Alloterite (kaolinic)
Red soil with Fe concretions Mottled clay,
(sometimes ferricrete) ferricrete and sandy-
clay superficial layer

Table 1. The sequence of weathering layers for profiles on ultrabasic and on silico-aluminous rocks

other primary minerals are less abundant (pyroxene, mostly orthorombic,
chromiferous spinels), and normally play an accessory role in the weathering bal-
ance and the accumulation of Ni. The situation is completely different for some
phases of hydrothermal origin, for instance finely grained magnetite closely associ-
ated with serpentine and chlorites, because these two minerals contain Ni. In con-
trast, talc, amphiboles and carbonates (CaCO,, CaMg (CO,),, MgCO,), which are
frequent but subordinate hydrothermal phases devoid of Ni, are not important in
the Ni balance during the weathering process. However, early dissolution of car-
bonates in the filling cracks, induces voids where weathering solutions percolate
and where neoformed nickeliferous silicates (garnierites) and quartz precipitate
(Colin 1985; Colin et al. 1990).

The saprock layer (weakly weathered rock) can be distinguished by fast weath-
ering of the olivine nuclei. The weathering process begins from borders and cracks
in the olivine crystals. The weathered areas show a brown material (weathering
plasma). This weathering plasma is ferruginous and nickeliferous (up to 25% Fe,O,
and 5% NiO). That means a relative high concentration of Ni (Besset 1978; Trescases
1979),a fastleaching of Mg and, to a lesser extent, SiO,. Atleast in the primary stages
the weathering plasma is amorphous to cryptocrystalline; it transforms later into
goethite, with a smaller content of Ni than the initial plasma. Sometimes, weather-
ing of olivine leads to ferruginous and nickeliferous smectites. At this point, the
serpentinous septa are still intact and will continue to exist long after the disap-
pearance of the last olivine crystals. However, the yellow-brown colour of this ser-
pentine mesh emphasizes the oxidation of the associated magnetite granules. It can
also result from filling of voids by ferruginous and nickeliferous products coming
from weathering of olivines.

After disappearance of the last remains of olivine, progressive weathering of
serpentines starts in order to form a saprolite layer with a conserved lithological
fabric. This process is initiated from cracks in the fresh rock, where solutions
percolate: on both sides the rock is transformed into a clay-like material with
blocks of weakly weathered wall rock. Then, close to the top of the layer, the blocks
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Si0, MgO [FeO+Fe,0s| ALO3 Cr,03 NiO CoO H,0
0.1-1 0.1 72-75 4.4-60 | 5.0-55 0.2-0.4 | 0.01-0.14 | 10-14
1-2.8 0.2-1.6 65-74 40-8.0 | 2.062 | 06.1-1.2 | 0.08-0.14 8-13
3-8 0.5-2 60-74 4.0-6.4 1.04 0.4-2.5 0.04-0.2 10-13
26-38 3.0-20 20-50 2.04.6 | 0620 | 0.4-40 0.04-0.2 10-13
33-41 23-29 15-255 | 0.729 | 0.6-1.3 0.4-3.5 | 0.03-0.08 10-14
34-43 30-33 10.5-13 | 0.5-1.3 | 0.4-0.7 0.3-3.8 | 0.02-0.03 12-14
37-44 36-45 8.0-12 0.4-12 | 0406 | 0.25-0.40 | 0.01-0.02 1-14

=W AN

1, fresh bed-rock;

2, weakly weathered rock;

3, coarse saprolite (bottom);

4, coarse saprolite (top);

5, ferruginous saprolite (yellow laterite);
6, nodular red soil (red laterite);

7 Be crust. The ore corresponds to the layers 2—4 (silicated ore)-and 5 (oxidized ore).

Table 2. Chemical composition (ranges of weight in %) of nickeliferous laterite layers

become rounded and their size and proportion decrease. The weathering of ser-
pentinous septa can be achieved in different ways. It can be close to dissolution,
leaving a small amount of nickeliferous goethite with residues organized as a rep-
lica of the previous network of serpentine; in this case, the coarse saprolite layer is
not very thick. Alternatively and more frequently,a second generation of nickelif-
erous serpentine (from 4-8% NiO) is neoformed in the space created by the hy-
drolysis of the first generation, and this second generation is further transformed
into nickeliferous goethite. When the weathering plasma of olivine is smectitic, the
last alternative possibility is that serpentine is also transformed into ferruginous
and nickeliferous smectite; in this case the coarse saprolite layer will be developed
to the greatest extent. During this stage, pyroxenes disappear (sometimes weath-
ered into talc) frequently leaving goethite or smectite relicts. Garnierite and quartz
in the cracks of the rocks also disappear and the cracks are covered with black
asbolane coatings which are Mn-Ni-Co oxides.

In the layer of the deeply weathered rock with a collapsed fabric (yellow later-
ite), weathering of serpentine always leads to nickeliferous goethite (with only
1-2% NiO). This goethite results from replacement of the serpentinous network.
But the goethite relicts collapse as soon as serpentine has completely disappeared,
and the initial fabric of the rock vanishes. Within the brown-yellow matrix, mainly
composed of Fe,O, (Table 2), crystals of chromiferous spinels are progressively
corroded, but talc and chlorite inherited from the rock may possibly persist. The
cracks are still covered with black coatings of asbolane.

The top of the previous layer shows a change of colour, from brown-yellow to
brown-red, which characterizes the upper layer of the red soil with ferruginous
concretions (red laterite) and represents a mineralogical and chemical evolution.
Most of the Niis removed from nickeliferous goethite, asbolanes coatings disap-
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Fig. 2. Main mineralogical sequences occurring during the laterite weathering of ultrabasic rocks
and chemical-element transfers (from one mineral to another and from one layer to another). The
numbers on the right side identify the layers (see Fig. 1)

pear and haematite nodules are formed within the ferruginous matrix (Schwert-
mann and Latham 1986). Haematite precipitates are concomitant with Nileaching
(Ouangrawa 1990; Ouangrawa et al. 1996). With the extension of the process, the
nodules increase in size and are cemented, which may lead to the formation of
haematite and goethite ferricrete with a thickness generally limited from o-1 m.
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4 Geochemical Interpretation of the Evolution of Weathering
Profiles
4.1 Geochemical Balance of Vertical Profiles

Table 2 summarizes the chemical compositions of the successive layers of a verti-
cal profile, which have been described above and are represented with their miner-
alogical compositions in Fig. 1. All the mass-balance calculations (Millot and Bon-
ifas 1955) applied to various profiles show the same geochemical behaviour of the
elements. (1) The removal of Mg is total and instantaneous, proportionally to the
weathering of Fe-Mg minerals (first olivine, then pyroxene and finally serpentine).
(2) Theleaching of Siisless pronounced in the saprolitic layers, which can contrib-
ute to neoformation of quartz, garnierites, nickeliferous serpentine of second gen-
eration and Ni-Fe-smectites, but the removal of Si from lateritic layers is almost
complete. (3) Fe is relatively accumulated, as well as small quantities of Al, Cr, Mn
present in the rock; Fe represents most of the superior part of the profiles as oxide
and oxihydroxide. (4) The accumulation of Ni is absolute, sometimes important, at
the base of the profiles (silicate ore), and relative in the intermediate part (yellow
laterite forming the oxide ore), but Niis removed in the red laterite and ferricrete.
The Ni lost from top of the profile seems to supply the accumulation at the base,
with a turnover of this element.

4.2 Control of the Geochemical Evolution

The main mineralogical filiations with exportation of products and successive
recycling of Ni are shown in Fig. 2. The geochemical evolution of the ultrabasic
rock components seems to be controlled by three parameters:

1. The delay in the weathering of serpentine compared to olivine, which results
from their standard Gibbs free-energy of formation DGef (Trescases 1975).
Serpentine is stable in the concentrated solutions maintained at the base of the
profiles by the weathering of olivine. However, in presence of large amounts of
Ni, serpentine is transformed into a more nickeliferous serpentine-like miner-
al because of the crystal field stabilization energy induced by Ni** ions in octa-
hedral sites. Higher in the profile where olivine is absent, the solutions are
more dilute and serpentine is destabilized. In the open cracks where diluted
solutions percolate rapidly, Si and eventually Ni can precipitate (quartz, garni-
erite).

2. The oxidizing conditions which transform all of the Fe released from Fe-Mg
minerals into Fe**. Fe precipitates early as goethite which is an efficient trap for
the released Ni. Higher in the profile, the oxidation of Mn* into Mn*" and that
of Co*" into Co** induce the formation of asbolane precipitates, another scav-
enger of Ni.

3. ThepH conditions which are alkaline at the bottom as a result of the hydrolysis
of olivine, favour the immobilization of Ni. After disappearance of the last
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silicate minerals, the pH becomes acidic (pH 5), which favours mobility of Ni
towards the bottom of the profile, although Fe is not mobilized.

43 Evolution of the Landscapes

The geochemical evolution is vertical, provided the drainage of the profiles is ver-
tical. As the weathering front lowers progressively, time will favour a higher abso-
lute accumulation of Ni at the base (silicate ore). This will also favour the relative
accumulation of a thicker layer (oxide ore), provided the latter is not dismantled
too rapidly at its top. Finally, the tendency is towards “climatic levelling” (Millot
1982), as shown by all laterite Ni deposits which are systematically associated with
“levelled surfaces”. In addition to vertical drainage, a lateral circulation of the soil
solutions can start and it can even become major in very plane surfaces. The upper
part of the landscape then plays an equivalent role at the top of a profile (leached
environment); the downstream part being equivalent to the base of a profile (con-
fined environment; Millot 1964; Tardy 1969; Lelong et al. 1976). Ni which accumu-
lates at the base of the downstream profiles, is not only imported from the top of the
profilelocated above, but also from the upstream profile.

Finally, and often with the influence of tectonic uplift, different levelled surfac-
es can be affected in sequences along the slopes, the oldest being upstream and the
most recent downstream. The weathering features of these surfaces can differ, the
smectite pathway being more characteristic of the lower surfaces as in New Cale-
donia (Trescases 1975). In this case, the upper parts of the landscape with their old
profiles, can induce preconcentration of Ni (protore), faster accumulation in the
lowest parts having been described in Brazil (Melfi et al. 1980; Oliveira and Trescas-
€51980,1985; Trescases et al.1987; Oliveira et al. 1992).

5 Discussion: Role of the Weathering Factors in the Formation
of Deposits

Weathering of ultrabasic rocks under tropical climates induces accumulation of Ni
ore according to the interactions of different factors (Trescases 1975; Troly et al.
1979; Oliveira et al. 1992).

5.1 Role of the Bedrock and the Geological Context

The Ni content of the parent rocks depends on their petrographic nature, essential-
ly their initial Ni content in olivine. Only dunites and harzburgites with Ni
>2000 ppm allow a valuable accumulation. However, a smectite weathering of py-
roxenites at Niquelandia (Brazil) traps the Ni issued from dunitic profiles located
upstream (Paquet et al. 1987; Colin et al. 1990).

The grade of serpentinization (hydrothermal alteration) affecting olivine, gov-
erns the relative development of the different layers. A nearly monomineral rock (a
fresh dunite with 100% olivine or alternatively a serpentinite with 100% serpen-
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tine) is transformed nearly directly into goethite (yellow laterite layer i.e. oxidized
ore atlower concentration). In contrast, the delay of the weathering of serpentine
over olivine allows the maintenance of one silicate layer (with inherited serpen-
tine) at the base of the profile (coarse saprolite, richer silicated ore). An intensively
serpentinized area within an ultrabasic massif, may avoid percolation of the solu-
tions and may induce an absolute accumulation of Ni in the upper part.

The tectonic setting is very important for many reasons: it governs the grade of
serpentinization, speed and modalities of weathering being indirectly controlled;
the groundwater preferentially percolates in faulted areas, where the weathering
starts and where garnierites accumulate; on the landscape scale, when alevelled and
lateritizated landscape is tectonically uplifted, this first surface is transformed into
a plateau and a new plane surface forms downstream. Ni will be mobilized from
plateau profile to the lower surface profile. According to the degree of erosion and
the age of the uplift, Ni can be essentially accumulated in the high surfaces (as in
New Caledonia) or it might have already been transferred downstream, as in most
of the Brazilian deposits.

The size of the massif is also important: if the ultramafic body is small, Ni is
scattered in the environment after lateral dispersion. If, in contrast, the massifis
large, the same lateral movements from high levelled surface towards low surface
can lead to an improvement of the concentration.

5.2 Climate Dependence

A wet tropical climate is required to dissolve primary silicates, to release Niand to
remove SiO, and Mg* in the soluble phase. Weathering is slowed down in a dry
climate, the evacuation being inadequate, silicification becoming predominant
and leading to the formation of silcrete as reported by Melfi et al. (1980) in Brazil at
the beginning of Cenozoic time,by de Waal (1971) in South Africa and by Zeissink
(1969) and Elias et al. (1981) in Australia.

The difference in the rate of weathering of the two major framework minerals
containing Ni (olivine and serpentine) decreases in very humid climatic condi-
tions. The poor oxide ore prevails, as in the Brazilian Amazonia (Bernardelli et al.
1983).

A tropical climate with contrasted seasons allows the transitory conservation
of the inherited serpentine (and/or the formation of nickeliferous serpentine or
smectite). The longer the dry season, the more important will be the basal horizon
of coarse saprolite (silicate ore), and the more reduced will be the oxide ore. The
normally richer silicate ore is almost the equivalent of the cementation layer of the
gossans developed on the sulphide deposits.

53 Time Dependence

Complete development of a laterite profile is a slow process. Despite the fact that
the rate of weathering of ultrabasic rocks is higher than that of the Al rocks (Tres-
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cases 1975; Nahon 1985), lateritic profiles develop in metres per million years. All
lateritic deposits of Ni in the world correspond to levelled surfaces which were
initiated during the Tertiary.When an old pre-concentration upstream supplies a
recent downstream surface, the enrichment of this latter is more rapid.

6 Conclusion

Understanding of the ultrabasic bed-rock/nickeliferous lateritic cover system re-
quires a global approach, from localization of Ni in the secondary minerals (crystal
scale) to landscape scale (geomorphological analyses). Efficient guides for research
of the most favourable sites of Ni concentration will be defined from these global
observations of the results of the interactions between different weathering factors,
as they are recorded in the landscape.
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CHAPTER 7

7 The Behavior of Gold in the Lateritic
Alterosphere

FABRICE COLIN

1 Introduction

Man has been searching for Au at the surface of the earth for more than 6000 years,
and has used it as a symbolic, social and economic reference. Since the beginning of
this century, many studies have dealt with the geology of primary Au deposits of
hydrothermal origin, and with secondary Au deposits which result from sedimen-
tary, mainly alluvial processes. During the last decade, research has focused on the
weathering of Au protores which generates the so-called lateritic Au in tropical
climatic zones.

The two aims of this chapter are: to present a synthesis of the main results
which have been found on the behavior of Au in laterites located in intertropical
climatic zones, and to discuss the mechanisms of the physical and chemical disper-
sion, which control the mobility of Au within the lateritic alterosphere developed
under equatorial lateritic rainforest conditions.

2 Chemical and Mineralogical Properties of Gold

Gold is a member of the IB group of the periodic table of the elements with Cuand
Ag.Tts atomic number is 79 and its atomic weight is 196.967 g. The density of Au is
19.32 g/cm? at 20 °C. The pure metal is extremely malleable and can be marked with
afingernail. The crystalline cell contains 4 atoms with a=4.07825 Aat2s°C. Agand
Au have the same atomic radius of 1.44 A. The main oxidation states of Au are Au (I)
and Au (IIT). *’Au is the only natural isotope yet known and its half-life is 3x10*
years.

Au is mainly found naturally in its native form or as a major component of
alloys containing Ag, Cu and platinoids. Its average concentration in the upper
lithosphere is about 0.005 ppm and the average Au/Ag ratio is about 0.1. According
to Boyle (1979), the average Au content is about 0.004 ppm in ultramafic rocks,
0.007 ppm in gabbros and basalts, 0.005 ppm in diorites-andesites and 0.003 ppm
in granites-rhyolites. The average level in soils is about 0.005 ppm, and it is about
0.00003 ppm in natural river waters. The world ocean contains an average Au level
of 0.000012 ppm. Au exists also as a trace element in various plants and animals.
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3 The Precambrian Gold Lithosphere and Its Weathering

An economic Au level in deposits is reached by natural concentration mechanisms
from an initial material with a very low Au content. The scientific understanding of
these concentration mechanisms in the lithosphere is, thus, very important and it
provides information about the interactions between large volumes of rocks and
the fluids carrying Au (Fyfe and Kerrich 1984). These authors calculated that the
formation of an ore deposit with 10° to 10° g of total Au, located in a material
containing 5-10 ppm, requires a volume of initial rock of about 2.5x10° to
2.5%10* m?, The volume of the parent rock ranges from 10-100 km? if the output of
the concentration processes is 100%. For instance, a deposit with a potential of
100 tonnes of Au, half of which consisted of a material with an average content of
10 g/t and half of a material without economic mineralization, would result in the
transformation of 100 km? of material if the efficiency of the transformation proc-
esses is about 50%. This 100 km? would represent a volume defined by a surface of
4 km? multiplied by the distance to the Moho’s discontinuity. Such processes of Au
concentration are very remarkable and imply a great efficiency of extractionand a
succession of several enrichment stages. They also show that even a small Au surfi-
cial anomaly is of great importance (Fyfe and Kerrich 1984).

During Archean time, magmatic intrusive and effusive processes transferred
Au towards the surface in the oldest levels of the crust which are known today and
which form the cratons of the earth. The main type of deposit is represented by
veins of Au-bearing quartz and silicified zones (Boyle 1984). The oldest Au mines
known are the Nubie mines located in the Precambrian belts; they have been mined
for more than 4000 years. Au is found in geological formations of all ages,however,
55% is located in Archean greenstone belts, or in sedimentary basins whose hinter-
lands consisted of Archean greenstones (Keays 1984). Most of the Archean Au de-
posits are related to the emplacement of komatiic magmas favored by the separa-
tion of Archean cratons and high geothermic gradients (Keays 1984). Many studies
(see reviews by Boyle 1979,1984; Groves et al.1984; Hutchinson and Burlington 1984;
Keays 1984; Pretorius 1984; Saager and Meyer 1984; Seward 1984; Viljoen 1984) deal
with the processes of Au concentration which result from combination of tectonic
and hydrothermal events in the initial lithosphere, followed by processes of erosion
and sedimentation in the Archean intracratonic basins. For example, the Witwa-
tersrand basin in South Africa has provided until now 58% of the estimated Au
reserves of the world. In the Precambrian deposits and, generally speaking, in the
deposits which have formed during the slow evolution of the earth, Au appearsasa
marker of tectonic, hydrothermal, volcanic and sedimentary events in the vein-
type deposits (epigenetic) and in the sulfide bodies (syngenetic), as well as a phys-
ical marker in the recent and old alluvial placers. According to Bardossy (1982), the
continental masses (including the Au deposits) were intensively weathered during
the Siluro-Devonian and the mid Cretaceous-early Tertiary.

The BLAG model proposed by Berner et al. (1983) to calculate the CO, variation
during the last 100 million years with its potential effects on the temperature, sug-
gested that the CO, levels in the atmosphere were 13 times higher during the mid
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Cretaceous (ca.90 Ma) than today,and that the CO, level was also very important
during the mid-Eocene. These high levels are generally ascribed to an intense vol-
canic activity. The resulting greenhouse effect led to warm and humid climates
(Frakes 1976) which favored weathering processes and biological activity (Nahon
1991; Colin 1992). This biological activity implies physical and chemical mecha-
nisms, and enhances the weathering of the lithosphere.

The structural and geomorphological controls and the low rates of isostatic
uplift are important factors which determine the drainage conditions. The rate ofa
few mm/1000 years which has been recently found for the African cratons seems to
be reasonable (Brown et al. 1994). The tectonic stability and the long exposure of the
Precambrian craton allowed the development of thick regoliths under high rainfall
and temperature conditions, which are characteristic of tropical humid climates.
Combination of these various conditions favors laterite weathering leading to the
formation of residual material or regoliths which cover as much as one-third of the
landmass (Nahon 1986; Fig. 1). Therefore, because of its pre-, syn-, and post-laterit-
ic weathering history, the «transcontinental» surface which consists of the Au
Archean belts in South America,Africa,India and Australia, is an ideal location for
studying the behavior of Au in the lateritic alterosphere. In addition, the under-
standing of Au behavior in surficial environments is of major importance for min-
ing companies and consequently of critical concern for the economic development
of tropical countries (Colin 1992).

Fig. 1. Distribution and spatial relationships of the Precambrian cratons, the primary gold deposits
and the tropical lateritic alterosphere
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4 Gold Behavior in Natural Supergene Systems

In supergene systems, the conditions of mobility,transport and precipitation of Au
depend on the nature and the degree of fracturation of the parent rock, the nature
of the mineralogical phase which contains Au, the nature of the Au itself, the past
and present climatic regimes (rainfall, composition of the rain water), the location
and composition of the water table (high and low), the local and regional geomor-
phology, the proximity of the sea and ocean, the quantity of organic matter and the
biological activity. In other words, Au mobility is controlled by chemical parame-
ters (Eh, pH,fO,, T, presence of oxidizing or reducing ions) and their relative vari-
ation at the water/Au-bearing rock interface, by the nature and stability of the
transport agents (ligands, fauna and vegetation) in a weathering system, and by the
chemical composition and size of the Au particles (primary particles and particles
formed by weathering processes), which range from nugget size to colloid size.

4.1 The Mobility of Gold Issued From Parental Sulfides

The mobility of Au is shown by the comparative petrographic study of fresh and
weathered Au-bearing rocks, and by the chemical reactions which take place dur-
ing weathering of the primary Au phases into the supergene phases, e.g. the trans-
formation of pyrite (FeS,) into goethite (FeO(OH)). The studies generally conclude
that the chemical mobility of Au is controlled by the stability of the Au-thiosulfate
complexes Au(S,0,)} in an oxidizing environment with a moderately acid to mod-
erately basic pH, and by the stability of Au bisulfide complexes Au(HS); in a more
reducing environment. Supergene Au is generally pure and forms millimetric den-
tritic assemblages, micrometric cubic and octahedral crystals, micrometric spher-
ules, or coatings of various dimensions on the surface of Fe oxi-hydroxides {Mach-
airas 1967; Petrovskaya 1971; Boyle 1979; Nesterov et al. 1979; Roslyakov and
Roslyakova 1986; Stoffregen 1986; Webster 1986; Webster and Mann 1984; Butt
1987a). The presence of visible Au in regoliths, by comparison with the so-called
invisible Au in primary sulfides, prompted authors to believe that weathering is a
concentration process of Au. A good example of such a process is given by Cottard
etal.(1994) at the Al Hajar Au deposit.

4.2 The Mobility of Gold Unders.s. Lateritic Environments

The behavior of Au in s.s. lateritic systems, which result from surficial weathering
under tropical conditions, is not very well documented. The lower part of deep
regoliths which developed on sulfide bodies (gossans/ironstones), even if they were
formed in the intertropical climatic zone, are not s.s. laterite. The behavior of Au
during lateritic weathering is, thus, better approached by the study of past and
present weathering of protores which do not contain sulfide mineralizations, or by
the study of very surficial auriferous lateritic rocks. However, the scientific com-
munity started to be interested in the laterites developed from this type of deposit
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(mainly Precambrian epigenic quartz deposits) only recently (in the early 1980s)
and this new interest was essentially driven by economic reasons (oil crashes in
1973-1974,and 1979-1980,and strong inflation) and by the advancement of develop-
ing countries.

The search for Au thus became a priority. With the help of new analytical
techniques (chemical analyses with very low detection limits of soils, water, plants),
mining companies undertook prospection in Africa, India, South America, Indo-
nesia. They targeted lateritic soils and river sediments which often showed anom-
alous Au values,lower than 1 g/t (Balasundaram 1972; Boyle 1979; Le Count Evans
1981; Watters 1983; Schiller 1985; Rao et al. 1987).

Exploration in the intertropical belt initiated programs of apphed and funda-
mental studies of the Aubehavior in latosols and by extension in lateritic systems.
Australian and French scientists already have a good knowledge in geochemical
exploration: the Australians because of their mining experience of laterites and
consequently because of their knowledge of lateritic environments, especially in
Western Australia (Butt 1980,1987a,b; Smith 1987),and the French because of his-
torical relationships with West and Central Africa and mining experience in French
Guyana (Wilhem 1975; Zeegers 1987).

Evidence of Au mobility has been revealed by exploration surveys. Au anoma-
lies outside the limits of the expected or known mineralizations have been found in
soils: in the clay lateritic formations of Mont Flotouo d’Ity in the Ivory Coast
(Granier et al. 1963), in latosols at Liptako in Niger (Schoeder and Mikhailoff 1977),
in sandy-clay lateritic soils at Esperance in French Guyana (Zeegers 1979), in
latosols of the Afema region in the Ivory Coast, in surface lateritic formations in
Guinea and British Guyana, in the Marlu District in Ghana (Boyle 1979), in latosols
at St-Elie and Adieu Vat in French Guyana (Le Count Evans 1981), in latosols at
Kalana in Mali (Bassot and Traore 1980), in pisolitic laterites of the Golden Grove
District in Western Australia (Smith and Perdrix 1982), in latosols of the Samoa,
Tahiti and Oahu Pacific islands (Roslyakov and Roliaskova 1986),in lateritic baux-
ites of Boddington in Western Australia (Davy and El Ansary 1986),and in latosols
of eastern Cameroon (Freyssinet et al. 1989a). Hypotheses for the physical and
chemical mobility of gold have been suggested from studies of its distribution on
the landscape scale, or locally inside the regoliths, and from morphological and
chemical studies of Au particles.

Minatidis (1979) suggested a physical mobility of Au particles by vertical trans-
fer through bauxites in India and Greece. According to Le Count Evans (1980),
placers could result from a lateral chemical dispersion of Au particles from later-
ites. Smith and Perdrix (1982) suggested that the lateral dispersion of Au at the
surface of the Golden Grove latosols is due to a physical dispersion of Au-bearing
pisolites. For Wilson (1983), lateral and vertical transfers explain the presence of
nuggets found in latosols and laterites of Coolgardie in Western Australia. Zeegers
etal. (1985) noticed that the decrease in the Au concentration in soils at Esperance
in French Guyana is more pronounced in the fine fractions, and thus concluded
that the fine Au particles are mechanically dispersed laterally on the surface. Michel
(1987) observed high concentrations of Au particles in the lower part of the ferru-
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ginous crusts at Cuiaba, Mato Gross (Brazil) and suggested a gravity transfer of Au
from the soils to the bottom of the crusts. Carver et al. (1987) believe that termites
help the physical dispersion of fine Au particles towards the surface in West Aus-
tralian soils. According to Butt (1987a),lateral mechanical dispersion of Au at the
surface results from mechanisms of washing during erosion of the lateritic surfac-
es. This author also concluded that it is difficult to estimate the importance of the
physical transfer of Au during the formation and the evolution of lateritic systems.
Machairas (1963) demonstrated the chemical mobility of Au in ferruginous
crusts and in lateritic regoliths at Ipoucin in French Guyana and at Ity in the Ivory
Coast. This author showed the presence of supergene micrometric crystals which
are well crystallized, euhedral, and contain low Ag amounts in ferruginous crusts, in
Fe-rich crusts and «at the foot of the hills». For Bonnemaison (1986), such precip-
itations are caused by upwards capillary circulation of Au solutions which evapo-
rate at the surface in dry tropical climates. Freyssinet et al. (1989b) showed evidence
for precipitation of Au (dendrites of pure Au at the surface of ferruginous nodules)
in crusts,in Mali. The studies carried out in Western Australia, in the Yilgarn Block
and in Queensland have supplied evidence for the chemical mobility of Au (Wilson
1983; Mann 1984; Webster and Mann 1984; Davy and El Ansary 1986; Lawrance 1988).
The Archean West-Australian craton has been intensively lateritized during the
warm and humid Tertiary time, inducing formation of thick ferruginous crusts and
bauxites. Then under dry conditions (200-600 mm rainfall/year), which have con-
tinued until the present, the old formations were dismantled and lateritic systems
have developed locally in valleys (Mann 1983). In most lateritic formations, and
especially in Kalgoorlie and Coolgardie, two types of Au particles have been ob-
served: residual particles from primary veins with dissolution features and high Ag
contents sometimes surrounded by a cortex with a low Ag content, and dendrites,
octahedral micrometric crystals, pure Au filaments occasionally associated with Fe
or Al oxi-hydroxides. Mann (1984) suggested that acid solutions resulting from
oxidation and hydrolysis of Fe,are responsible for the dissolution of Auand Agin
quartz Au-bearing veins. The high chloride levels (107'mol/l) required to form
AuCi,_and AgCl were supplied during Tertiary time by winds enriched in NaCland
blowing from inland, such as the present-day winds. The Au-chloride complexes
migrated from veins to the parent rock/saprolite interface and were reduced in the
presence of Fe** and H,O to give supergene Au which is syngenetic with goethite.
The Ag-chloride complexes are not reduced by Fe** because the Ag/AgCl redox
potential is lower that of the ferrous—ferric couple. Butt (1987b) concluded that this
dissolution—-precipitation mechanism cannot be applied to laterites evolving un-
der a tropical humid climate, because free Au is resistant to weathering in such
conditions because adequate ligands are lacking.
~ These studies first suggested and showed that Au which was previously consid-
ered as resistant to weathering, could be dissolved, migrate and reprecipitate in
supergene laterite conditions, but they remain qualitative. A model of the mecha-
nisms of mechanical dispersion has not yet been proposed. The chemical disper-
sion of Au in lateritic conditions has been qualitatively shown by the presence of
partially dissolved particles and supergene particles extracted from profiles, but the
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proportion of the residual stock compared with the precipitated stock is unknown.
In addition, most of the observations have not always been carried out in complete
profiles from parent rocks to surface, and they were not combined with more
general studies including chemistry, mineralogy, structure and petrology of the
local and regional laterites. A model of the dissolution and precipitation of Au in
natural lateritic systems has only been proposed by Australian authors, but this
model can only be applied to the Tertiary paleolaterites and laterites of the Yilgarn
Block exposed to fluids enriched in chlorides.

Many questions remain about the supergene chemical and physical mobility of
Au, the distances of transport and the enrichment or/and the depletion rate in
laterites. These questions result from difficulty in accurately locating fresh miner-
alization, the heterogeneous distribution of Au in regoliths and fresh rocks,from
lack of knowledge of the chemical composition of the rain waters, the water tables,
the springs, the river waters, and from lack of quantitative calculations made on
detailed petrologic studies of Au laterites which are very often polygenic. In an
attempt to answer some of these questions, the next section presents results con-
cerning the behavior of Au in an equatorial lateritic environment.

43 Laterites in a Humid Equatorial Climate: the Gabon Example

Due to an increase in budget resulting from oil resources, the Gabonese govern-
ment decided in 1979 to undertake a systematic inventory of the main mineral
resources (Diouly-Osso 1988). This research program was carried out with various
methods such as teledetection, geophysics, geology, aerogeophysics. It allowed dis-
covery and identification of many Au anomalies in suitable geological contexts
(Fig. 2). Four sites were investigated in detail among all the Au sites which have
been identified: Mebaga in the north-central part of the country (Colin and Le-
comte 1988), Dondo Mobi (Colin et al. 1989; Lecomte and Colin 1989; Colin and
Vieillard 1991; Colin et al. 1992, 1993a), Ovala (Colin et al. 1989; Minko et al. 1992) and
Pounga (Colin et al. 1993b) in the Eteke Au district,in south-central Gabon.

The landscape of the equatorial forest consists of hills with convex slopes.Veins
and lenses of Au-bearing quartz cut the granito-gneissic bedrock. The weathering
profiles which are located directly above the mineralizations, are the thickest and
canreach 100 m (Fig. 3). From parent rock to top, the weathering profile presents:
(1) a saprolite characterized by a matrix rich in goethite, kaolinite and gibbsite; (2)
anodular level a few meters thick and enriched in gibbsitic, goethitic and hematitic
nodules surrounded by a sandy-clay matrix; (3) a sandy-clay level with a micro-
aggregated matrix, which can be about 10 m thick; and (4) a humus horizon char-
acterized by intense biological activity.

Aubounded by the primary silicate minerals in fresh mineralizations (Plate Ia)
is exposed to intense geochemical alteration in the regoliths. This autochthonous
alteration proceeds progressively right above the mineralizations, from fresh rock
towards the soil throughout the saprolite, nodular and sandy-clay levels (Fig. 3a). It
comprises: (1) the detachment of the Au particles from the matrix during the early
stages of weathering within the saprolite; (2) a decrease in the size of the particles
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Fig. 2. Location of the gold sites found during the Mineral Inventory of Gabon (black dots) and the
sites which have been studied in detail (black stars)

and of the total content of Au (Fig. 4); (3) a chemical smoothing of the particles
(Plate Ib) with more pronounced surface changes as the dissolution voids become
larger and more connected (Plate Ic,d); and (4) aloss of Ag, except in the core of the
particle which memorizes the parental Au content, resulting in a natural refine-
ment of the Au (Plate Ie,f; Fig. 5).

In addition to the progressive alteration right above the Au veins and lenses, a
para-autochthonous and mechanical dispersion of the Au particles takes place at
the surface (Fig. 3a). As the weathering proceeds, this lateral dispersion of Au par-
ticles creates a halo which spreads over several hundred meters and generally
reaches the hydrographic system. The Au particles which migrate downhill are then
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located in a «pre-alluvial» environment. The sandy-clay and nodular levels which
are located at the rims of the halos on the slopes of the half-spherical hills, are also
polluted by Au particles migrating downwards. This dispersion occasionally reach-
es the upper part of the saprolite which was not initially mineralized. In the upper
levels characterized by a high density of roots and intense microfauna activity, the
Au particles which are usually less than 100 mm in size, migrate with other minerals
such as goethite, rutile and xenotime. These transfers use the vesicular and inter-
connected voids and also the active and fossil root axes. The dispersion of Au has
been demonstrated qualitatively (alteration gradient of the residual particles) and
quantitatively (Fig. 6).

The geochemical alteration is the vector of the mechanical dispersion. The
dissolution which proceeds from the inter-granular joints leads to a micro-divi-
sion of multi-granular particles into mono-granular particles. This micro-division
increases the specific surface area of the particles in contact with the fluids and
facilitates their mechanical transport. Moreover, the geochemical alteration con-
tinues during and after thelateral and vertical mechanical transfers. The alteration
gradients (chemical smoothing, decrease in the particle size, presence and size of
the dissolution voids, depletion of Ag) characterizing the particles located at the
rims of the dispersion halos are the opposite of the alteration gradient of the parti-
cles resulting from in situ alteration of the mineralizations. The dissolution of Au is
promoted by highly oxidizing and acidic to moderately acidic conditions which
prevail within the surface alterosphere. In the equatorial forest, the humic sub-

Fig. 3.a Schematic section through a dome-shaped hill (half-orange) characteristic of the lateritic
landscape in the Gabonese equatorial forest. b Spatial distribution of the Au mineralizations and
dispersion haloes resulting from the chemical and mechanical surficial dispersion
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Plate I.a Euhedral and xenomorph particle of primary gold with a non-porous surface and well-
defined edges, and the quartz matrix in the fresh mineralization. b Gold particle characteristic of the
sandy-clayey level. The surface is smooth and porous, and the initial euhedral shape can no longer
be recognized. c, d The dissolution porosity is characteristic of the gold particles in the sandy-clay
level. As the weathering proceeds (from c to d), there is an increase in the number and size of the pores
which become connected and follow the preferential dissolution axes (d). e, f Distribution of silver
in the particles during weathering. The lowest silver content is represented by the white areas. e Fresh
particle. The distribution of silver is homogeneous (5—8%) and is not related to the shape of the
particle. f Weathered particle. The distribution of silver is heterogeneous (0—8%) and depends on
the shape of the particle. The depletion of silver is centrifugal in the grains which compose the par-
ticle, the core of each grain retaining the high silver content of the grains in the protore
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Fig. 4. Distribution of total gold contents and size variation at the Dondo Mobi site: P1, Pz and P3 are
located respectively at the top of the hill, directly above the mineralization and downslope (see
Fig. 3b). The protore represents the fresh mineralization which is at about 100 m depth. The weath-
ering gradient results in a decrease in the total gold content and the particle size, from fresh rock to
the surface (P2) and in the dispersion haloes (P1 and P3; after Colin and Vieillard 1991)

stances and especially the fulvic acids resulting from intense biological activity,
provide ligands able to form complexes with Au. In addition, the rain in areas close
to the Atlantic Ocean in Gabon and especially in the Eteke region, contains chlo-
rides and it is well known that chlorine is a potential ligand able to form complexes
with Au. By considering the hydrolyses reactions also, three main types of complex-
es responsible for the chemical mobility of Au can form: Au(OH), (H,0), AuClOH

Fig. 5. Distribution of the silver
content in gold particles of the
Ovala site: in the central part of
the halo (see Fig. 3b), the silver
content ranges from 10%
(weight) in the saprolite to 2%
on the surface. On the rim of the
halo, the content ranges from
4% on the surface to 0.5% in the
upper saprolite. (After Edou
Minko et al. 1992)
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Fig. 6. Quantification of the mechanical dispersion of gold with the distance from the auriferous soil
source directly above the mineralization, at Dondo Mobi site. The drill holes 1, 5 and 2 are located
uphill and the drill core 3 is located downbhill (see Fig. 3b). The net gains (t%) are calculated for each
weathered level and refer to the fresh rock; they decrease at the surface from source to the rims of the
halos, and from the surface to the upper part of the saprolite in the halo. The dispersion limit of the
gold particles is controlled by physical barriers. D2 and D5 are drill cores; P1 and P3 are pits. (After
Colin et al. 1993)

and Au(OH), FA (FA=fulvic acid). The solubility of Au increases with the Ag con-
tent and pure Au seems to dissolve only in environments rich in organic acids
(Figs. 7-8).

The Au complexes seem to be stable in the conditions prevailing in the altero-
sphere and also in the hydrosphere of the equatorial forest. They can leave the
regoliths and join the river systems which drain the sites, as has been described in
the Congo basin by Benedetti and Boulégue (1991). The reprecipitation of Au with-
in the regolith has been very rarely observed and it occurs mostly at the alteration
front in the fluctuation zone of the water table. In this case, the common associa-
tion of residual particles with supergene particles shows that the precipitation
occurs close to the site of dissolution. When supergene particles are present, they
statistically represent a very low to negligible amount compared to the residual Au
particles. The quantification of the Au masses which are transferred during altera-
tion of the Au mineralizations and during the formation of the dispersion halos
shows a significant negative balance on the scale of the study. The quantification is
based on tridimensional integration of a mass-transport function which includes
the enrichment factors, the porosity and the changes in volume of the different
weathering levels using the parent rock as a reference. It shows that the depletion of
Au related to the geochemical alteration of the mineralized bodies is far from being
compensated by the mechanical enrichment of the neighboring surface forma-
tions; the laterite weathering results in aloss of 80-90% of the initial Au. The time
required to form a dispersion halo of approximately 100 m wide on both sides of
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Fig.7. Solubility of Au-Ag alloys as a function of pH. Chloride concentration=107% mol/l;
fO, =10 (natural conditions at Dondo Mobi). Hypothetical concentration of humic
substances<o.2 mg/l. The pH measured in soils and waters at Dondo Mobi ranges from 4-6. For a
total Au concentration of 107 mol/l (average of the river waters circulating in the Au deposits in inter-
tropical regions), the solubility of gold increases with the silver content, and pure gold is stable. The
dominant form of gold is Au(OH)3 (H,0).If the chloride concentration exceeds 107** mol/], AuCIOH"
forms and is more stable than the hydroxyl complex, under natural pH conditions. (After Colin et al.
1993)
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Fig. 8. Solubility of Au-Ag alloys as a function of pH. Chloride concentration=10" mol/l; fO,=10
(natural conditions at Dondo Mobi). Hypothetical concentration of humic substances = 5 mg/l (av-
erage concentration on the surface in tropical systems). The solubility of gold increases with the Ag
content, and the nearly pure gold can be dissolved. Au-fulvic acids complexes Au(OH)FA- form and
are much more abundant than the non-organic complexes. If the concentration of humic substances
increases by only a few mg/l, pure gold becomes soluble. (After Colin et al. 1993)
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the mineralized body, and 10 m deep, has been estimated to be about 1 million
years, assuming that the humid equatorial conditions prevailing today were global-
ly the same during this period in Gabon.

Thus, the mobility of Au is controlled by low-energy and low-amplitude disso-
lution processes and surface mechanical transfers taking place during the evolu-
tion of the weathering systems, which are geochemically opened and developed
from an Au Archean crust characterized by a tectonic stability. The geochemical
balance is strongly negative in the conditions prevailing in equatorial forests and
the Au-hydroxyl, chloride and organo-metallic complexes are released into the
local and regional drainage system.

5 Conclusions and Perspectives

The mobility of Au is controlled by geochemical, biochemical and mechanical
processes in the lateritic alterosphere. This has been demonstrated in the regoliths
developed on the dome-shaped hills of the Gabonese equatorial forest. However,
this environment represents optimal conditions for the dissolution of Au particles,
such dissolution being the first impetus (through size reduction of the Au parti-
cles) of the mechanical dispersion on the surface and in the upper part of the local
weathering systems. The dispersion which is concomitant with the in situ digestion
of nodular crusts, is subactual.

In lateritic systems which are evolving since their formation towards more
arid conditions with a shorter but still intense wet season (e.g. Burkina Faso and
Mali), Au dispersion on the foothill and peripheral depressions should be mainly
related to mechanical erosion resulting from running of rain water (Sanfo et al.
1993)-

The three remarkable properties of Au,namely its high density, its sensitivity to
geochemical weathering and its extreme malleability which allows the preservation
of mechanical marks, make Au an excellent recorder of the present-day conditions
of genesis and transformation of the lateritic alterosphere.

Under equatorial rainforest conditions, the relation of Au to biota should be of
future concern for improving Au exploration methods and providing complemen-
tary information on its supergene behavior (Bowell et al. 1993; Machesky et al. 1993).

Although the evolution of Au after formation of the old lateritic crust systems
is better understood today, its behavior during the genesis of these systems remains
poorly known. For example, the behavior of Au as a function of time and climate
changes should be investigated within the complex lateritic polygenetic systems of
the sub-Sahelian African area. In continuation of the work reported by Machesky et
al. (1991) and Gréffié et al. (1993), experimental syntheses associating Au with Fe
oxi-hydroxides and Fe-rich phases, may also help to answer some of the unknowns.
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CHAPTER 8

8 Comparative Ecology of Two Semi-Arid Regions:
the Brazilian Sertao and the African Sahel

JEAN-CLAUDE LEPRUN

1 Introduction

During one of the last field trips of Georges Millot that I had the privilege to share
with him in May 1988 through northeastern Brazil and especially through the dry
«Sertdes» of Pernambuco and Paraiba, we had the opportunity to study weathered
rocks, soil profiles, vegetation covers and rural organization in connection with
water. Comparison of these landscapes with those of the African Sahel, already well-
known to both of us, was very tempting and it became the purpose of this contribu-
tion.

In fact, numerous physical and human factors are similar in both of these semi-
arid areas, as follows: (1) tropical climate with well-marked dry and hot seasons and
significant annual and inter-annual variation in mean rainfall, resulting in aleatory
agricultural yield and/or food crops due to periodical disastrous droughts; (2) a
similar Precambrian granito-gneissic basement, Brazil and Africa being separated
only since the Jurassic; (3) the same sedimentary borders of the basement; (4) a
drought-resistant vegetation consisting of thorny shrubs and trees; (5) a river sys-
tem without natural water sites, but with predominant temporary and violent run-
off; (6) a poor rural population forced to undertake frequent migrations and prac-
tising low-level technological subsistance agriculture together with small extensive
farming. Besides these similarities, quite different ecological factors and processes
can also be evidenced from study of specific natural ecosystems and their evolution
into agrosystems, as related to the natural behaviour of soil and water. In the light of
the comparison of all available data, a tentative explanation of water-soil-plant
relations with resulting effects on the respective environments will be suggested for
both areas.

2 Ecological Parameters

The study presented here is based on numerous climatic, agronomic, pedological,
hydrological and biological observations and data collected during more than
10 years of prospection and research in the Saharo-Sahelian zone of West Africa
and during 12 years of scientific cooperation with SUDENE (Superintendence for
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Northeastern Development) and EMBRAPA (Brazilian Agency for Agricultural and
Farming Research) in northeastern Sertéo.

Most of these data are reported in survey reports and agreements (for the
African Sahel: Leprun and Moreau 1968; Boulet and Leprun 1970; Boulet et al. 1971;
Leprun 1977,1983a; for northeastern Brazil: Leprun 1978,1981,1983b; Molinier et al.
1989) and in publications (mainly Leprun 1982, 1989, 1992; Leprun and Silveira1992).

2.1 Geographical Frame

The West-African Sahel and the Brazilian «Nordeste» are located on opposite sides
of the Equator but their respective extensions are different (Fig. 1). Extending be-
tween 3° and 15° South in latitude and between 34° and 45° West in longitude, the dry
Nordeste, also well known under the name of Sertao, is longitudinally smaller and
latitudinally larger then the West-African Sahel which is arbitrarily restricted to a
zone between 10° and 18° North in latitude and between 4°and 15° West in longi-
tude. Hence, there is a continental factor which differs in the two cases and which
governs directly climate and indirectly all the other factors, especially the biological
ones.

Fig. 1. Location of the study areas
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2.2 Climate

Since the purpose of this chapter is to compare two dry areas, only the semi-arid
climate will be considered, that is the areas where mean annual rainfall is between
400 and 800 mm.In West Africa, the semi-arid zone, here conveniently called Sahel,
corresponds really to the southern part of the true Sahel, i.e. to Sudanian-Sahelian
and Sahelian-Sudanian climatic conditions.

In the Brazilian Nordeste, the semi-arid zone is characterized by three differ-
ent pluviometric regimes, those of the central and northern parts depending, as for
the Sahel, on the migration of the inter-tropical front (ITF), and that of the southern
part which is under the influence of cold fronts coming from the extreme south of
Brazil. Therefore, alatitudinal shift governs the beginning of the rainy season, start-
ing in March in the north and in November in the south (Sertao in Bahia State). This
results in a less marked alternation of dry and rainy seasons than in the Sahel. In
fact, during a period of 10 years, it has been very difficult to register a complete
rainless month in the Sertio.

The pluviometric regime of the Sahel is governed by the ITF the meeting front
of a NE dry continental air mass and a SE humid sea air mass shifting progressively
from north to south from January to August. This slow shifting results both in a
noteworthy arrangement of parallel isohyets which is not observed in the Sertédo
where isohyet values increase regularly from north to south and in a much more
contrasted character of the climate, which means a short rainy season of about 2 or
3 months during summer and a long dry season in winter.

Rainfall erosivity is measured by a kinetic energy as a function of intensity. The
erosivity index of rainfall is calculated by the formula:

R=EI
30
STATION MEAN ANNUAL R NUMBER OF ANNUAL
PLUVIOMETRY (mm) EROSIVE RAINS
TAPEROA (NE) 515 1648 16
LAGES (NE) 500 1570 15
DORI (B.F) 510 2550 13
OURICURI (NE) 607 1815 17
OUAHIGOYA (B.F.) 600 2953 16
PAU DE FERROS (NE) 751 2609 29
MOGTEDO (B.F.) 753 3708 20

NE, Brazilian Northeast; B.E, Burkina-Faso

Table 1. Mean annual rainfall and rain erosivity index for comparable stations of the Sertdo and the
Sahel
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STATIONS MEAN MAXIMUM MINIMUM
Quixeramobim 24.7 25.8 23.4
Temperature (°C) Matam 37.0 42.6 33.0
Dori 36.4 41.4 32.0
Quixeramobim 59.4 73.2 50.8
Air humidity (%) Matam 47.0 71.0 26.0
Dori 45.0 77.0 22.0
MONTHLY MAXIMA
Quixeramobim  1764.2 198.8
Evaporation (mm) Matam 3291.4 444.8
Dori 3817.6 460.6

Table 2. Mean annual values for some climatic parameters in the Brazilian northeast and the African
Sahel

in which E is energy and I, the maximal intensity during 30 min (Wischmeier 1958).
If calculated in metric units for periods of more than 10 years, for comparable
weather stations,and for a number of days with similar erosivity per year, the values
of the mean annual erosivity index are much higher in the case of the Sahelian rains
than those of the Sertao ones (Table 1). In a previous publication, Leprun (1989)
found evidence for the preponderant role played by instantaneous intensities of
rain registered during very short times of 1 or 2 min and by the intensities of
exceptional sudden showers, more important in the Sahel.

Like rain erosivity, other climatic factors such as mean annual temperature,
humidity, evaporation recorded for the same period (1931-1960) at Quixeramobim
(Ceara), Matam (Senegal) and Dori (Burkina Faso) (as well as mean annual insola-
tion and wind frequency and power; Leprun and Silveira 1992) indicate that the
climate of the Brazilian Sertéo is cooler, wetter and less extreme than that of the
Sahel (Table 2).

23 Geological Framework

The geological framework is very similar in the two areas. The same Precambrian
crystalline basement consists of granites, migmatites, gneisses and basic rocks, the
African and South American continents having been separated during the Mesozo-
ic. Also similar are the Mesozoic and Cenozoic sedimentary formations composed
of sandstones, shales and limestones, which were generated by degradation of the
basement and deposited on its borders. Therefore, the detrital continental forma-
tions of the Late Tertiary and of the Early Quaternary, called «Continental terminal»
in Africa and Barreiras Formation in Brazil, are lithologically very similar. Howev-
er,in spite of their similar lithology, the geological formations have evolved differ-
ently: from the Tertiary, the internal geodynamic conditions (tectonics) and exter-
nal geodynamic ones (weathering) have probably been different. The African
basement remained stable and was affected by strong and prolonged weathering
which resulted in a thick ferruginized lateritic cover (Millot 1964); the cover reach-
ing some hundreds of metres in the Sahel (Leprun 1979; Pion 1979). In contrast,
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tectonics resulting from elevation of the Andes was active in the NW Brazilian
shield during most of the Tertiary; from this period the basement has slowly but
continuously been lifted up (Petri and Fulfaro 1983). Otherwise, Quaternary epeiro-
genic movements were evident in the coastal sedimentary series near Recife (Ponte
1969; Rand 1976) and on the shoreline of Bahia State (Silva and Tricart 1980).

24 Landforms and Hydrological Frame

Landforms are quite different in the two areas. The Sahelian valleysides are long
and they slope gently (some kilometres in length and with slopes of 1° or less),
whereas those of the Sertdo (developed on crystalline basement) are short and their
slopes are steep (some hundred metres in length with slopes between 5° and 45° or
more). The most recent Quaternary formations consisting of sandhills fixed on the
southern border of the Sahara desert and covering a large part of the northern Sahel,
are lacking in the Sertdo. Likewise, there are no equivalents of the colluvial and
alluvial deposits of the large Sahelian valleysides in the Brazilian Nordeste. In fact,
the alluvial sediments of the river system of the Sertdo represent less than 2% of the
total area.

Both areas display a hydrographic network composed of two large perennial
rivers, i.e. the Rio Sdo Francisco and the Rio Parnaiba for the Brazilian Nordeste,
the Senegal and Niger rivers in West Africa,and of many temporary rills with rough
and sudden floods which sometimes do not flow during the dry periods. Deep
ground water tables with high capacity are found in the sedimentary formations of
the Sahel and the deep weathering zone of the basement may also contain less
important perched water tables. In the dry Brasilian Nordeste, such water tables are
not observed in the crystalline basement and only narrow joints which may contain
small volumes of water are found. The only possibility for water to be accumulated
is then storage of the runoff water in retention hills called «agudes», whose capacity
is between 20000 and 100000000 m?. The number of «agudes» with more than
1000 m”area is about 70 000 according to an estimation of Molle (1991).

25 Soils

The distinguishing features of the soils of the two areas were recorded and dis-
cussed in a recent paper (Leprun and Silveira 1992). The soils of the Sertdo have
been extensively studied and carefully mapped (synthesis at 1/5.000.000 carried
out in 1981 by the pedologists of the EMBRAPA/SNLCS). Developed from rocks of
the slightly or non-weathered crystalline basement, these soils are thin and rich in
alterable minerals. They display a high or saturated ion-exchange capacity and a
clay fraction composed of 2:1 minerals or mixed layers with little kaolinite. These
soils are mainly non-calcic brown soils, planosols, lithosols and regosols, then ver-
tisols, solodized solonetzes with some eutrophic red and yellow podzolic soils (in
the American meaning) and less cambisols and brunizems. Latosols and usually
dystrophic red and yellow podzolic soils develop preferentially from sedimentary
rocks. The rare limestones generate rendzinas, cambisols, indurated soils and red
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SUME (Paraiba) OURSI (Burkina)
Clay (%) 32.0 33.5
Coarse sands (%) 21.0 18.8
Organic matter (%) 4.6 0.7
Organic C (%) 2.77 0.40
Nitrogen N (%) 0.23 0.024
C/N 12.0 15.9
Ca (me) 18.54 10.0
Na (me) 0.49 0.69
S (me) 29.21 18.06
T (me) 31.99 18.24
S/T (%) 91 99
Log 10 Is? 1.30 1.65
Log 10 K? 147 1.17
Soil thickness (cm) 70 190
Horizon A thickness (cm) 10 22

? Structural instability Is and infiltration rate X by Hénin et al. (1969).

Table 3. Analytical characteristics of the A horizon in brown vertic soils at Oursi (Burkina Faso, Af-
rica) and Sumé (Paraiba, Brazil)

latosols. The Sahelian soils mapped for the most part over the last 40 years by the
pedologists of O.R.S.T.0.M. (synthesis at 1/5000 000 made for the Food and Agricul-
ture Organization of the United Nations by Boulet et al. 1971) differ in the nature of
the parent materials from which they result. Developed from thick, usually indurat-
ed or ironcrust-bearing, kaolinitic and lateritic cover or from fixed downsand of
ancient ergs, the most frequently occurring soils are little evolved or leached ferru-
ginous soils, lithosols over Fe ”carapaces”, or ironcrusts. On the crystalline base-
ment, the soils are almost similar to those of the Nordeste; i.e. vertic Qr non-vertic
brown soils, vertisols and solodized solonetzes.

However, some important differences which are ascribed to the dissimilar
nature of the parent rocks are now described. The podzolic soils frequently con-
nected with the African ferruginous soils have not been observed in the Sahel. In
addition, because of the difficulty of identification, the soils have even been de-
nominated «fersiallitic ferruginous soils» or «fersiallitic ferruginous soil-vertisol
intergrades» by a pedologist of Africa who mapped these soils in a semi-arid zone
of the Ceara area (Guichard 1970). Similarly, the lithosols and the fine-gravel soils
over Fe ”carapaces” or ironcrusts on one hand, and the sub-arid brown soils or
ferruginous soils developed from fixed dunes on the other, which are widespread in
the Sahel, have no equivalents in the Nordeste. Likewise, Brazilian cambisols and
brunizems developed from slightly weathered basic rocks have no homologue in
the African Sahel.

Another important difference which will be considered further, comes from
the frequent occurrence of crusts or thin silt-clay layers in the upper part of Sahe-
lian soils (Leprun 1978; Valentin 1981; Casenave and Valentin 1989); these are very
rare in the Sertdo. Such crusts plug the soil surface, hindering water infiltration and
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seedling emergence. Comparison between two vertic brown soils with similar tex-
tures, both developed from migmatites under mean annual rainfall between 450
and 550 mm and sampled at Oursi (Burkina Faso) and at Sumé (Paraiba), shows
that the soil of Sumé has a much higher content of exchangeable cations and organ-
ic matter (Table 3). Physical and chemical data (more than 1500 for the Sertio,
about 200 for the Sahel) concerning the surficial horizons of soils from both areas,
indicate higher chemical fertility and better physical properties in the Sertao soils
(Table 4).

2.6 Vegetation

From data of the EA.O.(1975), arboreal and shrubby vegetation represents less than
5.3% of the surface of the Sahel, in Senegal, Mali and Burkina Faso of Africa, while it
covers 90% of the semi-arid zone of the three States of the Brazilian Nordeste, i.e.
Pernambuco, Paraiba and Alagoas (Duque 1980). The natural vegetation of the
Sertdo consists of a more or less compact thorny bush, or even a true low and dry
forest, called «caatinga» whose penetration is difficult. The caatinga is a continuous
vegetation formation with trees between 2 and 5 m and sometimes 10 m high,
where the arboreal and shrubby strata are rich in leguminous plants, and where the
Graminaceae-herbaceous stratum is slightly developed. In a low, mainly shrubby
caatinga, Hayashi (1981) identified about 17200 tree and shrub species resulting in
a phytomass of 23 t/ha. In an arboreal caatinga of more humid zones, the tree
density is between 500 and 1000 units/ha (Emperaire and Pellerin 1989). The regen-
eration capacity of a caatinga is remarkable; for example, after a 5-year fallow, a
crop of tomatoes on a vertic brown soil of Sumé (Table 3) regenerated a phytomass
of about 50 t of dry matter per hectare.

The arboreal and shrubby Sahelian savanna is an open formation composed of
an important steppe of gramineous stratum with scattered trees and shrubs, along
with leguminous plants. A total of 133 trees and shrubs per hectare resulting in a
phytomass of 1.8 t/ha was reported by Lamothe and Bouliére (1978) in the case of a
loose arboreal savanna of the Ferlo, in Senegal. Another particular vegetation for-
mation, called «brousse tigrée» because of the alternations of dense wooded bands
and bare ones, covers a large part of the Sahel.

SERTAO SAHEL
Soil texture clay-sandy sandy-clay
Organic matter (%) 0.5-4.0 (0.2)° 0.3-1.5 {0.7)°
Exchangeable calcium (me/100g) 5.0-10.0 0.5-2.0
Infiltration rate (mm h™*) rapid (50-400) moderately slow (15-25)
Soil structure grainy massive
Surface layer not crusted crusted

2 The number in parentheses indicates the most common value found

Table 4. Average values for soil surficial horizons in the Sertao and the Sahel
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2.7 Human Environment

Both areas are essentially rural, the average density of the population being 16
inhabitants per square kilometre in each. In dry Africa, a primitive, manual agricul-
ture has been practiced for 2000 years, and remains largely monocultural. This
agriculture develops from villages which move after several years of small-scale
farming. The fields are let to lie in fallow during a variable number of years, which
tends to decrease because of demographic increase. Cultivation starts by clearing
followed by yearly repeated burning. The Sahelian farmer breeds few cattle around
his house. Transhumance breeding over long distances is specific to the «Peulh»
shepherds. Wood is the only power supply and its consumption contributes greatly
to deforestation of the Sahel.

In the Sertdo, agricultural activities are only little developed and began less than
400 years ago. The Portuguese and Indian halfcaste population practices non-itin-
erant agriculture and small-scale breeding in closed and precisely limited and pro-
tected properties. Different varieties of beans, maize, shrubby and herbaceous cot-
ton and fodder crops are cultivated manually or with the help of animal traction.
Prosopis juliflora, introduced 50 years ago from Peru’s arid zones, is largely and
successfully cultivated as an arboreal fodder crop. The practice of yearly burning
following clearing is little developed and the use of charcoal is restricted to bread
burning and brick firing, since cooking with gas is known almost everywhere.

3 Discussion
3.1 Similarities and Differences in the Ecological Parameters

All the preceding data indicate that indices of rain erosivity and ather climatic
parameters result in less aggressive pluviometric and thermic conditions in the
Sertdo than in the Sahel. Moreover, the differences in landforms governing the
working and evolution of ecosystems may be easily explained by the specific geo-
logical characteristics. In Nordeste, landforms are undulating, as they are composed
of rock outcrops and inselbergs of crystalline basement and of large sandstone
mesas on sedimentary rocks, called «chapadas» and «tabuleiros», respectively.In
contrast, the Sahelian landforms which developed from a clay or sand-clay iron-
crust-bearing cover are remarkably flat. Consequently, external water drainage is
always easy in the Sertdo, whilst bad drainage and even endoreism prevail in the
Sahel. The rock material affected by pedogenesis is also completely different in
both cases. In the Sertao, the hard rocks of the crystalline basement as well as thin
weathering mantles crop out, whereas thick weathering mantles are observed in the
Sahel where they are lixiviated, frequently iron indurated,and hence poorer.In fact,
soils of the Sertdo are richer in chemical elements, more permeable and display
much better aggregation and structural stability. Consequently, they have more
satisfactory hydrodynamic and agricultural properties than those of the Sahel. The
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FACTOR BRAZILIAN NORTHEAST AFRICAN SAHEL
Geographic Southern Amazénia Southern Sahara
situation continentality little accentuated accentuated continentality
Climate less accentuated and hot more contrasted and hot
more humid air drier air
less erosive rains more erosive rains
Rocks little weathered very weathered
predominantly crystalline sedimentary predominant
Tectonic active stable
Relief undulated, with rock outcrops, plane, without outcrops,
non duned, exoreic duned, endoreic
Soils more clayey, less thick, more sandy, thick; kaolinitic
rich, permeable, non indurated insaturated, indurated
Runoff weak strong
Vegetation ligneous low forest Open gramineous savanna
contracted “brousse tigrée”
Human recent, fixed culture old, annual burnings
activities and herds shifting culture and herds

Table 5. Similarities and peculiarities of ecological factors in the Sertdo and the Sahel

principal similarities and characteristics of the ecological factors in the dry Nord-
este and in the Sahel are reported in Table 5.

3.2 Consequences on Runoff and Infiltration

As rainwater reaches the soil surface, runoff or infiltration will operate according
to edaphic conditions. Average surface runoff rates measured over small catch-
ments of the Sertdo by the SUDENE (data collected in Cadier 1991 and given in
percent of the height of fallen rain) indicate runoff coefficients lower than 5% of
the total annual precipitation, even in the case of slopes higher than 5° in little
disturbed ecosystems.

Experiments were carried out in similar conditions under simulated rainfall
with a mini-simulator conceived by the O:R.S.T.O.M. (Asseline and Valentin 1978)
and applied to non-calcic vertic brown soils of the type found at Oursi (Burkina
Faso) and Sumé (Paraiba). The results reported by Chevalier (1982) and Audry et al.
(1987) show that the height of imbibition rain, which represents the amount of
water that infiltrates before the first runoff episode, is eight times higher in the
Sertdo whether the soil is bare or covered by natural vegetation. At the end of the
dry season at Sumé, where the first simulated rainfall is 48 mm, runoffrate is zero,
whereas runoff represents 30% of the total rainfall at Oursi, regardless of whether
the soil is bare or covered. At Sumé, in the case of a dry soil under 5 years fallow, the
first runoff was observed only after simulated rainfall of 63 mm/h, which represents
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203 mm in 2 days, whilst mean annual rainfall is 500 mm. At Oursi, where the mean
annual rainfall is 400 mm, only one simulated rainfall of 40 mm applied with sim-
ilar intensity results in a runoff of 13 mm.

The data collected in the Sahel during some decades by hydrologists of the
O.R.S.T.0.M. (Rodier 1975; Chevalier 1982) indicate average runoff above 25% in the
case of gentle slopes between 1° and 3°, which was corroborated by measurements
carried out in similar conditions on plots with bare worked soils (Table 8).

33 Consequences for Surface Water Quality

The data reported in Table 6 show differences in the chemical composition of
water from both areas. In the Sertdo, as infiltration waters percolate through thin
soils rich in alterable minerals, thin saprolites and narrow joints of the basement,
they are rapidly loaded with chemical elements. After only- 1 m infiltration, the
contents of Cl and Na increase 100 times and the amounts of the other elements are
between 10 and 20 times higher than in rainwater (Molinier et al. 1989; Leprun and
Silveira 1992). In contrast, the runoff waters in the Sahel are only slightly mineral-
ized because they originate from lixiviated weathered materials and soils. River
waters maintain these differences and ground water tables intensify the process.

34 Consequences for Soil Erosion

Runoff water partially releases material extracted from the soil surface, i.e. eroded
solid load. The latter depends on different factors (Wischmeier and Smith 1960),
among which some are natural, i.e. climatic (such as R erosivity index), pedological
(like K erodibility or susceptibility index) and topographic (like the SL slope pa-
rameter). Two other factors which are dependent on man’s activities (i.e. the C
factor as a function of vegetation cover and P indicative of anti-erosive practices),

pH Ca Mg K Na Cl SO, SOzH
PR mg.l"l e —
Runoff waters
Sahelo-sudanian (N = 10)* 7.0 4.2 12 07 1.8 05 ND 24.8
Sertio (N = 6)P 7.1 6.2 15 43 0.7 1.2 2.5 24.4
River waters
Sahelo-Sudanian (N = 29)° 7.4 7.3 39 22 3.1 14 ND 50.5
Sertio (N = 27)P 72 238 192 55 79.7 1575 89 813
Reservoir waters
Sertio Acudes (N = 364) 7.7 259 127 9.6 53.7 80.9 7.1 1179
Deep water table waters
Africa-Sahelian (¥ = 11)° 69 197 137 83 20.5 131 10.7 75.0
Sahelo-Sudanian (N = 101)° 6.8 7.3 39 22 3.1 14 ND 50.5
Sertio (N = 32) 76 79.0 418 9.2 103.0 96.6 37.3  270.0

Sources: a Blot (1970 and 1980),
b Leprun (1983a),
¢ Leprun (1979)

Table 6. Comparison of chemical compositions of waters from the studied areas
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FACTORS NORTHEAST VARIATIONS = SAHEL VARIATIONS
R (rainfall erosion index) lto 3 l1to 10
K (soil erodibility) lto 10 1to 12
SL  (topographic) 1to 80 lto 25
C (cover and management) 1 to 1000 1 to 1000
P (practices) 1to 20 l1to 10

Sources: Sahel (Roose 1977); Northeast (in Leprun 1989)

Table 7. Variation in the values of the hydric erosion factors for the studied areas

can be used. The rain erosivity index established earlier shows that rainwaters are
more efficient in the Sahel than in the Sertéo.

If we compare erosion susceptibility of soils in the two areas mostly related to
aggregation and permeability, the results obtained by the method of Wischmeier
and Smith (1960) on plots, and under natural rainfall, provide erodibility indices
higher in the Sahel than in the Sertao for comparable soils (average indices of 0.10
and o.20 for podzolic and ferruginous soils and of 0.07 and 0.15 for brown soils in
the Sertdo and'in the Sahel, respectively). The range of soil erosivity values is be-
tween 0.02 and 0.30 in the Sahel. The C factor which represents the effectiveness of
vegetation cover, varies concomitantly between 1 and 0.001 in both areas. The
values of the P factor vary between 1and 0.05 in the Sertdo and between 1 and 0.1in
the Sahel. All the data are recorded for the Sahel in Roose (1977) and for the Sertdao
in Leprun (1989).

Variations of the above-mentioned erosion factors are given in Table 7. It
should be noted that these variations are of the same order of magnitude whatever
the area considered, that, as expected, the range of variation of the topographic
factor is larger in the Sahel and that the vegetation cover is very efficient since soil
losses are reduced by a factor of 1000. The effects of hydric erosion were also
compared in both areas from measurements on plots (surface area between 1 and
100 m?) and on small catchments (surface area between 1 ha and 1 km?) in which
rainfall conditions and soil nature and use were similar.

The first comparison concerns the sites of Linoghim in Burkina Faso (Piot and
Milogo 1980) and of Serra Talhada in Pernambuco (Lago 1981), in comparable

Stations Serra Talhada Linoghin Sumé Allokoto
(Pernambuco)  (Burkina)  (Paraiba) (Niger)

Area (ha) 0,1 0,1 0,42 0,48
Type of soil non calcic brown non calcic vertic brown
Mean annual pluviom. (mm) 850 800 500 440
Slope (%) 4.7 1.5 7.0 3.0
Wischmeier plot

Soil losses (t/ha) 2.45 13.92 0.36 1.10
Runoff losses (%) - 35.8 4.4 5.2

Table 8. Comparison of solid and water loss values in similar stations of the studied areas
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conditions except for the slope which is 4.7° at Serra Talhada and only 1.5° at
Linoghin. The second comparison concerns two drier sites, i.e. Allokoto in Niger
(Delwaulle 1973) and Sumé in Paraiba (Cadier et al. 1983) where the slopes are also
different. The results reported in Table 8 indicate that soil losses are more impor-
tant in the Sahel than in the Sertéo, although such losses were measured on lower
slopes in the Sahel (when other factors are similar , the influence of slope on ero-
sion and runoff becomes relatively important ).

This tendency of the Serto soils to better resist rain aggressivity may be veri-
fied from examples observed on larger catchments (surface areas of some thou-
sands of km?). In fact, the Senegal and Falémé rivers which drain slightly or non-
cultivated Sahelian catchments whose surface areas are 218000 km® and
28900 km?, respectively, result in mechanical erosion of 10.4 and 16.57 t km™
year™ (Orange 1990). From sedimentometric data collected by the CHESF (Sdo
Francisco River Hydroelectric Company) and tests carried out for the Sobradinho
Dam Project on the Sdo Francisco River (Hidroservice 1974), mechanical erosion in
the 85000 km? of the slightly cultivated lower-middle sub-basin located between
Sobradinho and Moxoto dams, is 7.18 t km™year™. It should be recalled that me-
chanical erosion was estimated by Kozoun et al. (1974) to be between 12.4 and
30 t kmyearfor the whole 613133 km* Sdo Francisco River basin, and about
57 t kmyear™ for the 418 000 km? upstream part which is more steeply sloping,
more watered and more cultivated, and is completely encompassed by the semi-
arid zone.

35 Consequences for the Functioning Ecosystem

Two ecosystems have been chosen as examples: the caatinga ecosystem which is
the most widespread and representative of the Sertdo in the Brazilian Nordeste, and
the ”brousse tigrée” ecosystem studied during some years in the Sahel by Leprun
(1983b, 1992). For convenience, each of these ecosystems will be considered as a
homogeneous whole, although really composed of different sub-ecosystems. In
fact, there are several types of caatinga and of "brousse tigrée”.

3.5.1 TheCaatinga Ecosystem

Itis necessary to refer to the historical setting of the caatinga to understand how it
develops. During a long time in the Tertiary, a hot and humid tropical climate
prevailed in Brazil, as in the other continents, and resulted in the formation of thick
lateritic mantles on the Precambrian crystalline basement. Active tectonics, which
has affected the basement several times, provoked significant erosion and removal
of material so that the lateritic cover was transported and settled in marginal coast-
al or pre-coastal basins in the Late Tertiary (Mabesoone et al.1972; Petri and Fulfaro
1983). Hence, the crystalline basement remained bare, displaying suboutcropping
or very slightly weathered rocks. There were no sandy deposits and only a few
colluvial-alluvial sediments in the riverbeds. During the Quaternary, tectonics re-
mained active, so that soils developed on the uplifted basement are rather thin with



3 Discussion 169

high contents of alterable minerals, low clay amounts and good internal drainage.
An efficient exoreic system developed, characterized by strong withdrawal of ma-
terial,given the absence of storage rocks and of underground reservoirs. Under the
dry and contrasted climates of the Quaternary, pedogenesis could not balance the
geochemical withdrawal favored by epeirogenesis, so that soils could not develop.
Low rainfall and easy infiltration of rainwater in these permeable soils resulted in
an enrichment of waters in chemical elements, from contact with weatherable soil
minerals and with narrow rock joints. These very mineralized waters were held in
deep faults or diaclases, or exported to the sea.

A dense, continuous vegetation formation dependent on edapho-climatic
conditions developed on these soils. Because sands were lacking and winds slight,
the prevailing species were not Gramineae but trees and shrubs. Since soils have
been recently and manually farmed, protected in delimited properties and not
subject to yearly burnings, and are free of caatinga, they have retained a good
structure due to aggregation favoured by high cation and organic matter content,
whose good quality comes from the decay of the abundant phytomass produced by
leguminous plants. When let in fallow, this phytomass regenerates easily due to a
high germination rate favored by the physical properties of the surficial horizon
and by the absence of crusts, allowing water infiltration and retention.

The caatinga ecosystem, specific to the semi-arid Sertdo, may thus be consid-
ered as a climatic system, i.e. in equilibrium with present-day environmental con-
ditions. Its behaviour with regard to erosion is satisfactory in natural conditions, or
in the case of slightly aggressive use; as this ecosystem is degraded, its regeneration
rate and efficiency are exceptional.

3.5.2 The"BrousseTigrée”Ecosystem

As in the preceding case, a reconstruction of the historical setting of this ecosystem
is necessary to understand its functioning. The West African crystalline basement
was deeply weathered under the Tertiary tropical climatic conditions and probably
in the late Mesozoic - a period during which tectonic activity was very slight or
absent - this resulted in a very thick cover of Fe-rich lateritic formations. By ero-
sion during the Late Tertiary, a part of these lateritic formations generated detrital
formations of the ”Continental terminal” which is the African equivalent of the
Barreiras Formation in Brazil. In contrast to the Brazilian basement, whose weath-
ering cover was completely removed, the West African basement kept a major part
of the latter which continued to be affected by intense weathering. In fact, thick Fe
crusts may be observed in the”Continental terminal”, whereas they are lacking in
the Barreiras Formation. Under Quaternary climatic changes, degradation of the
ironcrust-bearing formations of the basement of the”Continental terminal”and of
the sedimentary rocks, generated Fe-rich fine-gravel soils, tropical ferruginous
soils and mostly sandy,loose material. Raised by wind, this sandy material generat-
ed the fixed dune fields covering all the northern zone of the Sahel, as well as the
Sahara borders. A plugging is observed, which originates from these sandy forma-
tions and from extended colluvial-alluvial sediments. Movement is partly or totally
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impeded due to inactive tectonics, continental geographical location and decrease
of rainfall, so that numerous zones become endoreic. As very aggressive rainwater
reaches the soil surface, it penetrates a silt-clay material which is little structured
because it is poor in chemical elements, slightly permeable, easily crumbling and
likely to be subject to encrustation. Hence, this rainwater will run rather than infil-
trate. In both cases, it will be in contact with excessively lixiviated and desaturated
materials and thus will have no possibility to become mineralized.

Whereas open savanna or gramineous steppe covers sandy materials or collu-
vial-alluvial formations or soils on the basement where external drainage is possi-
ble, the “brousse tigrée” develops on the endoreic zones of sedimentary or iron-
crust-bearing substratum. The vegetation composition, permanence and evolution
of the”brousse tigrée” depend on strict edapho-climatic conditions,i.e. mean an-
nual rainfall less than or equal to 500 mm, slope lower than 4°, soil thickness less
thanl m. The”brousse tigrée”is composed alternatively of wooded and bare bands.
Each wooded band consists of dense shrubby and arboreal strata of species belong-
ing to more humid environments but surviving due to the water runoff on bare
bands. Like the vegetation, the fauna corresponds to more humid southern envi-
ronments and is composed of rodents, termites and butterflies of Sudanian type.
Under rain impact, bare bands are covered by a pellicular crust preventing water
infiltration and seed germination.

By the combined effects of hydric and aeolian erosion, dynamics of rapid
lateral displacement between one and several dm per year affects the whole forma-
tion composed of alternating wooded and bare bands. Rain erosion applied to bare
bands generates a fine-grained material plugging the wooded lower zone, and a
sandy material which, under wind action, will build a micro-dune favouring trap-
ping and germination of gramineous seed resulting in a front of settlement. The
wooded band will also be displaced in the windward direction, being progressively
plugged (Fig. 2).

The Sahelian”brousse tigrée” ecosystem is unstable and can persist only if, as
related to its latitudinal position, drought periods are not too long and if fire or
farmer machete do not reduce its wooded bands which, then, progressively become
dry and disappear. In the Sahelian zone, the distribution area is decreasing since the
“brousse tigrée” is an open ecosystem in disequilibrium with present-day environ-
mental conditions. The latter represents a humid ecological niche which is hardly
stable in drier regions and which does not regenerate if degraded. Sahelian steppes
and savannas are also unstable because of yearly burning, difficult climatic condi-
tions, disastrous influence of man and herds on these vegetation formations. As
extended zones are weakened and degraded by overpasturing and badly managed
farming, they are denuded and subject to the combined effects of hydric and aeo-
lian erosion.
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Fig. 2. Cross section of a "brousse tigrée” formation (Gossi, Mali)

4 Conclusion

A comparative study of ecological factors between two semi-arid areas located on
both sides of the Atlantic Ocean and of the Equator is presented. Although both
areas display similar geological formations and climatic conditions, especially pe-
riodical marked dry seasons, some differences are evidenced, which may explain
the specific setting and functioning of the different ecosystems under the depend-
ence of some particular factors.

The preponderant influence of internal geodynamics (tectonics and epeiro-
genic movements) and of external geodynamics (weathering, drainage) on the
same Precambrian basement after separation of the African and South American
continents results in formation of different materials, soils, waters and vegetation
covers. The soil-plant-water relations in the two ecosystems specific to both areas,
i.e.the Brazilian caatinga and the Sahelian”brousse tigrée” are compared and their
respective functioning effects on runoff and infiltration, on surficial water quality
and on erosion are emphasized.

The analysis of the analogies and differences of ecological factors in both areas
indicates that the Brazilian Sert4o is much more resistant to natural aggression and
less affected by anthropogenic degradation than the African Sahel. However, each
advantage has an unfavourable side. In fact, in the Serto, if soil physical properties
and vegetation cover of the caatinga favour infiltration, the high content of chem-
ical elements in soils generates excessively mineralized waters, so that any project
of irrigation may be dangerous. In contrast, Sahelian waters are slightly mineral-
ized, since they originate from poorer and less fertile soils. But these poorer soils
are deeper and, thus, may store much more water.In the Sertdo, retention capacity
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of soils represent the limits for pluvial yearly farming to be brought to an end and
for perennial cultivation to survive. Likewise, the more sloping topography of the
Brazilian landforms, although responsible for good drainage and for good cultiva-
tion along most steep slopes, leads to severe erosion rates.

In both cases, dangers come from extension of farming to new areas, from
acceleration of mechanical cultivation and from overpasturing. This was illustrated
by a massive increase in sediments at the mouth of a Sdo Francisco river tributary,
as a consequence of farming undertaken in the upstream soils. In fact, specific
erosion varies from less than 750 t kmyear™ to around 2000 t km™year™ (Carval-
ho 1988). The very high erosion rates of the Rajasthan basins in the inhabited semi-
arid area of India (Sharma and Chatterji 1982) represent another case. These exam-
ples establish, if it were necessary, that semi-arid and arid zones which cover a third
of the emerged areas and which represent a reserve of lands and of natural resourc-
es for the future, are particularly sensitive to farming practices and to cultivation
changes in relation to climatic variations in time and space. It is, thus, necessary to
protect and manage them and to have a better knowledge of the functioning of
semi-arid ecosystems and of their processes of transformation into agrosystems.

Acknowledgments. The author is very thankful to Prof. Larry Frakes for his assist-
ance in English translation.
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CHAPTER 9

9 Importance of the Pore Structures During the
Weathering Process of Stones in Monuments

DANIEL JEANNETTE

1 Introduction

After World War I1, salvaging monuments which were damaged or even demolished
by bombing, justified urgerit restoration treatments using techniques that did not
always respect the usual constraints for this kind of work. Afterwards, it was decid-
ed by those in charge of the monuments to instigate new restoration works which
took into greater account the conservation or «preservation» aspect of the monu-
ments. At the same time, research was undertaken to determine the origin of all
types of degradation observed in stone monuments, even those not destroyed dur-
ing the war. The magnitude of the degradation and the rapidity of its development,
even on recently restored monuments, needed a broad study to be carried out to
investigate the causes of degradation and, if possible, to suggest ways for its limita-
tion. It was hoped that the results of this research would lead to the immediate
improvement of the current standards of restoration. This was also the period
when many monuments and buildings were extensively cleaned. However, the real
benefit of this type of «cleaning» was also questioned, especially because of the
abrasion of the often protective calcite crust. Also questioned was the use of re-
placement stones that were more resistant than the original building stones.

It was in this context that studies were carried out on the cathedral of Stras-
bourg which, in contrast to the majority of French monuments, is constructedina
sandstone lacking in carbonate minerals. Very rapidly it could be established that
this sandstone underwent the same alterations as other stones of different chemical
and mineralogical compositions. If the erosion caused by frost was well advanced,
given the richness of clay in this sandstone, the mechanisms for development of
other forms of alteration could lead to the presence of salts and, in particular, to
gypsum. All of this had not previously been established due to the difficulty of
determining the original constituents of these minerals in the sandstones.

The work undertaken on the cathedral of Strasbourg for the last fifteen years
has enabled a more precise distinction of the nature of all major forms of degrada-
tion observed. It has also favoured the use, in restoration, of sandstone more resist-
ant to alteration than the original stones. This way of restoration has not been
reviewed for number of years, but the initial results or outcomes for the stones used
during this period, will be the basis for another research.
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2 Progressive Understanding of the Alteration of Stones in
Monuments

The alteration of stones in monuments was considered in the past as a normal
phenomenon naturally inherent in building stones. This is why architects, wishing
to ensure the durability of their constructions, were forced to select stones well
adapted to their intended use. The criteria for selection were empirical, resulting in
the majority of the cases from an analysis of the mechanical behaviour of the stones
in their natural environment. The position of the stones on the buildings was also
an important factor: for example, stone used for basements or for millstones would
be of a type with large and vacuolar pores. The result was a limited rise of water
from ground by capillarity. The superstructures of the buildings were, by contrast,
built of more ordinary stone, whereas the less permeable and often more compact
stones were used for structures which had to withstand streams of water,such as the
cornices. The choice of stones also depended on their density, which was consid-
ered as a sign of strength, and mixtures of «strong» and «weak» stones, especially in
damp areas of the building, were avoided because tlie hard stones increase the
dampness (and possible alteration) of the neighbouring weaker stones.

From the Middle Ages to the 19th century, stone buildings or monuments were
constructed on the bases of the above characteristics and of Vitruvius’ recommen-
dations about the placement of the stones. All of this was aimed at avoiding degra-
dation of stones by air, water, salts or frost. The theories of Vitruvius were equally
taken into account in the use of «fat» (high Ca content) lime mortars in controlling
the mixtures of hydrauliclimes (burned clay content). The alteration of stones and
mortars haslong been of great concern to builders who have continually searched
for the ideal stone having good mechanical properties; in other words a high resist-
ance to alterations and a grain fine enough to allow a high degree of sculptural
detail. These preoccupations, which appeared in the writings of earlier architects
like Philibert De UOrme (16th century) and André Felibien (1681) also concerned
Colbert for his buildings in Paris. However, the alteration of stones, particularly in
the most exposed points of buildings, was regarded as unavoidable. The search for
the ideal stone continued together with the quest for methods or products protect-
ing or increasing the longevity of the stones, especially when highly sculpted. This
included a range of gums, waxes and varnishes with variable and often improvised
compositions.

At the beginning of the 19th century, problems caused by the alteration of
stones on monuments were well known. At the same time, analysis showed the
presence of salts in the alteration process, and by testing large numbers of rock and
mortar samples, a clear analogy could be drawn between the degradation provoked
by the presence of salts and ice. Products for improving the stone’s resistance were
first proposed by Kuhlmann (1841) who recommended the use of X silicate to
transform «the weaker limestones into siliceous limestones». A number of applica-
tions were made,in particular on the cathedral of Paris,and Viollet Le Duc reported
that the treated stones dried more quickly and that the product was not an obstacle
to the evaporation of moisture. Other products such as Na silicate, known as «<water
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glass», and some fluo-silicates were also advocated. In a number of countries, stud-
ies were carried out to determine the causes of alteration and also to investigate the
claims of the numerous products being proposed for stones and mortars in all
situations (Salisbury 1970). These products were used until the beginning of the
20th century and applied in all situations irrespective of the nature of the stone. The
considerable disorder which has later appeared, has consequently thrown into dis-
credit most of these processes of protection.

The second half of the 19th century corresponds to the use of siliceous cements
often with high alkaline contents which enabled fabrication of impermeable mor-
tars. The inter-calcination of this kind of joint also caused a number of disorders in
the stones. Moreover, the properties of the cements allowed applications that would
not otherwise have been possible with lime mortars. The pebble-dashed mortar
used on the lower parts of monuments, and even used for «protecting» some sculp-
tures, had led to stone degradation that reached unprecedented depths. The popu-
lar use of industrial products during the early 20th century,like bricks,cement and
concrete which reduced the need for stones has, nevertheless, been employed with-
out taking into account the actual physical properties or the conditions which led
to degradation of these products.

During the first half of the 20th century, most studies considered alteration of
shapes, as well as the conditions and factors controlling the development of such
alteration. Based on careful observation, Kieslinger (1932) distinguished chemical
and physical alteration, and analysed the role of moisture in the alteration of stones.
However, without determining the actual mechanisms responsible for water solu-
tion transfer in stone, he highlighted the influence of the atmospheric conditions,
especially smoke which leads to sulphate (gypsum) formation. He also studied the
influence of evaporation in controlling the position of salt crystallization. Moreo-
ver, based on observation, he showed that surfaces washed by rain were usually
unaffected by salt crystallization but rather by dissolution enhanced by rain acidity
due to smoke. At the same time he pointed out the harmful consequences when
stone pores became blocked by salt crystallization or by the application of superfi-
cial protective coatings.

Kieslinger established, in 1932, the principal concepts of stone alteration in
monuments, which were used until 1970. In fact, most of the studies of Kieslinger
were used afterwards to make precise the parameters of stone alteration that he
pointed out earlier. Increasing importance was given to the influence of the atmos-
pheric contribution due to industrial pollution which explains the high gypsum
concentration and the increase of black crusts on monuments (Kaiser 1929;
Camerman, 1948). During this period, all types of degradation, except those due to
frost, were defined only by morphological, chemical and mineralogical criteria. The
fact that.carbonate and siliceous rocks, regardless of their chemical and mineralog-
ical compositions, could be affected by these different degradations, increased
interest in the influence of external parameters. As a consequence, the internal
parameters governing the fluid transfer and the salt concentration have not been
taken equally into account.
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Despite the studies on the porous network of stones (Laurie and Milme 1926),
the influence of physical properties on stone degradation has been emphasized
only in the 1970s when some authors transposed their results on concrete to stone.
In France, Mamillan (1966) was a precursor by emphasizing the importance of
physical parameters like porosity, permeability and capillary transfer, on the alter-
ability of stones in monuments. However, the influence of these parameters was
only evaluated from in situ alteration tests, without any analysis of the values of
these parameters nor any quantification of their role in solution transfer. Conse-
quently, the chemical composition of the altered zone is still often used to describe
the development of the alteration, whereas the relationships between capillary
transfer and evaporation kinetics are not taken into account (Amoroso and Fassi-
na1983).

3 The First Studies on Sandstones in France

In this context, some research work was undertaken on the sandstones of the Stras-
bourg cathedral (Millot et al. 1967). Based on microscope observation, the altera-
tion types were classified in terms of morphology and mechanisms. The alteration
depending on frost and water channelling was distinguished from that resulting
from chemical modifications like salt concentration (Plate I, 2-3), the former as-
pect having been especially studied on sandstones.

The first results showed high gypsum concentration associated with the degra-
dation of sandstones of very low calcite content. The crystallization of this mineral,
previously attributed to the reaction of sulphate ions in rainwater with the calcar-
eous stone, emphasized the problem of the origin of the Ca ions. As the traces of
calcite accumulated by repeated drainage of the stones could have been the origin
of Ca, sandstones completely devoid of calcite were used for restoration. Neverthe-
less, the first results showed clearly that the development of gypsum crusts is mainly
governed by external contributions.

A classification was established on the basis of a subdivision of the alteration
processes in terms of the nature and position of the salts (Jeannette 1992). Efflores-
cence which is a relatively harmless salt-coating on the stone surface, has been
distinguished from gypsum crusts slightly encrusted in the sandstone and leading
to superficial disaggregation. The progress of water in the stones on monuments
can be evaluated, considering the presence or lack of gypsum, or the depth of its
crystallization (Jeannette and Hammecker 1992).

Despite these observations on solution migration in stone, only the atmos-
pheric chemical contribution has been taken into account. Nevertheless, experi-
mental studies have shown that the interaction of rainwater with sandstones allows
the formation of gypsum (Fritz and Jeannette 1981).
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Plate L.1. The dissolution of calcareous sandstones due to the leaching of rainwater prevents the
development of gypsum crusts (the collegiate church St Thiébault of Thann, NE France). 2 A sand-
stone on a balustrade of the cathedral of Strasbourg (NE France) placed perpendicularly to stratifi-
cation planes is fractured by frost. Under the cornice, the stone protected from rain is covered by a
black gypsum crust. 3 Under the Romanesque vault of the cathedral of Strasbourg, the thick gypsum
crusts develop only in areas sheltered from leaching. 4 In given exposure conditions, crusts develop
on the surface of fine sandstones similar to those of the cathedral of Strasbourg. When the crusts
diverge, the stone underneath appears untouched. 5 Section in a gypsum crust on sandstone (white
bar 0.7 mm): in the lower part, the gypsum is only present in traces in the sandstone, the darker area
above corresponds to ash and soot deposits strongly sealed in gypsum crystals. The external dark
layer which consists of soot and ash, is very breakable because it is poorly cemented by gypsum.
6 Contour scaling on calcareous sandstones showing gypsum concentration at the base of the scales;
they are located on surfaces very exposed to rain on the church St Antoine de I'Isére (E France)
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4 Alteration Morphologies and Parameters Governing Their
Development

Under natural exposure conditions, rocks are also affected by superficial modifica-
tions,leading to aloss of cohesion and matter. In altered zones, several transforma-
tions can be observed: chemical and mineralogical modifications and especially an
increase in porosity and changes in the pore structures. All these variations can
equally be observed in stones on buildings where abnormal exposures, such as
overhangs, balconies or vertical stratification planes, enhance the decay of the
stone. These extremely severe conditions, which are unknown in nature, are further
increased on a monument by the heterogeneity of the surrounding stone and the
presence of mortar joints with different chemical and physical properties. The
common decay processes of stone are consequently faster in monuments than in
nature.

Among all chemical mechanisms of alteration, the most likely are those related
to salt crystallization leading to crust formation, contour scaling or disaggregation.
These decay morphologies are used to emphasize the various factors having an
influence in the alteration of stone in monuments. The black crusts represent the
most commonly occurring alteration morphology. They develop on any kind of
stone which is located in humid sheltered zones where leaching by rainwater can-
not occur. Their presence is very frequent on the surfaces beneath the cornices or
in the hollow parts of sculptures (Plate I, 2-3). The structure of these crusts can be
observed in thin sections cut perpendicularly to the surface of sandstone forming
the Strasbourg cathedral (Plate I, 5). On the external part of this section, ablack and
incoherent layer can be observed. It is formed by ashes, sand grains and various
elements like mortar (Jeannette 1981). These constituents are agglomerated by a
loose coating of gypsum crystals and sometimes by calcite. The latter results from
solid deposits, whereas the gypsum crystallizes from solution. The entire layer, very
crumbly in its external part, reaches sometimes a thickness of 1 cm. Beneath the
surface, ash particles are scarcer but the fabric of gypsum crystals is denser. The
layers of ashes sealed by gypsum constitute the present-day crust. When this crust
remains on the stone (Plate I, 4), the surface underneath is undamaged despite the
presence of traces of gypsum. On the other hand, when the transition between crust
and stone is progressive, the stone underneath is impregnated with gypsum and it
is affected by a disaggregation several centimetres deep.

Occurring on sandstones, granites and limestones, the gypsum crusts form
regardless of the calcite content in stones. Their composition and thickness depend
on their situation in the building. They are thicker and develop faster in urban
areas where the contributions of the gypsum and of the ash are more important
than in rural regions (Camerman 1948; Amoroso and Fassina 1983). The develop-
ment of this kind of alteration shows that the atmospheric contribution plays a
leading part in this process compared to the chemical composition of the stone.
The structure of the gypsum crusts, their position in sheltered areas and the accu-
mulation of ashes depend on the progress of the solutions generating them. Water
moves in the stones by capillarity from the surface leached by the rain where
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nothing can accumulate, towards the sheltered zones. In these humid zones, ash
adheres at the surface and it is agglomerated by gypsum crystallizing from concen-
trate solutions due to evaporation. Beside the solution composition, the capillary
transfers and the evaporating conditions seem to be determinant factors in crust
development.

If the same kinds of stone are placed in different conditions of exposure, they
might be affected by different degradation morphologies. It is common to observe
the same type of stones covered by a crust of black gypsum on sheltered areas of the
monuments, whereas they are affected by superficial dissolution (Plate I, 1) or by
contour scaling in exposed zones (Plate I, 6). In contour scaling, gypsum impreg-
nates the entire scale, but its highest concentration is found behind the scale. After
a direct rain imbibition, the solutions move through the stone by capillarity and
evaporate during dry periods (Zehnder 1982). For both the superficial crust forma-
tion and the contour scaling, the chemical composition of the stone and the alter-
ation product are similar. The exposure conditions which are the unique variable,
influence the capillary transfer processes and the location of the main areas of
evaporation and gypsum crystallization. Nevertheless, in some cases, outwardly
similar stones placed in the same exposure conditions are affected by different
decay morphologies corresponding to distinct imbibition-drying conditions.
These differences can only be attributed to changes in the pore structures.

5 Pore Structures

The porous network is often the unique common factor between rocks as different
as siliceous sandstones, micritic limestones or granites. However, the porous net-
works which are characterized by their extension and their geometry, depending
on the organization of their minerals, differ in each kind of rock. The shapes and
dimensions of the larger pores located in an intergranular position, are related to
the grains or the intraclasts. On the other hand, the microporosity is distributed in
clusters located in the centre of altered minerals, or in the argillaceous or carbonate
matrix of sedimentary rocks. The pore structures observed microscopically on thin
sections previously injected with coloured resins (Zinszner and Meynot 1982), can
theoretically be transposed from one rock type to another.

In detrital rocks like the sandstones used on the cathedral of Strasbourg, the
porosity consists in intergranular macropores and microporous clusters located in
altered minerals and clays. The macropores form the main part of the porous
volume which reaches 21% in this rock with edges showing irregular shapes
(Plate IT, 2). The interconnections between the macropores consist of necks located
either in the grain joints or in argillaceous clusters. These necks ensure the connec-
tivity of the porous network and control the solution transfer through the rocks. In
the sandstones consisting of smaller grains, the intergranular pore space is partially
occupied by clay clusters (Plate II, 2). The proportion of wide pores decreases in
favour of the narrow pores, whereas the total porous volume remains similar. The
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Platell.1. Coarse sandstone in which the wide blue pores form the trapped porosity, the free porosity
being essentially formed by narrow intergranular pores (white bar 0.2 mm)2 A clayey sandstone in
which the free porosity coloured in red is formed by microporous clusters associated to clays. The
free porosity forms a homogeneous network, while the trapped porosity coloured in blue, is located
in the intergranular voids (white bar 0.2 mm)3 An oolitic limestone with trapped porosity located
in the sparitic cement clearly differentiated from free porosity formed of micropores in the ooliths
(white bar 0.2 mm)4 A micrite with the microporosity located in the intraclasts forming a homoge-
neous porous network (white bar 0.2 mm)s Regular cracks in the granite forming a well intercon-
nected lattice joining the microporous clusters in the altered plagioclases (white bar 0.2 mm)6 An
altered plagioclase with a core transformed into calcite and sericite. This core is porous where calcite
is dissolved. Around the central part, in the microporous kaolinized aureole, the cracks are under-
lined by Fe oxi-hydroxides (white bar 0.8 mm)
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uniform distribution of clay particles in a sandstone tends to homogenize the
porous network.

The complexity of the porous network is amplified by the role of the different
pores in the water-transfer processes. During a capillary imbibition, the pores with
trapped air are not directly accessible to water. This so-called trapped porosity
(Dullien 1979 ; Mertz 1991) is mainly formed by the widest pores coloured by blue
resin, whereas the smaller pores normally accessible by capillary imbibition form
the free porosity, coloured with red resin (Plate II, 1-2). The importance of the
trapped porosity explains the low saturation rate in some rocks having a high total
porosity. The kinetic rate of capillary imbibition in rocks depends or: the radii of
the interconnections controlling the incoming flow of water. Nevertheless, with
equivalent interconnection radii, this kinetic rate of capillary imbibition is lower
in heterogeneous free porosity, because the imbibition is slowed down by the wid-
ening of the pores which causes the capillary pressure, vector of the transfer, to
drop (Hammecker et al. 1993). The influence of pore structures on transfer process-
es, explains the reason why rocks with similar total porosity values may have differ-
ent kinetic rates for capillary imbibition. Thus, in sandstones with many wide
pores, the heterogeneity of the porous network leads to lower imbibition kinetics
than in finer sandstones where the free porous network is more regular (Plate 11, 1).

Sedimentary carbonate rocks often have a contrasted porous network consist-
ing in the juxtaposition of microporous clusters and intergranular macropores. In
oolitic limestones with sparitic cement, the intergranular macropores are often
trapped pores, whereas the free porosity is represented by the regular intra-oolitic
micropores (Plate II, 3). In micritic limestones where the intraclasts which are re-
worked micritic mud, are sealed with fine sparite, the porosity is mainly constitut-
ed by micropores (Plate II, 4). These fine and regular pores are located in the intra-
clasts and form the free porosity. The degree of saturation and the kinetic rates of
capillary imbibition are extremely high in these micrites.

Granites are the most important crystalline rocks used in buildings. They usu-
ally have a very low or even a lack of porosity, and are not affected by alteration.
However, on some types of altered granite in the monuments, analysis reveals po-
rosity values sometimes as high as in sedimentary rocks. The porous granites often
show an ochre coloration attesting to the presence of Fe oxi-hydroxide. Porosity in
granites occurs in two very different shapes. The most frequent porous network in
granite consists of a lattice of micro-cracks spread over the rock (Plate II, 5). The
uniform width of the cracks (5-30 mm) yiélds a regular fluid circulation, hence no
trapped porosity is observed. In addition, some facies have microporous areas
located in the plagioclases, where two alteration forms can be observed. In the
centre of the plagioclases, the most basic part is superimposed by calcite and seric-
ite. Usually this relatively compact part is not porous unless calcite has been dis-
solved. Other cases show kaolinite epigenesis on oligoclase crystals, which are
spread by micro-cracks following twin and cleavage plans. These two types of pla-
gioclase alteration, as well as the development of a regular fracturing, are not related
to the weathering processes of granite in a monument. However, they result from
plagioclase destabilization during the formation of the granite or are the conse-
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quence of hydrothermal circulation. These porous granites are yellowish coloured
in the quarries, because of the migration of Fe oxi-hydroxides due to the transfer of
meteoric water. Hence this colour is an indication of porosity.

Granites altered in a building usually show the characteristics of granites al-
ready altered in the quarry (Plate II, 5). The micro-cracks in the lattice interconnect
the microporous plagioclase crystals affected by the two alteration forms described
previously (Plate II, 6). The association of two microporous networks consisting of
regular micro-cracks and clusters dispersed in the rock samples, guarantees a rel-
atively high porosity as well as homogeneous and rapid capillary imbibition condi-
tions. .

By governing the processes of solution transfer through the rocks, the pore
structures play a determinant role on the form and the nature of the alterations
associated with salt concentrations. In fact, the alterations depend on the location
of precipitation with respect to the surface of the stone. If kinetic rates of the
capillary transfer are high enough to maintain an excess of water with respect to the
loss due to evaporation, the precipitation of salt will take place at the surface of the
rock without generating any damage. On the other hand, salt precipitation can take
place in the stones and develop different types of degradation.

6 Water Balance and Stone Weathering

Depending on their location on buildings, stones can either be submitted to a
constant capillary supply or placed in alternative imbibition and drying conditions.
The first case corresponds to bridge pillars or basements of buildings, constantly in
contact with the water table. Thus, the stones submitted to a constant flow, act like
wicks. The second case which is more frequent, corresponds to surfaces supplied
with water only during periods of rain.

In both situations the transfer of solutions through the stone depends on the
kinetic rate of the capillary imbibition. These kinetic rates are similar to those
describing the imbibition in cylindrical tubes. They are quantified by the Wash-
burn law where the height L of the meniscus over the free water table is related to
time #. A constant called B which is characteristic of the fluid, and the geometry of
the tube relates the height L to square root of time:

L=Bxv()

where B is proportional to the radius of the tube and the surface tension of the
liquid, and inversely proportional to liquid viscosity. This coefficient B is estab-
lished experimentally in the stone. However, in these complex and irregular porous
networks the influence of the geometry of the medium is not expressed as a func-
tion of a single real radius, but it is justified by the pore structure. The size of the
interconnections controlling the flow, and the dimensions and the distribution of
the wider pores, must be taken into account.
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Fig. 1. Weight loss per unit of
evaporating surface versus time
in a sandstone and a limestone
previously entirely saturated
and dried at 33% relative hu-
midity

When the stone is continuously supplied with water by capillary imbibition,
two different cases can be considered depending on the nature of the rock and the
distance from the water table. In the first case, the capillary transfer is rapid and
sufficient to maintain a constant moistering of the surface of the stone (Hammeck-
er and Jeannette 1988). Hence, evaporation takes place on the surface and leads to
the formation of efflorescences. This can often be observed in the lower part of
walls near the floor: most of the stones used in the buildings have capillary imbibi-
tion rates (B) which are high enough to maintain, over short distances, a water
supply greater than the loss by evaporation. The water balance representing the
difference between the capillary supply and the loss by evaporation is positive. In
the second case, for stones situated further from the ground or with lower capillary
rates (B), the capillary supply is less important and the water balance is negative. In
this case, evaporation takes place inside the rock.

When stones are alternately wetted and dried, the water found in the stones
after a rainy period migrates towards the surface during the dry period. Both imbi-
bition and drying are, thus, controlled by the capillary transfer properties of the
stones. If the surface of the stones cannot be wetted from the internal supply of
water, evaporation takes place inside the stones. This feature can be observed ex-
perimentally, when saturated rocks are dried at controlled temperature and relative
humidity. For high capillary rates (Fig. 1,coarse limestone), moistening of the evap-
orating surface is possible as long as an hydraulic continuity is maintained for the
water in the pores. When the water content drops under a limit called the critical
hydric saturation, the hydraulic continuity is broken and water supply to the sur-
face is no longer possible. Hence, the remaining small quantity of water evaporates
inside the porous network of the stone, arid is drawn to the surface by diffusion of
water vapour. For stones saturated with water but with capillary rates lower than the
evaporation rate (Fig. 1, silicified sandstone), the water balance is negative and the
actual evaporation also takes place inside the stone.

The position of evaporation which can be surficial or internal, depends on the
water balance D (Fig. 2). As the evaporation flow (Q,) is constant for stable exter-
nal conditions (relative humidity, temperature, wind, etc.), the water balance is
controlled by the flow of capillary transfer (Q_, ) which decreases with time. The
water balance D also decreases with time, and remains positive until reaching
equilibrium between capillary flow and evaporation flow. While the water balance
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Fig. 2. Evolution versus time of
Q,,, (the capillary imbibition

Q flow in a rock), Q,, (the superfi-
cial evaporation flow) and D
(the resulting water balance)
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is positive, evaporation takes place at the surface of the stone where salts can grow
without damaging the stone. This condition corresponds to the case of stones
which are located near a water table continuously supplied with water, or to the first
stage of drying of stones submitted alternately to cycles of wetting and drying.
Beyond the hydric equilibrium point, the water balance is negative because the
capillary flow is lower than the evaporative flow. Consequently, the evaporation
front progressively moves towards the inner part of the stone. The associated salt
crystallization leads to severe degradation inside the stone.

7 Conclusion

Based on the index of forms and factors of degradation which are associated with
salt concentration, the petrophysical approach specifies the importance of the
mechanisms involved in the development of such degradation. Despite the fact that
the formation of salts on buildings depends on the materials and the atmospheric
contributions, it is mainly governed by the transfer and concentration of the solu-
tions. In particular, the capillary transfer properties, which control the imbibition
and the supply of water in the evaporating areas, play a determinant role in the form
and position of the alterations. The different alteration developments in various
stones can be explained by taking into account the analysis of the porous network
of stones with the sizes and the positions of the pores, and the relations between
pore thresholds and wider pore openings. Studying the pore structures also allows
the simulation by numerical models and the prediction of the development of
alteration in the stones (Hammecker 1993).
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Despite the current use of chemical and mineralogical modifications for char-
acterizing different types of degradation, the importance of the alterations that
they introduce in stone is better illustrated by changes in pore structure. Therefore,
the quantification of alteration in stones consists of an evaluation of the modifica-
tions of the pore structures.

Identification of the main parameters responsible for stone alteration in mon-
uments led to the identification of methods and products aimed at protecting the
stones or correcting their degradation. In both cases, the proposed methods modify
the porous network, whether by a reduction of the wettability in order to restrain
the capillary transfer (Snethlage 1983; Fischer 1993), or by the introduction of new
cements sealing porous voids (Hammecker et al. 1992).

As a consequence of many studies made already on alteration and conserva-
tion of monumental stones, two main research points are, in particular,being inves-~
tigated: the protection of stones by pore structure modifications and the impor-
tance of the atmospheric contribution of solid particles in the processes of stone
degradation. Still poorly understood is the dual influence of these soot and ash
deposits (1) on the chemical composition of solutions flowing through the stones;
and (2) in their physical contribution in forming superficial coatings. Both of these
influences modify the porosity, wettability and permeability of the stones.
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CHAPTER 10

10 Continental Silicifications: A Review

MEDARD THIRY

1 Introduction

The hypothesis of climatic silicification has been known for almost 200 years, as
Coupe (1804) documented such a mechanism. To explain the silicification of the
Fontainebleau Sands, he cited the Libyan dune fields suggesting that each winter Si
went into solution in the soils and «thickened» by desiccation during the summer.
Later, Gosselet (1888) created the expression «atmospheric metamorphism» to ex-
plain the Eocene quartzites of the Paris Basin. But the study of the wide silicified
stretches in South Africa and Australia really imposed the idea of a surface bound
silicification to the geologists working in these areas. Kalkowsky (1901) and Stortz
(1928) in the Kalahari desert, Lamplugh (1907) in Rhodesia and Woolnough (1927)
in Australia considered that these silicifications are recent, or that they are even
developing today, and they linked them to the relatively arid climates of these
regions.

In France, the detailed petrographic inventory of siliceous sedimentary rocks
by Cayeux (1929) showed that the composition of the original material has an
influence on the habit of Si. Chalcedony develops in limestones, opal dominates in
clayey materials and quartz-grain overgrowth is the rule in «clean» sandstones
without primary cement. This model was outlined by a French school that had
North Africa and the Sahara Desert as a «playground».

Georges Millot approached this problem from a geochemical and crystallo-
chemical perspective. He synthesized observations gathered from studies of the
Saharan silicifications and recognized the influence of two main factors (Elouard
and Millot 1959; Millot et al. 1959; Millot 1964,1970).

«The main question is the morphology of the landscape. Quartzification occurs
readily at the surface, whereas in basins and within the groundwater system more
disordered forms of Si, i.e. chalcedony and opal, develop preferentially. The influ-
ence of parent rocks is the second-most important factor. Generally, carbonates
silicify preferably into chalcedony and clays into opal. The nature of the bedrock
subjected to silicifying solutions determines the type of silicification.»

Georges Millot interpreted these facts in term of solution chemistry and crystal
growth. First,he endeavoured to kill the «myth» of colloidal Si in natural waters.
Then, he showed that «silicifications, flints, cherts, etc. result from the growth of
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crystals fed by natural solutions containing monomeric Si in solution» (Millot 1960,
1961, 1970; Millot et al. 1963). He emphasized the fact that Si precipitation and
dissolution are similar to polymerization and depolymerization reactions. The
different types of Siresult from a more or less ordered crystal growth with greater
disorder caused by the incorporation of impurities into the crystal lattice. The
degree of crystal ordering and the composition of the mother solutions control the
type of the produced silicification facies:

1. Quartzification results from regular growth of crystals fed by clear, diluted
solutions with low concentrations of impurities. Detrital quartz grains with
clean surfaces act as seeds.

2. Chalcedony and microcrystalline quartz result from thwarted quartz develop-
ment. The mother solutions contain higher concentrations of impurities and
of other cations, or variable nucleating materials (clay minerals and various
crystalline surfaces). When numerous defects occur in the tetrahedral stacking
sequences (cations and misfittings in the nucleation networks), the crystals
remain small.

3. Opal-rich silicifications form from solutions containing even more other cat-
ions, but also more Si. There is a proliferation of crystal nuclei, the tetrahedral
chain being disrupted by other cations. The crystalline network does not devel-
op, producing amorphous material.

Si minerals often display a sequence going from disordered to the more or-
dered forms in silicified materials (Thiry and Millot 1987). This sequence is deter-
mined mainly by the concentration of Siand other cations in the mother solutions.
It also depends partly on the solubility of the Si phases in the host material and on
the rate of percolation of solutions through the system. Rapid percolation favours
dissolution, but in zones with slow percolation, equilibrium is attained and no
transformation of the existing phases is visible. In zones of intermediate porosity,
the disordered Si phases recrystallize progressively into quartz. To. achieve this,
solutions must be enriched faster in Si that in any other element, and reach quartz
saturation before any other silicate (Parron et al. 1976). The effect of the rate of
percolation on dissclution and recrystallization explains the vertical distribution
of different Si polymorphs observed in numerous silcrete duricrusts.

New interest in surficial silicifications and revised concepts have appeared
during the two last decades. These recent studies are based on a better understand-
ing of the geochemical phenomena of the hydrosphere and also on new analytical
techniques. In particular, interpretation of the micro-morphological structures of
soils was essential for the understanding of pedogenic silcretes. A somewhat
«quantitative» approach in terms of mass balance calculations also helped to con-
sider groundwater silicifications. In the following sections, facts will be presented
as examples to discuss the mechanisms and unanswered questions will be ad-
dressed.
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2 The Geological Data and Their Interpretation

Most of the surficial silicifications described in ancient sedimentary deposits, as

well as in present-day landscapes, can be classified into three main types.

1. Pedogenicsilicifications displaying specific structures characteristic of soils,
which obliterated completely the structures of the parental material. Siaccu-
mulates in a relative fashion, while other cations are removed from profiles.

2. Groundwater silicifications retaining largely the primary structures of the host
material and are always characterized by absolute Si accumulation, Si deposits
in the pores, or epigenetic replacements.

3. Itis often difficult to document at what stage of the sedimentary history silici-
fication connected with evaporites developed. Mineralogy of the Si phases
allows distinction from other types.

2.1 Pedogenic Silicifications

Pedogenic silicifications develop near the surface, probably within the soil envi-
ronment. They display typical soil structures related to infiltration and downward
percolation of water (such as differentiated horizons and illuviation structures).
The silicified materials exhibit a variety of forms, depending to some extent on the
character of the rock or sediment precursors, but also on the processes involved in
the silicification process. Two main varieties of materials can be distinguished: (1)
silcretes mainly formed of secondary microquartz without clay minerals and Fe
oxides, but enriched in Ti; and (2) "hardpans” or "duripan”-like silicifications
formed mainly of opal with the original clay minerals and Fe oxides still present.
Descriptions of these silicification types come mainly from Eocene occurrences in
the Paris Basin. Specific physical characteristics and mechanisms of formation are
also derived from observations on similar materials from Australia and central
America.

2.1.1  Quartzose Silcretes: Relative Silica Accumulation

Silicified pans and lenses cover the Eocene detrital kaolinitic deposits of the south-
ern part of the Paris Basin. These features are very hard, tightly cemented quartzites
that break up in variable sized blocks with puffy, tear-like shapes, coated with
deposits of yellow-white opaline Si masking the internal structures (Thiry 1981;
Rasplus 1982).

2.1.1.1  Profile Structure

Silcretes have a typically columnar structure with a characteristic laminated cap-
ping (Fig. 1). They are about 2 m thick and display several distinct horizons with
systematic micromorphological and mineralogical structures (Thiry 1981). The
lower granular horizon contains granules occurring throughout a yellow, sandy clay.
These granules consist of microcrystalline quartz and opal. Transmission-electron-



194 Continental Silicifications: A Review

Fig. 1. Macro- and micro-morphological structures of the pedogenic silcretes. Note the columnar
structures of the profiles capped by wide illuviations. The siliceous matrix is the location of succes-
sive silica dissolution and deposition leading to relative accumulation of the crystalline quartz

microscope and electron-diffraction studies of the clay matrix show that hexago-
nal-shaped kaolinites have corrosion embayments and are coated and welded to-
gether by a Si gel. A columnar horizon results from the silicification process. The
matrix is formed of quartz grains with irregular overgrowth apophyses which
grade into Ti-enriched microcrystalline quartz. Opal cutans develop at the walls of
the vertical fractures, at the floors of the horizontal joints and cap the top of the
columns. The horizontal joints display specific features of successive reorganisa-
tions. Illuviation laminae of fine silica are accumulated along the base. The young-
estlaminae, at the top of the illuviations, consist always of opal with low Ti content.
The first laminae, at the base of the illuviations commonly have a nodular structure
and are formed of microcrystalline quartz with higher Ti content.

The described sequence indicates a progressive recrystallization of the opal.
Recrystallization is accompanied by loss of Si which induces the destruction of the
primary structures and relative Tiaccumulation. Mammillary deposits of Ti, simi-
lar in form to stalactites, cover the ceilings of the joints. The deposits penetrate
between the coarse quartz grains, replacing the microcrystalline matrix. In some
places, the ceilings have collapsed and fragments of the stalactites, together with
skeleton grains,have accumulated on the floors of underlying voids. At the joints of
the ceilings, preferential dissolution of the microcrystalline quartz and preserva-
tion of the coarse quartz grains can be seen.
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A more massive horizon with complex nodular and pseudo-breccia fabric, is
found at the top of the profile. It is devoid of opal and the microcrystalline quartz
matrix is partly dissolved. Abundant irregular voids around pseudo-nodules allow
exposure and account for their displacement. Tiaccumulates in rims around the
nodules, euhedral quartz develops in the voids and some quartz grains have over-
growths.

2.1.1.2  Structure Interpretation

At the base of the profiles,amorphous and cryptocrystalline forms of Si dominate.
Upwards with the development of the columnar structures, microcrystalline quartz
is the main Si form. The base and ceiling of the voids, however, work in different
fashions. Opal forms at the base of the voids where circulation is slow and waters
stagnate, while the microcrystalline matrix dissolves at the ceiling of the voids
where the solutions seep and pass. Quartz crystals develop-at the top of the profiles.
The mineral sequenceis:

opal = microcrystalline quartz = euhedral quartz.

In this sequence, every mineralogic and petrographic Si mineral derives from
the previous generation by on site dissolution and recrystallization indicating re-
equilibrium of the mineral with its environment. Recrystallizations are irreversible
and favour development of quartz during successive dissolutions and recrystalliza-
tions (Thiry and Millot 1987).

Profiles clearly emphasize a migration of Si from top to bottom and an inher-
itance of micromorphological features in the uppermost horizons, which devel-
oped in the lowermost horizons. This inheritance shows that the silicification pro-
files sink progressively into the landscape, just like ferricrete and calcrete
duricrusts (Millot et al. 1976) or like a weathering front. The greatest amount of Si
comes from dissolution at the top of the profile, followed by a sequence of precip-
itation and re-dissolution from top to bottom. This close link between leached and
confined environments does not imply, however, a strict synchronism of degrada-
tion and construction. The two systems work in an alternating fashion, whereas
periods of loss and accumulation follow each other sequentially.

2.1.1.3  Palaeogeographical Framework

Silcretes of the Paris Basin are mainly residual and crop out in such a widely scat-
tered fashion that does not allow reconstruction of the palaeolandscapes in which
they developed.In Australia, on the other hand, silcretes appear to have developed
in contrasted landscapes and not on plateaus and peneplains. They indurate glacis
at the edges of the plateaus (Thiry et al. 1991; Milnes and Thiry 1992) or around
palaeoreliefs (Simon-Coincon et al. 1996). At the edges of the scarps, silicifications
are restricted to thin skins with high Ti contents (Hutton et al.1972).
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At the glacis scarps, they are more extensive and almost only formed of thick
toppings on fallen rocks, whereas they form a regular horizon with columnar struc-
ture in the plains. Thicker silcretes in the transition zones between the glacis and
the plains, where water discharge is still important but flow rates slow down, reflect
the contribution of lateral waterflows along glacis by developing pedogenic silicifi-
cations.

2.1.1.4 Tepetates: Beginning Silcretization?

Soil profiles that show many similarities with silcretes have been described recent-
ly in Mexico. The resistant horizons (=tepetates) develop within thick halloysite
profiles over volcanic materials, under subhumid to subarid climates with a well-
defined dry season. The profiles are about 2 m thick and display two to three super-
imposed prismatic horizons separated by indurated laminar horizons (Fig. 2;
Campos and Dubroeucq 1990). Destruction of the clayey matrix occurs within'the
prisms, whereas clay minerals accumulate in the laminar horizons together with Si
(Dubroeucq 1992). These laminar horizons are plastic and gelatinous at depth, but
harden at the outcrop to form duripans. The waters which flow through the profile,
have high Si contents. During the period of high flow, the Si/Al ratio is low, whereas
during the period of low water flow, the Si/Al ratio is high (Campos 1992). This is
probably related to different solubility rates of Si and Al. Flow measurements would
be required to compute a mass balance.

Fig. 2. Structure of the indurat-
ed prismatic horizons (=tep-
etates) developing at the top of
halloysite-rich weathering pro-
files from Mexico. Silica accu-
mulates in the laminar hori-
zons and hardens at the
outcrop. (According to Cam-
pos and Dubroeucq 1990)
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Fig. 3. Opaliferous pedogenic silicifications of hardpan type. Silicifications occur in catenas display-
ing distinctive structures that are a function of position in the palaeolandscape: siliceous illuviations
dominate upstream, due to percolations, while silica concretions develop downstream in wide pla-
nar structures due to lateral flows

2.1.2  Hardpans: Absolute Silica Accumulation

At the edge of the Paris Basin in the northern Massif Central,red sandstones (side-
rolithic facies) form around the basement palaeorelief and cross laterally into the
Tertiary sediments. In fact, these red sandstones are ferruginous palaeosols with
typical pedogenic features. They form a contrasting catena from the highs of the
palaeolandscape towards the Eocene sedimentary basin. Silicification was imprint-
ed on the ferruginous palaeosols and produced peculiar structures as a function of
their position in the palaeolandscape (Thiry and Turland 1985).

2.1.2.1 Structures of the Profiles

Red sandstones are visible upstream with a rough columnar structure forming
superimposed horizons (Fig. 3). The matrix of the red sandstones is made of hard-
ened sandy clay with angular quartz grains floating in a red argillaceous and porous
matrix. Vertical and horizontal fissures are filled with an ochre sandstone com-
posed ofloosely cemented millimetric gravels (Thiry et al. 1983b). This filling dis-
plays numerous burrows and red sandstone nodules (from 1-4 ¢cm in diameter),
capped by thin laminar illuviations. Cappings can include several nodules and may
join together to form large undulating laminae.

Downstream, the profiles are characterized by a strong development of braid-
ed subhorizontal fractures that produce a pronounced but irregular layering. Thick
deposits (up to 3—4 cm) of thin Si laminae develop in the horizontal fractures.
Nodules of red-ochre sandstone wrapped in undulating illuviation laminae, form
the uppermost horizon of the profiles. In the basin, jasper and chertlenses with opal
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nodules cemented by complex concretionary structures are observed in associa-
tion with carbonate material.

2.1.2.2 Micromorphology and Chemistry

Upstream, beige to brown cutans occur in all open pores of the sandstone and are
composed of a mixture of 50% opal-CT and 50% kaolinite. Quartz (either microc-
rystalline or fibrous) does not appear. In the matrix, opal is intimately associated
with non-expandable clay minerals. The granular filling of the joints is made up
entirely of gravels or pseudo-ooliths of argillaceous and siliceous materials ar-
ranged in concentric layers around skeleton grains. The gravels are cemented by a
mixture of opal and kaolinite similar to that of the sandstone matrix.

In the downstream profiles, thick Si-laminae deposits show a succession of
mammillary opal concentrations and of illuviated granular material (quartz grains,
clay chips, silicified debris, gravels, etc.). The concretionary opal is virtually devoid
of Albut contains relatively high K. The K/Al ratio is much higher than in the clay
minerals of the profiles.

Cherts and jaspers from the basin are composed of opal-CT, chalcedony and
microcrystalline quartz, but not of detrital grains. They contain translucent centi-
metric nodules with concentric and radial cracks, typical of gel dehydration. The
relationships between the opal and quartzose zones clearly indicate recrystalliza-
tion of primary opal. Opal is devoid of Al but still has a significant K content. Small
barite crystals develop in some nodules.

2.1.2.3 Structurelnterpretation

Silicifications are recorded in the structures of ferrallitic palaeosols. Topography
and position in the palaeolandscape control the nature and the distribution of the
Si phases. Illuviations due to water infiltration and percolation are dominant up-
stream. Downstream, horizontal and concretionary structures develop in relation
mainly to lateral drainage close to the regional base level. The succession of concre-
tions and illuviations indicates that periods of percolation and of waterlogging
alternated, probably controlled by the level of the lake. In the basin, no sign of
illuviation is visible, as the environment is permanently water saturated.

Silicification processes appear to be differentiated by the morphology. Illuvia-
tions of Si are mixed upstream with clay minerals, while downstream pure Si is
precipitated from oversaturated solutions. Si gels formed in the basin, in the pres-
ence of sulphates.

2.1.24 Hardpans and Duripans in Modern Landscapes
The red sandstones of the northern Massif Central are similar to the hardened soils

called red-brown hardpans in Australia. The hardpans consist in mixtures of clay
minerals, Fe oxides and opal (Bettenay and Churchward 1974; Chartres 1985; Milnes
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etal.1991). Duripans described in the arid areas of the United States display similar
characteristics (Flach et al. 1974; Chadwick et al. 1989).

These formations tend to occur in subdued landscapes and immediately un-
derneath contemporary soils. They are closely related to contemporary landscapes
in terms of formational environments and some appear to be still developing. Bet-
tenay and Churchward (1974) believe that the hardpans develop in subdued drain-
age areas, which are periodically flooded with 250-300 mm annual rainfall. The
American formations are also related to alluvial and colluvial deposits in regions
where the rainfall did not exceed 300 mm during Pleistocene (Harden et al. 1991).

2.1.3  Mechanisms of Pedogenic Silicifications

The origin of silica has not been well established in the red-brown duricrusts.
Dissolution of the Si phases is not observed (neither quartz nor clay minerals) and,
therefore, Si appears to have been added to the profiles. This could have been
accomplished by leaching of either regional highs, or siliceous oozes deposited at
the top of the profiles during periods of flooding or lake high stands. Harden et al.
(1991) hypothesized an aeolian supply of volcanic materials in modern soils.

Whatever its source, Si must have been removed and then solution concentrat-
ed to ensure deposition of Si gel and opal. Contrasting wet and dry seasons or
periods seem to be the most likely conditions for this to occur. The geochemistry of
the system appears relatively simple. There is no dissolution of quartz, nor Fe
oxides, nor even clay minerals. The environment was restricted and of neutral pH,
and formation of Si gels was probably favoured by the presence of brines which
lowered Si solubility (Marshall 1980).

In the quartzose silcretes, secondary Si comes from the profile itself. There is
much evidence for Si dissolution in the profiles and destruction of clay minerals at
their bases with release of Si as gel and opal. The formation and destruction of
organic complexes in the profiles, which are able to cause quartz dissolution even
in oversaturated environments, should also be considered as possible Si sources
(Morris and Fletcher 1987; Bennett et al. 1988).

The mineral sequence found in the quartzose silcretes with quartz at the top,
microcrystalline quartz in the middle and opal at the base, probably results from a
progressive concentration of Si and other cations in the downward-moving solu-
tions. At the top of the profile, rainwater may interact with the quartzose sediment,
during the wet season, to produce a solution containing up to 6 ppm Si0,. At the
base of the profile, the solution may be concentrated two to four times through
evaporation, during dry periods. This would be sufficient to allow silica precipita-
tion. Apparent opposition between dissolution and precipitation results from cy-
clic stages, due to alternating dry and wet seasonal or climatic periods. The concen-
tration of other elements may have a direct effect on the size of the precipitated
quartz crystals as the greater the content of impurities, the smaller the crystals
(Millot 1960, 1970).

The incongruent dissolution of kaolinite at the base of the profile is more
difficult to explain. It implies an acidic environment in which Al is more soluble
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that Si and is leached from the sediment while Si is retained as opal. Two mecha-
nisms can be proposed: (1) in low hydrated plasmic or microporous systems, the
pH can decrease subsequently to an intense dissociation of H,O into H* and OH-
(Fripiat et al. 1960; Bourrié and Pédro 1979); and (2) in hydromorphic environ-
ments two reactions may occur, either a release of an electron during Fe oxidation
to produce a H*, or retention of another H* during formation of hydroxides
(Brinckmann 1970; Fripiat 1971; Brinckmann et al. 1973; Chaussidon and Pédro
1979; Espiau and Pédro 1983). Progressive «autolysis» of the clay minerals is induced
(Pédro and Delmas 1979) with migration of Al and retention of Siin disordered Si
phases. Both cases require alternating dry periods during which the acidic environ-
ment develops and Al is released, and wet periods during which Al, possibly com-
plexed with organic components, is removed from the profile.

2.2 Groundwater Silicifications

In contrast to the pedogenic silicifications, groundwater silcretes develop at depth.
Their main characteristics are the superposition of silicified lenses and the preser-
vation of the host-rock structures (stratifications, bioturbations, etc.). There are
two main varieties of groundwater silicifications: those occurring in sands and
developing into massive sandstone facies by cementation of the pores, and those
created by epigenetic replacement of limestones and claystones and, therefore,
having more irregular and discontinuous shapes.

2.2.1  Sandstone Silicification: the Fontainebleau Sandstones
2.2.1.1 Silcrete Distribution and Deep Weathering

In the Fontainebleau Sands (Oligocene, Paris Basin), flat-lying quartzite lenses
(1~-8 m thick) occur at different levels within the formation (Thiry et al. 1988). The
quartzites are very pure and consist of detrital quartz grains with well-developed
subeuhedral overgrowths. Drill-hole data show that wherever quartzite lenses crop
out at the edges of the plateaus or in the valleys, they pinch out rapidly under the
limestone-capped plateaus. Several drill holes near the edges of the plateaus, reveal
that the quartzite lenses do not extend more than a few hundred metres beneath the
plateaus. The quartzites are, thus, restricted to the outcropping zones of the Fon-
tainebleau Sands. This strong link between quartzite distribution and present-day
morphological shape suggests that the quartzites developed relatively recently near
the outcropping zones of the Fontainebleau Sands.

In addition, bleaching and intense Si leaching occur in the upper unit of the
Fontainebleau Sands. At the edge of the plateaus, the sands of the sections are
slightly ferruginous and contain unweathered round flint pebbles at the base. At the
top of the sections,however, the sand is white and very pure (more than 99.5% SiO,),
and the flint pebbles are deeply corroded. In addition, the uppermost quartzite lens
has a warped shape with numerous concavities and a friable, porous outer fringe. In
this outer fringe, the quartz overgrowths are corroded, suggesting dissolution of
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Fig. 4.1-2 Development of silicifications in groundwater discharge zones. 1 Silicifications develop
first at the base of the incision behind spring lines, after dissection of the limestone cover. 2 Resump-
tion of erosion leads to formation of a quartzite pan in the lower level, former silcretes at the top of the
sand undergo dissolution

the upper quartzite pan. White sand and quartzite have been altered by percolating
water after silicification (Thiry et al. 1984). The leaching is less intense at the base of
the sand unit.

2.2.1.2 Silicification by Groundwater Outflow

The layout of quartzite in horizontal lenses suggests a relationship with water table
levels within the sand formation. The hydrological data on the sand formation
confirm this relationship with the water table. The areas in the Fontainebleau Sands
where a major quartzite development is visible, are also those where the groundwa-
ter discharges under a high hydraulic gradient. The silicification process seems to
be associated with the groundwater outflow and developed behind springs or
spring lines, in the modern incised landscape. It developed at the water table,
whereas the sands above the water table were leached. Landform evolution directly
controls the development of the superimposed quartzite lenses and of the leached
profile, as shown in Fig. 4. The key processes are as follows:

1. Dissection of the landscape exposes the sand units in thalwegs. An initial silici-
fication may develop at the top of the outcropping sand formation behind the
spring lines at the base of the valleys.

2. The drainage network continues to cut down the landscape. Each erosion step
leds to a concomitant drop of the water table and eventually to the develop-
ment of a lower level of silicification. In the mean time, former silicification
levels were stranded at the top of the sand formation, in the vadose zone where
they were subjected to dissolution at their edges.
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2.2.1.3 Discussion

Si originates in groundwaters contained in the sand formation. The Si content in
groundwaters ranges from 10-15 ppm, which is about twice the saturation value of
quartz (6 ppm) at surface temperature and pressure. This raises two questions:
why is the groundwater beneath the plateaus oversaturated with respect to quartz
and why does quartz precipitation only occur near the outcropping zones? It might
be suggested that quartz precipitation is inhibited within the groundwater zone,
but not in the silicification zones. Only speculative interpretations can be offered
about the effect of organic compounds, pH, ion activity,etc.,and how these factors
may influence the surface properties of the quartz, inhibiting or facilitating over-
growths. It is likely that very small changes in the physico-chemical conditions are
sufficient to cause precipitation of a part of the Si in solution.

Hydraulic and geochemical calculations show that 30000 years represent a
sufficient time to cement a quartzite lens from Si available in the water of an
average spring. The consequence is that cementation by quartz can take place
under common surface conditions from tap waters and in a short geological time
span. This is in total contrast to previous interpretations of number of silicifica-
tions.

2.2.2  Claystone Silicification:the AustralianTertiary Regolith

Silicification in central Australia are associated with deep, bleached profiles of
Tertiary regoliths. Bleached profiles, up to 50 m deep, have developed widely in
Cretaceous shale and siltstone formations, as well as in Jurassic and Palaeozoic
sediments and Precambrian granites. Opal and gypsum are usually present in these
profiles together with kaolinite, alunite and jarosite. About 90% of the precious
opal of the world is mined from these bleached formations. Despite the presence of
kaolinite, the profiles are not leached, as they retain soluble elements such as SO, Ca
and K (Thiry and Milnes 1992). The presence of alunite indicates highly acidic
environments. Groundwater silcrete layers are almost systematically confined in
these profiles.

22.2.1 Description

The section of the Stuart Creek Opal Field, near the northern tip of Lake Torrens in
southern Australia, shows a typical silicified facies (Thiry and Milnes 1990). The
Cretaceous marine shales at the base of the section are eroded and overlain by
Tertiary fluviatile sandstones (Fig. 5). The section shows various groundwater sil-
cretes consisting of opalite and glassy sandstone at depth, and a nodular to colum-
nar pedogenic silcrete at the top of the section. Silicification is largely confined to
an erosion channel. It extends to a significant depth in the underlying Cretaceous
shales at the edge of the channel.

The upper quartzite pan is a quartzose. Silicification proceeds by micro-crys-
talline quartz replacement of the primary clayey matrix and by quartz overgrowths
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Fig. 5. Schematic sketch of field relationships of silcretes in the Stuart Creek Opal Field (South Aus-
tralia). Two groundwater silicification pans are superimposed. The lower pan is largely confined to
an erosion channel filled with coarse-sand which hosts a groundwater drainage. Significant silica
penetration occurs in the Cretaceous shales only at the edge of the channel

in the initially «clean» facies without clay matrix. The degree of silicification is
highly variable, changing, on a centimetric scale, from a friable into a tight quartzite
facies without residual porosity. Silicifications displaying very contoured shapes
are obviously weathered, and show deep dissolution features of the overgrowths
and original quartz grains. The lower opal cemented sandstone contains about
10-20% of opal-CT. Two types of cement coexist, one resulting from epigenetic
replacement of the primary clay minerals and the other from Si deposits in the
former pores.In the clay matrix, the primary flaky morphology, which is typical for
smectite, can still be recognized under scanning electron microscope, even though
itis composed of about 95% of SiO, and only 1% Al,O, remains. The void deposits
show relatively complete sequences from opal to quartz with transitional varieties
of fibrous Si.

The opalites of the Cretaceous shales are composed of 50 to 70% of opal-CT;
they are true opalites. Clay minerals are no longer present, even though the primary
sediment contained more than 50% clay. All sedimentary structures are perfectly
preserved, including morphologies of the primary clay minerals. The voids (joints
and gypsum crystal moulds) display a complex succession of Si deposits:

brown opal — limpid opal — lussatite — chalcedony

or quartzine or lutécite — quartz.

2222 |Interpretation

Detailed mineralogical studies show that the opal-CT of the opalite layers is com-
posed of high temperature tridymite. It contains appreciable Al and its hexagonal
rings of Si0, tetrahedrons are slightly twisted as seen in clay mineral structures.
This similarity of structure suggests that the opal particles are derived from clay
minerals by removing Al, while retaining the SiO, network (Rayot et al. 1992). Clay
can potentially change into opal-CT without destroying the entire original struc-
ture, through a solid state alteration. The Si for these opalites could, therefore, come
directly from the original clay minerals, by leaching of the octahedral cations.
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The acidic environment and the bleaching of the rocks appear at an early stage
of weathering. This acidic environment caused leaching of Fe and Al. Clay mineral
structures collapsed. The Si network was reorganized into opal-CT or was removed
to feed silicification. This process, therefore, provides an important source of high-
ly soluble Si to sustain the opal deposits and it eliminates the necessity to concen-
trate Si-bearing solutions by evaporation.

Development of the deep bleached rock profiles and of the acidic environment
is yet not fully understood. In the case of the Cretaceous shales, the acidic condi-
tions appear to have been created by oxidation of primary organic matter and
pyrite. Geochemical modelling shows that by combining the effects of sulphate-
rich brines and pyrite oxidation it is possible to dissolve feldspars and 2:1 clay
minerals, and to form kaolinite, alunite, gypsum during a single weathering process,
while accumulating highly soluble Si phases (different varieties of opal; Rayot
1994). Development of high acidity implies that the released protons do not migrate
as they form, and that, therefore, water circulation must have been restricted, the
water table being at a low stand. However, subsequent development of the ground-
water silcretes with mobilization of Si released by the acidic conditions, implies
elevation of the water table.

The phenomenon is, in fact, much more extensive and general, and it exists in
other arid regions of the world. Some Tertiary palaeoweathering profiles and sil-
cretes of the Iberian peninsula, which contain alunite, have probably been created
by similar processes (Blanco and Cantano 1983; Meyer and Pena dos Reis 1985;
Blanco 1991).

Fig. 6. Silicification intensity is related to porosity in limestones. Epigenetic replacement occurs only
at the edges of the voids and joints, areas directly dependent on drainage. When water flow decreases,
as at the termination of a fissure, silicification intensity decreases and dies out
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2.2.3 Limestone Silicification: the Limestone Plateaus of the Paris Basin

Many limestone formations contain irregular masses of silicification, an example
of which being the lacustrine limestones that form the plateaus of the Paris Basin.
These silicifications have been described since the last century (Cuvier and Brong-
niart 1808; Cayeux 1929; Ménillet 1988). This Si was generally thought to be chemi-
cally precipitated during the dry periods, at times of limestone deposition in con-
fined environments. A petrographic and geochemical approach has been made in
order to understand these silicifications.

22.3.1 Description onthe Silicified Limestones

A section of the Calcaire de Champigny, which is an Upper Eocene formation, has
been studied in detail by Ribet (1990). The limestone is about 20 m thick, massive,
without bedding, very pure and has a nodular and brecciated structure with numer-
ous traces of early reworking features (mud cracks, microkarst, etc.). The silicifica-
tions develop inside a layer about 5-8 m thick and are most often completely dis-
cordant with respect to the host sedimentary structures, even if the silicified bodies
are extending horizontally.

Two types of silicification exist together: quartz and chalcedony deposits in
voids, and epigenetic replacement of the limestone matrix with preservation of the
primary sedimentary structures. The Si epigenetic replacements are composed of
microcrystalline quartz, small amoeboid quartz, or large euhedral quartz (Ribet
and Thiry 1990). The nodular structure of the primary limestone is easily distin-
guished in the Si zones by the variable grain size of the microcrystalline quartz
found among the nodules or between the nodules and the matrix.

Thin sections show a systematic link between silicification and zones of high
porosity. Porosity is either preserved or partly cemented by Si deposits and consists
of pores between nodules or micronodules or more irregular microkarst-like
voids. When porosity is reduced laterally, for example towards the end of a fissure,
the amount of Si deposited in the void and the extent of the replacement at the edge
of this void decreases in the same fashion (Fig. 6). Limestone epigenetic replace-
ment by silica occurs only on the edges of the voids and pores, over a distance that
generally does not exceed 0.5-1 mm.

2.2.3.2 Interpretation and Mechanisms

Because the silicified limestones are pure without any sandy or clayey layers, Si had
to be imported from other formations to create the silicification. This can only be
done by substantial water flow, which would explain the observed relationship
between porosity, and intensity and extent of the silicification. Porosity and flow
determine the degree of silicification. Silicification decreases with reduction of the
fissures and of the water flow. Silicification in these limestones is related to ground-
waters, in a similar fashion to those described in the sandy formations.
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Substantial groundwater out flows are only possible after uplift and downcut-
ting of the limestone formation. In the example of the Paris Basin, such conditions
only existed during the Pliocene and the Quaternary periods and, therefore, the
implication is that silicification had to occur relatively fast. A mathematical model
of the Si deposition and epigenetic replacement predicts that 10000 to 100000
years are necessary to create such silicifications (Ribet 1990).

Limestone replacement by silica with preservation of the structures implies
that silica deposition and calcite dissolution have to occur simultaneously, and that
actually Si deposition induces calcite dissolution. To make the mechanism work, Si
influx and calcite release must be able to diffuse between the pores and the replace-
ment sites. The diffusion potential, therefore, restricts the extent of the epigenetic
replacement.

Groundwater flow was previously proposed by Conrad (1969) to explain in-
tense silicification of the Moroccan Hamada limestones along the main fluvial axis
and nearby groundwater discharge zones. Khalaf (1988) and Arakel et al. (1989) also
related some silicifications in modern calcretes from the Persian Gulf and inland
Australia to groundwater flow.

2.2.4 Variability of the Groundwater Silicifications

The three case studies of groundwater silicification presented here are very differ-

ent from each other: they have been chosen to illustrate several types of silicifica-

tion mechanisms. They also show the extreme variability and heterogeneity of
groundwater silicifications. This variability is the common feature and it provides
diverse and instructional cross sections of natural examples:

1. Spatial discontinuity of the silicifications. Their geometric distribution is de-
pendent on groundwater flow, on granularity and porosity of the host rocks,
and also on amount of landscape downcutting. In most cases, there are sharp
boundaries between the silicified zones and the host rocks. The geometries are
the most complex in the limestones, even showing development of karst net-
works.

2. Facies variability as a function of the nature of the host rock, where primary
structures are preserved. There is also a variability in the degree of cementa-
tion, from friable sands to tight sandstones with a lustrous fracture appearance.

3. Petrographic variability and heterogeneity. All petrographic forms of Sicanbe
present in a single thin section. This variability results from interaction be-
tween the host rocks and the solution which changes in time and space during
the silicification process.

4. Lastly, the variability of the environments where silicifications developed,in-
cludes environments as diluted and neutral as the groundwaters where potable
water is drawn, up to very concentrated environments with extreme acidic pH.
There is no diagnostic climatic signature, as with the pedogenic silicifications,
because the continental silicifications are dependent on groundwater Si and,
therefore, beyond control of landscape evolutionary processes.
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23 Silicifications Associated with Evaporites

Silicifications associated with evaporites are complicated and difficult to under-
stand because of the known relationship between sulphate silicification and dis-
tinctive quartz forms such as quartzine (length slow chalcedony), lutecite and
«flame”-like or «cubic» quartz (Munier-Chalmas 1890; Cayeux 1929; Folk and Pitt-
man 1971; Arbey 1980). Confusion occurred consequently because these distinctive
quartz forms have often been regarded as results of evaporitic environments. To
contribute towards the understanding of these silicifications, silica behaviour in
modern evaporitic environments will first be examined and then the question of
the sulphate replacements will be addressed.

2.3.1  The Modern Evaporitic Environments
2.3.1.1 SaltLake Deposits

Si~gel formation by direct inorganic precipitation at the time of sedimentation was
initially reported from the seasonal Coorong lakes (South Australia) by Peterson
and von der Borch (1965). The dominant precipitates in the lakes are Mg-calcite,
dolomite and magnesite. The Si-bearing carbonates are only a few hundred years
old by*C dating. The pH of the lake water commonly rises to 10.2 during photosyn-
thesis periods and decreases to 8.2 towards maximum concentration when the lake
dries up to a muddy surface. Beneath the surface of the sediment, the interstitial
solution of the organic-rich sediments has a pH as low as 6.5. Near the boundary
between these two pH domains, gelatinous-hydrated silica precipitates. Detrital
quartzis corroded in the lake sediments, indicating that it has probably provided
much of the source Si for the Si-gel precipitation. An environment where quartz
dissolutions coexist spatially with amorphous Si deposition exists, although the
mechanisms are not synchronous.

Direct silica precipitation in salt lakes has only been shown exceptionally. Lam-
inated chert layers were,however, often described within alkaline evaporites (Eug-
ster 1969; Surdam et al. 1972; Maglione and Servant 1973; Sheppard and Gude 1974).
These cherts develop from hydrated Na silicates with a high Si/Na ratio, mainly
magadiite and kenyatite. Alteration of Na-silicates took place by removal of Na,
either by percolating meteoric water or by rising groundwater. Quartz usually
forms the chert layers, but the presence of crystallized hydrated silicate as silhy-
drite (35i0,, H,0),has been reported (Sheppard and Gude 1974).

2.3.1.2 Brine Geochemistry

Brine/mineral equilibrium studies and evaporation models provide important in-
formation about Si behaviour in these environments. Two geochemical environ-
ments can be distinguished: an alkaline (carbonate-rich) one and a neutral (chlo-
rine and sulphate-rich) one, the silica behaviour being different in each.
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In the Chott El Jerid (southern Tunisia), considerable amounts of gypsum and
halite precipitate and the Si concentration decreases as salinity increases (Gued-
dari et al. 1982). The pH is neutral to slightly acidic. The phase diagrams show that
the Si content is controlled by development of Mg-rich clay minerals and, therefore,
is always below the point of amorphous Si saturation.

Lake Natron (East African Rift) is alkaline with Na carbonate deposits. Ac-
cording to dissociation of H,SiO, silicic acid at high pH, the Si content can reach
1800 ppm in the most alkaline brines (Fritz et al. 1987). Speciation calculations and
models show that Si concentrates in the brines until saturation of the Na-silicates,
which is probably a kinetic function. As activity of the neutral silica molecules
(H,Si0,) reaches saturation, amorphous silica is able to precipitate. In such brines,
arapid decrease in the pH, either by mixture or dilution, will reduce the dissocia-
tion of H,SiO, and lead to a high excess of Si in the solution.

In inter-dunal depressions of the northern part of Lake Chad, the two geo-
chemical types develop from waters with identical initial chemistry (Maglione
1976; Droubi et al. 1975). In euxinic ponds, as sulphates change to sulphides, an
alkaline geochemical trend appears with carbonate development. In these brines,
the pH and the Si contents rise with the concentration of salts. In oxidizing envi-
ronments, the brines follow a neutral geochemical trend characterized by Ca, Mg
and Na sulphate deposits, in which the Si content decreases with the concentration
of salts.

2.3.2 Sulphate Replacements in Geological Formations

The epigenetic replacement of various sulphate minerals like gypsum, anhydrite
and barite by Si, has been described in many evaporite deposits. The Carboniferous
formations of the United States, the Triassic littoral facies of Europe and North
Africa containing Pb-Ba-F ore deposits, the Purbekian of the United Kingdom and
the Tertiary gypsum formations of France and Spain, are among the formations
most frequently referred to. However, only a few studies provide tangible argu-
ments defining the time or the environment of silicification. Most often the only
reliable argument is the reworking of specific facies in the overlying deposits (Du-
rand and Meyer 1882).

The Pb, Ba and F ore deposits of the Triassic arkoses are a good example of
barite silicification. Numerous authors refer to these replacements of barite by Si
and show that they have been reworked in successive arkosic deposits (Lefavrais-
Raymond et al. 1965; Bernard and Samama 1970; Rouchy 1974; Schmitt 1976). A
typical example of these deposits comes from Morocco (Thiry and Schmitt1977).
Arkose-type rocks fill palaeovalleys cut into the granitic basement at the edge of a
confined littoral lagoon (Fig. 7). Silicification is very intense and the silica is com-
posed of microcrystalline quartz towards the streamhead with euhedral quartz and
overgrowths downstream towards the lagoon. Barite is replaced by flame-like mi-
crocrystalline quartz, quartzine (length slow chalcedony) and by overgrowths of
detrital quartz grains. These typical silicified facies are reworked in the successive
sedimentary sequences and, therefore, are undoubtedly early. The silicification
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Fig. 7. Silicification of arkose-filled channels at the edges of littoral lagoons in the Triassic deposits of
Morocco. Continental groundwater silica precipitates at the contact with sulphate-rich brines of the
lagoon. Microcrystalline quartz develops in the upper part of the arkose, where clay minerals, iron
oxides and sulphate minerals are abundant. Quartz overgrowths develop in the lower part, where the
arkose is «cleaner», without abundant matrix

process is restricted to coarse facies filling palaeovalleys and channels, and it is
related to groundwater discharge into the sulphate-rich lagoon.

In most of the silicified evaporites, there is as yet no evidence documenting the
time frame of silicification. Silica deposition could occur throughout burial dia-
genesis and even after surface exposure of the sediments. Oxygen isotope analyses
of silicifications in the Carboniferous formations of North America indicate that
the chemical composition of the solutions changed between the start and the end of
the silicification process (Milliken 1979). The first silicification which was com-
posed of microcrystalline quartz, came from sea water; the fibrous quartz varieties
being formed in waters of intermediate composition. The subeuhedral quartz in
the centre of geodes is formed in meteoric waters. Milliken (1979)believes that the
mechanism can still operate in present-day environments.

2.3.3  Discussion

In modern evaporitic environments, silicifications occur primarily through chang-
es in pH values and salt concentration. These changes are both spatial and temporal,
involving mixing of fresh continental waters with brines, or a succession of periods
of desiccation and subsequent dilution by rainwater. The mixing can be achieved
either by surficial or groundwater at the border of the evaporitic depressions, or by
artesian circulations in the joints and cracks beneath evaporitic deposits (Guillou
and Ndiaye 1988). Si deposition is particularly favoured when evaporites are pene-
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trated by fresh water. By the way, it has to be noticed that evaporiticlevels deposited
during a regressive phase are naturally intruded by fresh water, thus explaining the
frequency of the phenomenon.

These silicification processes are mainly formed by epigenetic replacement,
that means by diagenetic replacement following deposition. Even though some Si
mineralogical forms are diagnostic of sulphate-rich environments, they do not
necessarily indicate that they were formed in saline environments. As an example,
gypsum can be replaced by groundwater silicification, at least at the replacement
front in the presence of high sulphate concentrations, but not all silicifications
develop in saline environments. Interpretation of these epigenetic replacements
and of their palaeoenvironments must, therefore, be made with care.

3 Mechanisms at Work

The variety of facies, deposition processes and mineralogical compositions of
surficial silicifications results from combined and, sometimes, opposite effects of
the solution geochemistry, and of crystal nucleation and growth. A few simple
mechanisms can be used to explain many facts. However, oversimplification must
be avoided. Properly constrained models are built through careful observation and
patient collection of supporting evidence.

3.1 The Geochemical Rules
3.1.1  Silica Solubility

It seems paradoxical that the solubility of the most abundant element found at the
surface of the earth (after oxygen) can be a problem. The existence of colloidal
silica has been discounted by the work of chemists since the 1950s (Millot 1964,
1970). Various studies have shown that the presence of Al and Mg cations hardly
affect silica solubility (Jephcott and Johnston 1950; Hast 1956; Siffert 1962; ller 1979;
Delmas et al. 1982). Since then, geologists and geochemists have argued in terms of
the solubility of individual Si forms in relation to each other, irrespective to the
influence of other cations, organic compounds or possible complexes. The 1980s
brought a renewal of these concepts.

3.1.1.1 Solubility in Brines

The studies of Marshall (1980) and Marshall and Warakomski (1980) showed the
importance of salt in solution for silica solubility. With increasing concentration of
salt, the solubility of amorphous silica consistently decreases. Amorphous silica
solubility is lowered as much as ten times in a solution saturated with MgCl, or
CaCl, (5% of its solubility in water) and by 2.5 times in a solution saturated in NaCl
(40% of its solubility in water). Sulphates play a similar role. These experimental
data explain the behaviour of Si in evaporitic environments. As Si-loaded fresh
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waters mix with brines, they become greatly oversaturated and, therefore, are able
to feed silicification processes. This explains why evaporitic deposits appear so
favourable for silicification.

3.1.1.2 Complexation: Dissolution in Saturated Solution

The role of organic material in relation to silica solubility has been addressed for
some time, but has often been refuted due to a lack of precise analytical data. A
decrease in the amount of dissolved Siin the presence of sulphate-reducing bacte-
ria has been reported by Birnbaum and Wireman (1985). The exact role of the
bacteria remains obscure: activation of the polymerization or nucleation on the
walls of the cells?

Furthermore, strong evidence that organic acids increase the dissolution rate
of quartz was reported by Bennett and Siegel (1987). They presented evidence for an
increase in the solubility of quartz in groundwater, caused by dissolved organic
compounds produced by the biodegradation of petroleum. Quartz grains in con-
tact with the contaminated water displayed active chemical etching, whereas these
of the uncontaminated zones were not altered. Apparently the organic compounds
accelerated dissolution of quartz in water with neutral pH. Subsequent experi-
ments of quartz dissolution in dilute aqueous solutions with organic acids was
investigated using the batch dissolution method. These experiments showed that
there is a significant organic-silica interaction (Bennett et al. 1988). In these exper-
iments, citric, oxalic and salicylic acids increased the solubility and dissolution rate
of quartz in water with the greatest effect found at near-neutral pH. Quartz dissolu-
tion rate was ten times higher in the presence of citrate than in pure water and was
accompanied by a 100% increase in apparent quartz solubility at 25 °C. Formation
of complexes at the quartz grain surfaces may favour Si release and then cause a
decrease in Si activity in the solution (Bennett 1991).

Other experiments demonstrated that Fe** in solution also has an influence on
quartz solubility (Morris and Fletcher 1987). In the presence of Fe*, quartz is not
dissolved. Si goes into solution only after oxidation of the solution. The concentra-
tion of Si in solution is in direct correlation with the contact time of the ferrous
solution with quartz and can exceed the solubility of quartz in pure water. Forma-
tion of Fe**/Si complexes at the quartz grain surfaces may inhibit dissolution; their
decomposition during solution oxidation may release their Si. In this way, quartz
solubility could be increased ten times and approach the solubility of amorphous
silica.

These experiments show that ordinary organic acids within concentration
grades found in nature, or common oxidizing-reducing reactions, are able to ap-
preciably increase quartz solubility and dissolution rate. Such complexing mecha-
nisms can provide significant amounts of Si in some soils and are likely to explain
quartz grain corrosion even in environments where silicifications develop. These
areas are quite new for geologists and geochemists and numerous developments
can be expected in the future.
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3.1.2  Mineral Sequences

The successive silica deposits in voids display a systematic sequence from «amor-
phous» or cryptocrystalline to microcrystalline forms (the different varieties of
opal), towards better «crystallized» forms (generally the fibrous quartz varieties),
throughout large euhedral quartz crystals in the centre of the voids (Cayeux 1929;
Chowns and Elkins 1974; Milliken 1979; Arbey 1980; Thiry and Milnes 1991). These
sequences are generally interpreted as resulting from changes in the composition
of the parent solutions. First deposits would have resulted from highly oversaturat-
ed solutions containing other cations and impurities, while later ones would d¢vel-
op in «fresh», diluted and only slightly oversaturated waters (Millot 1964; Milliken
1979; Thiry and Millot 1987).

The compositional changes in the solutions result from progressive silicifica-
tion of the host rocks. Initially, the circulating solutions are in contact with the
minerals and the pore water of the host rocks; they pick up various cations from the
latter and microcrystalline forms develop. As silicification progresses, the solu-
tions are insulated from host rocks by the newly formed silica rims, and the influ-
ence of other cations decreases, allowing development of larger quartz crystals.

This explains why no recurrence or fluctuation is observed in these mineral
sequences. The last crystallization products primarily reflect the nature of the par-
ent solutions which, therefore, are always dilute and contain only low concentra-
tions of cations other than Si.

3.2 The Crystal Growth Rules
3.2.1  Crystal Nucleation and Growth

Quartz crystals never precipitate directly from solution. Quartz crystals always de-
velop on rock surfaces, as in geodes. There is no quartz nuclei development in
oversaturated solutions; disordered polymers form, then gels (Iler 1979). Quartz
crystals and other silicates make up the crystal germs.

3.2.1.1 Quartz Precipitation

Mechanisms of quartz precipitation have been described using a kinetic approach
(Garcia Hernandez 1981; Delmas et al. 1982). Cristobalite dissolution experiments
through percolation show that quartz crystallization requires a germination sup-
port, cristobalite in this case. If solutions are dilute and «clean», quartz effectively
develops. If the growing surface is disturbed, germination is not possible. The dis-
turbance of the surface can be a function of either oversaturation, or to «poison-
ing» of the surface by adsorbed cations that cover the growing sites. If quartz
germination is blocked, Si concentration can rise until formation of amorphous
silica occurs.

The notion of contamination of the growing surfaces by adsorbed cations may
be an explanation for the general quartz oversaturation of groundwaters (Hem
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1985). Quartz precipitation can occur as soon as the cations are released from the
surface of the grains which can then be overgrown or become germination sites.
This is probably one of the reasons for development of groundwater silicification
in selected zones, while the source groundwaters are kept in an oversaturation
state.

3.2.1.2 Petrographic Facies

Heterogeneous nucleation and germination mechanisms also explain the variety of
facies that comprise the superficial silicifications. In silicified limestones, the pri-
mary structures can be recognized by the crystalline-granular texture of the quartz,
which goes from very tiny microcrystalline quartz, to amoebic quartz with crystals
several tens of microns in diameter. The replaced supports influence, therefore,
quartz crystallization. In some cases, a relationship between the crystalline-granu-
lar texture of the primary carbonate and of the replacing quartz appears, whereas in
other cases, such a relationship does not exist. The difference in crystalline texture
appears, therefore, to be ascribed to the presence of minor compounds (trace
elements, organic matter, etc.). There was probably some interference linked to
crystal germination and surface properties of the grains at the time of silicification.

The modelling of incorporation of other cations into quartz crystals also
brings a fresh perspective. Development of twisted and non-twisted chalcedony
grains has been modelled using the pre-requisite that the crystal lattice distortion
is due to Al substitutions (Wang and Merino 1990). Growth of specific quartz
varieties in the presence of sulphate-rich solutions must probably be considered in
similar terms including crystal lattice distortion by substitution, incorporation of
otherions, or selective blocking of some growing sites.

3.2.2 Recrystallization

One of the difficulties in the interpretation of the diverse silica varieties comes
from the fact that they often result from transformation and recrystallization, and
that the nature of the primary silica deposit is thus obliterated. Sometimes, the opal
concretions around pores change laterally to fibrous quartz or appear as if they
were punched by this latter material (Thiry and Millot 1987; Thiry and Milnes 1991).
In these samples, scanning electron microscope observations show that the fibrous
quartz consists of micro-spherolites about 0.1 pm in diameter, welded together to
form laths or crude sheets. Opal recrystallized into fibrous quartz. The varieties
that display this micro-spherolitic structure are mostly the quartz crystals with
positive extension, as well as the large lutecite crystals found in sulphate-rich envi-
ronments (Arbey 1980; Arnold and Guillou 1983).

These quartz varieties obviously result from recrystallization of micro-sphe-
rolitic opal deposits. Recrystallization occurs by successive dissolution-precipita-
tion steps with elimination of the cation impurities. This is most likely guided by
the composition of the primary opal, but also by the texture and the microporosity
that control solution percolation and composition. Recrystallization into quartz is
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favoured when an equilibrium is established between opal dissolution, quartz nu-
cleation and quartz growth rates (Delmas et al. 1982; Williams et al. 1985). Other
parameters that also constrain the recrystallization process, include preferential
dissolution of the smallest particles, infilling of the hollows and growth of the larg-
est particles (Ostwald ripening; Iler 1979) and variation of Si activity in small pores
(Dandurand et al. 1982).

3.2.3 Epigenetic Replacements

Silicification of limestone proceeds mainly by epigenetic replacement of the car-
bonate phase. This occurs by silica replacement of carbonate, molecule by mole-
cule, with preservation of the primary structures without forming voids. This is
frequently seen, not only in surficial silicifications, but also in burial diagenesis (cf.
flints). Other minerals such as calcite, Fe oxides and sulphates can also form epige-
netic replacements.

A mechanism for.epigenetic replacements has been proposed by Maliva and
Siever (1987). The concept appears particularly applicable to many observed occur-
rences. Carbonate dissolution and silica precipitation occur simultaneously. Away
from the replacement front, calcite is stable and the pore solutions are not under-
saturated. If calcite dissolves at the replacement front, it is because silica growth
leads to calcite dissolution. The calcite dissolution reaction is caused literally by
silica crystallization. As the growth of the silica phase applies a pressure across the
silica-carbonate contact, the solubility of the carbonate is increased. This local
force causes an increase in calcite solubility on the pressured surface. In this way, a
mineral can dissolve even if the environment is oversaturated relative to this min-
eral.

Sisupply and Ca removal are accomplished by diffusion in thin solution films
between the sicate-carbonate phases (Weyl 1959; Tada et al. 1987). The restriction of
the solution phase to thin films would allow ghost features to be preserved in the
replacement by Si. Si supply controls the progress of the replacement. As epigenetic
replacement progresses, there is an increase of the distance between the Si source
and the replacement front. In the mean time, the diffusion gradient, the diffusion
rate and the kinetic factors for replacement decrease until cancelling out. Model-
ling of the epigenetic replacement by crystallization pressure has been done by
Dewers and Ortoleva (1990) who calculated that it takes 17000 years to form a
centimetric siliceous concretion.

This mechanism adequately explains the facts observed in the silicified lime-
stones. It is also possible that it works, completely or partly,in clay mineral replace-
ments seen in the groundwater silicification from central Australia and at the base
of pedogenic quartzose silcretes.
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4 Conclusions

Facies and diverse occurrences of continental silicifications are due to different
mechanisms that intervene and interfere with each other. Understanding these
silicifications requires that the recorded messages be adequately deciphered and
that respective roles due to climate,landscape, geochemistry and crystal growth are
discerned.

Morpho-climatic factors are of prime importance in the evolution of conti-
nental surfaces. They are well illustrated in continental silicifications, leading to
three major silicification types: ‘

1. Pedogenicsilicifications develop under climates with alternating humid peri-
ods during which silica goes into solution and dry periods during which solu-
tions are concentrated by evaporation. Si accumulation and removal of the
other cations from weathering profiles require water flows through the land-
scape. Pedogenic silicifications are symptomatic of glacis and piedmont land-
scapes. ~

2. Groundwater silicifications develop at depth, in environments insolated from
direct climatic influence. Removal of mobilized elements and Si supply are
achieved through the movement of groundwaters. Superposed groundwater
silcretes are the consequence of lowering of the water table after landscape
dissection. These silicifications are diagnostic of dissected landscapes.

3. Evaporite silicifications are the result of the mixtures of brines and «fresh»
water containing Si. They are dependent on brines in which silica solubility is
greatly reduced. They are diagnostic of restricted environments and arid cli-
mates.

Solutions oversaturated in Si are required for development of silicifications.
Recent work shows that there are several geochemical ways to achieve this oversat-
uration:

1. Solution concentration by evaporation is the option which was frequently used
to explain continental silicifications, the origin being, therefore, interpreted as
climate controlled.

2. Oversaturation can be reached by dissolution of silicates or some Si varieties,
as long as precipitation of the more stable Si varieties is prevented or occurs at
a slower rate than dissolution.

3. Complex formation that,in some way, hides the released Si,could be a mecha-
nism to explain why some minerals dissolve far beyond their solubility, addi-
tional research being required to understand these processes.

4. Lowered silica solubility in brines certainly intervenes in silicifications associ-
ated with evaporites. This can be achieved by solution mixing either on a
regional scale, or on a microenvironment scale, at the sulphate-replacement
front.

If cations such as Aland Mg are abundant, clay minerals will preferentially form
and scavenge the available Si. Silicification will not develop. This explains the fre-
quent development of pedogenic silicifications in kaolinitized landscapes, which
have been leached for their K, Na, Ca and Mg cations, and also of groundwater
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silicifications in leached and bleached sandstones or in pure limestone formations

without clays.

The different silica forms reveal solution compositions and their development
controls the Si content of the solutions. Numerous interrelated mechanisms oper-
ate in this case. The reaction kinetics are fundamental to the process, but they are
often not well understood:

1. Oversaturated mother solutions, cation- or impurity-enriched, lead to the de-
velopment of «disordered» mineralogical forms. Multiple crystal defects re-
strict the size of the crystal structures. Diluted and «clean» mother solutions
lead to less disordered crystal structures with larger crystals. .

2. If growth surfaces are neutralized by adsorbed cations or have particular elec-
trical properties, crystals do not grow and the Si content in the solution can rise
and be maintained at high oversaturation levels.

3. Rateofsilica precipitation is in direct proportion to the surfaces available for
growth.If nucleation is rapid, then the growth surface increases rapidly and Si
is rapidly fixed. With identical Si influx, clean and fine-grained sandstones offer
larger growth surfaces and are silicified more quickly then coarser sandstones.
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CHAPTER 11

11 Clay Minerals, Paleoweathering,
Paleolandscapes and Climatic Sequences:
The Paleogene Continental Deposits in France

MARIE-MADELEINE BLANC-VALLERON AND MEDARD THIRY

1 Introduction

Georges Millot established the basis of the geochemistry of continental landscapes.
After his thesis on clay mineral distribution in sedimentary series (Millot, 1949), he
tried to understand the mechanisms producing weathered landscapes. He worked
in collaboration with geologists, geographers and geochemists, attempting to re-
construct the different components of the landscape. He was interested in every
type of weathering and investigated the regolith evolution on different rocks under
the same climate and then across climatic zones, from the equator to temperate
areas.

Georges Millot focused his interest on geodynamic aspects and geomechanical
mechanisms rather than on an inventory of materials. He established the assess-
ment of lateritic weathering by isovolumetric mass balance calculations (Millot
and Bonifas 1955), focused on the dynamics of particles and ions throughout land-
scapes, showed how the upstream feeds the downstream and then, because of de-
posits forming barriers to following drifts, how the downstream invades the up-
stream (Bocquier et al. 1970; Millot et al. 1976). He analysed the so-called
geochemical culbuto mechanism of successive dissolutions and reprecipitations,
and showed how geochemistry shapes landscapes (Boulet et al. 1977; Nahon and
Millot 1977; Ruellan et al. 1977).

Experience of present-day weathering is essential to understand the genesis of
clay minerals on continents, and consequently to interpret the paragenesis of an-
cient series and reconstruct paleolandscapes, paleoclimates, and paleoclimatic suc-
cessions. The contribution of the scientific work supervised by Georges Millot is
critical for understanding of continental successions. In such successions, kaolinite
and the different varieties of smectites and palygorskite can now be interpreted, as
well as calcretes, silicifications, ferruginous and bauxitic crusts, in both geochemi-
cal and climatic terms, and in terms of landscape development.

Continental formations of the Early Tertiary in France and the neighboring
countries provide various examples of clay mineral associations. Their succession
in time and space illustrates the interaction between climate,topography, erosion,
source rock and vegetation cover,and so allows us to apply some of Georges Millot’s
lessons.
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2 Landscapes and Regoliths at the End of the Cretaceous

The major regression at the end of the Cretaceous left behind a wide peneplain
made of sands, limestones and chalks. Notching of these deposits followed lowering
of the base level and promoted their weathering. In France, a widespread regolith
with extensive karstic phenomena developed under warm and humid climatic
conditions.

At the border of the Aquitaine Basin, in the Périgord-Quercy area, karstic
sinkhole fillings testify that karst topography developed as deep as 500 m below the
Tertiary paleosurface. Some paleosols reach thicknesses of as much as 100 m
(Astruc 1988). Later, an erosional surface intersected the karstic series. Thus,one
can find from the Aquitaine Basin to the Massif Central: (1) superficial carbonate-
free horizons of the paleokarst with many paleosol features; (2) some sinkholes
filled with collapsed sediments, partly weathered; and (3) a deep zone, sometimes
plugged by slightly weathered sands, where phosphate accumulations took place
(Simon-Coingon and Astruc 1991).

A thick regolith developed also in the eastern part of the Paris Basin where
weathering affected the sandy-clayey formations of Early Cretaceous, Liassic and
Triassic ages, while elsewhere the flint-bearing Cretaceous Chalk was weathered
and dissolved to over 200 m deep (Klein 1970). This resulted in a thick regolith of
flint-bearing clays blanketing the whole area. The upper horizons of the profiles
were kaolinitic, whereas the lower consisted of smectite and kaolinite/smectite
mixed layers (Thiry et al. 1977). At the base,down to the”Chalk” the flint layers were
deeply altered and coated by smectites without layer disturbances (Fig. 1).

This paleoweathering profile of the Cretaceous Chalk shows a noteworthy ge-
ochemical system. The upper horizons are carbonate free, the environment being
acidic with removal of the Fe oxides, flints and clay minerals. The lower horizons
are calcitic: at the contact with the Chalk, downward moving solutions were rapidly
saturated with respect to carbonates. In contrast to the upper horizons. Si dissolu-
tion is slower, although flints are still weathered at depth and release Si. Combined
with Al and transported towards these horizons, Siinduces neoformation of smec-
tite.

Comparison of the paleosols and paleolandscapes of Western Europe, which
formed after the Cretaceous regression and before the beginning of the Tertiary,
with the presentlandscape is difficult. The present continental configuration does
not provide an example of such a large carbonate platform subjected to humid
tropical climates. The kaolinite/smectite mixed-layer minerals are typical of these
regolith weatherings developed in a leached environment buffered by omnipresent
carbonates. The associated kaolinites are always disordered.

The Hercynian crystalline basement was also coated by thick kaolinitic pale-
osols formed during Cretaceous time. Kaolinite was already reworked into Late
Cretaceous transgressive sands which form the Upper Cretaceous transgressive
units (Louail 1984; Platel 1989) and constitute the first Tertiary deposits on the
Massif Central (Lapparent 1930; Simon-Coing¢on 1989). Residual bauxitic duricrusts
corresponding to the bauxite deposits interbedded in Cretaceous formations of



2 Landscapes and Regoliths at the End of the Cretaceous 225

Fig. 1. Sketch of the paleoweathering profiles developed in the Paris Basin on flint-bearing ”Chalk”
during the Late Cretaceous. The weathering induced the development of a thick mantle with corrod-
ed flint. Mineralogy is characterized by the abundance of kaolinite/smectite mixed layers. Kaolinite
is linked to the upper sandy horizon, whereas smectite is related to the deeper part of the profile where
the flint layers undergo dissolution in a still carbonate-rich environment

southern France and Spain (Guendon et al. 1983; Combes 1990), were also preserved
regionally. Kaolinite related to such basement weathering is always better ordered
than kaolinite related to weathering of the carbonate platforms.

At the beginning of the Tertiary, the clay minerals were varied in the landscapes
of France and neighboring countries. On the one hand, wide plains with alimestone
substratum were covered by a thick weathering blanket characterized by disor-
dered kaolinite and kaolinite/smectite mixed layers. On the other hand, plateaus
corresponding to the weathered crystalline basements were covered by kaolinitic
paleosols, pro parte inherited from former periods, mainly made up of well-or-
dered kaolinite. These thick alterite blankets were the source of material that fed
the so-called siderolithic discharge at the beginning of the Tertiary.

3 The Siderolithic Discharge

The first Alpine tectonic movements were perceptible during the early Tertiary,
and the warm and humid climate of the Cretaceous time became drier (Frakes et al.
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1992). The instability of the relief, together with the climatic change, induced rhex-
istasy (Erhart 1956): the alterites were eroded, inducing the onset of the most im-
portant detrital discharge of the whole Tertiary. This «siderolithic» discharge was
not synchronous everywhere, but protracted, at least from Paleocene to Middle
Eocene.It represents always the first detrital sequence in the Tertiary basins and is
made up of sandy, clayey, kaolinitic and Fe-rich formations. This discharge gave the
kaolinitic deposits mined for ceramics and refractories in the Hesse (Germany)
and Charentes regions and in the Paris Basin (France). The ”Argiles Plastiques”
Formation of the Paris Basin is a good example to illustrate the mechanisms in-
volved in the development of these deposits. It shows the interaction of the envi-
ronment, the sedimentology, the inheritance of the hinterland and the paleoweath-
erings in the facies differentiation.

3.1 Formation of the “Argiles Plastiques”

At the southern edge of the Paris Basin, the formation of the”Argiles Plastiques” of
«Sparnacian» age (Early Eocene) overlies the Cretaceous Chalk and forms the first
continental deposit. Two distinct deposits can be recognized (Fig. 2): an early one
in the west, consisting of mottled clays and nodular carbonates, and a later one in
the East, formed of kaolinitic clays and sands (Thiry 1981).

3.1.1  The Mottled Clays

In the western part of the basin, the Formation of the”Argiles Plastiques” consists
of an oxidized facies with yellow and red mottling. It contains several pedogenic
calcrete horizons and is composed of aluminous smectites (montmorillonite-bei-
dellite) and kaolinite/smectite mixed layers with traces of kaolinite.

These mottled clays were deposited in a flood plain between two ridges. Weath-
ering developed between flooding periods and resulted in the formation of cal-
cretes and more or less hydromorphic vertisols, pseudogley and gley soils. During
repeated weathering, the detrital material was progressively altered and the clays
progressively purified by geochemical processes. This flood plain extended NW
towards southern Britain where the Reading Beds Formation displays similar pale-
osol features (Buurman 1980).

Such an environment can be compared to the flood plain of the southern part
of the Lake Chad Basin, where sedimentary and pedologic processes interfere with
each other, developing smectite-rich vertisols with carbonate nodules (Bocquier
1972; Gac 1980). The paleoclimate was also comparable to that of the southern Lake
Chad area with 800 mm rainfall during 5-6 months during the year and a mean
temperature of 28 °C.

3.1.2 TheKaolinitic Clays

In the eastern part of the basin, the Argiles Plastiques were deposited in euxinic
environments. The formation contains finely dispersed organic matter with lignite
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Fig. 2. Early Eocene paleogeography of the Paris Basin after the”siderolithic” detrital discharge. Two
distinct environments can be recognized: mottled clays with many paleosol horizons accumulated
in an alluvial plain; kaolinitic clays settled in a lacustrine environment at the front of prograding delta
inlets. The deposits areas are framed by anticlinal axis of Hercynian and Variscian trends

lenses. Above a basal colluvium of reworked chalk, the Argiles Plastiques Forma-
tion is made up of a quartz-free kaolinite unit containing only small amounts of
pyrite and dispersed organic matter. It is overlain by lenses of silty kaolinitic clays
evolving to more or less clayey sands with interbedded lignite lenses towards the
top.

Kaolinite and traces of illite mica form the main part of the deposit, feldspars
being absent. Small amounts of smectite and kaolinite/smectite mixed layers are
restricted to the colluvium at the basis of the series. Traces of illite mica appear in
the sandy layers towards the top of the formation. The kaolinite crystallinity is low
in the basal unit of pure clay and increases in the upper sands. Regionally, kaolinite
crystallinity decreases from the border towards the center of the basin (Thiry
1982).
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The euxinic character of the deposits indicates sedimentation under a perma-
nent and widespread body of water. The bedding of the formation and the granulo-
metric distribution of kaolinite indicate that the basin filled on a deltaic front with
progressive sorting of the minerals. Sedimentation rates of the kaolinite particles
are related to their morphology and surface properties. The kaolinite of better
crystallinity consists of larger crystals settling first near the border of the basin; the
most disordered being finer grained and deposited farther into the basin.

3.1.3  Origin of the Clays

The distribution of smectite and kaolinite in the basin is related to erosion of the
paleosols developed on various parent rocks around the basin, under hot and warm
climate conditions at the end of the Cretaceous. In the western area where the
hinterland corresponds to flint-bearing chalk, the weathering environment was
always buffered by the occurrence of Ca carbonate and Si enriched by the flint
weathering. It, therefore, favored precipitation of smectite and kaolinite/smectite
mixed layers. In the eastern part of the basin, argillaceous and sandy sediments of
Lower Cretaceous, Liassic and Triassic age were extensively exposed, providing
more acidic weathering environments in which kaolinite developed.

Clay minerals did not evolve much during sedimentation. In the western area,
weathering developed between successive flooding periods, favoring smectite and
calcrete development, but the bulk composition of the clay mineral assemblage did
not change. In the East, inherited kaolinites were not modified in the lacustrine
environment where they were deposited continuously.

3.2 Extension of the «Siderolithic» Facies

In the Aquitaine Basin, the detrital Eocene deposits are thick and well preserved.
Towards the Massif Central, the deposits are thinner than 10-20 m and are generally
discontinuous. They are often restricted to paleokarstic sinkholes, are usually oxi-
dized, and show well-preserved weathering structures (Archanjo 1982; Trauth et al.
1985; Simon-Coingon and Astruc 1991). In the whole basin (Charentes), the deposits
are more than 100 m thick and comprise several upward coarsening negative del-
taic sequences. The dominant mineral components are quartz and kaolinite of
variable crystallinity (Kulbicki 1956; Dubreuilh et al. 1984; Dubreuilh 1989). Two
different types of kaolinite deposits are present: well-ordered kaolinite with some
muscovite (5-10%) and traces of feldspars, and disordered kaolinite, similar to
those of the”Argiles Plastiques” Formation of the Paris Basin, containing anatase
(1~3%) but devoid of micas and feldspars. These kaolinites correspond to distinct
sedimentary episodes and reflect a change in the source areas (Dubreuilh et al.
1984). The first deposit with ordered kaolinite and mica was supplied by reworking
of paleoweathered profiles developed on the granitic and gneissic basement of the
Massif Central. The second episode with disordered kaolinite and anatase appears
to have been fed from paleoprofiles set on sedimentary rocks, especially Jurassic
and Cretaceous limestones from the northern Aquitaine platform.
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The siderolithic facies exists at the base of most Tertiary basins in France.In
the Provence, several basins which were initiated by early Alpine movements, show
kaolinite-rich red sandy-clayey series (Triat and Trauth 1972; Roulin 1985). In the
Massif Central, red formations were found in Limagnes (Lapparent 1930; Des-
champs 1973; Larqué 1981) and residual deposits and paleoweathering profiles rest
on the basement (Krauth and Vatan 1938; Simon-Coin¢on 1989). Similar formations
are known in Brittany (Milon 1930, Estéoule-Choux 1983). These paleoweathering
profiles which developed on the basement, fed the detrital discharge in Languedoc
(Freytet1971), Vendée and Poitou (Steinberg 1969).In the Jura mountains, the ”side-
rolithic” formations are known to exist as paleokarst fillings (Fleury 1909; Vernet
1969). They allowed active mining of Fe ores (Bohnerz) and associated products
such as refractory clays (kaolinite) and white sands used for Fe casting.

The”siderolithic” facies is widespread in western Europe.In Spain, deep kao-
linitic regolith occurs on the basement of the Central Hercynian Range and feeds
the detrital discharge at the base of the Tertiary basins, here of Paleocene age
(Blanco et al.1982; Blanco and Cantano 1983; Martin-Serrano 1991). In Germany, the
Bohnerz facies is present at the borders of the Rhinegraben (Schalch 1922; Witt-
mann 1955) and on the wide Jurassic limestone platform of Bavaria (Kérber and
Zech1984; Borger 1992). Further north in the Hesse Graben, an important thickness
of kaolinite accumulated (Biihmann 1974) associated with lignite seams (Steckman
1952; Brosius and Gramann 1958).

3.3 Paleolandscapes

Soil erosion and correlative sedimentary discharge of the Lower Eocene shaped a
wide glacis covered with alluvium. This pediment intersected Cretaceous and
Jurassic formations around the Tertiary basins and it even extended onto the crys-
talline basement. In the basinal areas, sediments were deposited both in aggraded
flood plains where pedogenic and geochemical processes transformed inherited
clay minerals and in lacustrine or lagoonal environments where mechanical proc-
esses were dominant and inherited clay minerals underwent little or no alteration.
The lowlands formed humid landscapes clogged by clay accumulation, where
marshes, gallery forests and mangrove coast lines developed (Gruas-Cavagneto
1968; Gruas-Cavagneto et al. 1980; Roche 1988). Warm climates favored high organ-
ic production in these humid areas. Lignites associated almost systematically with
the kaolinite deposits of the Lower Eocene in the Paris Basin, in Charentes, and in
the Hesse Graben (where they are still mined), developed in these humid land-
scapes. Pollen characteristics of drier episodes are also present, they probably re-
flect best the climatic conditions prevailing during that period (Gruas-Cavagneto
1968). The glacis which is made by the”siderolithic” discharge and is covered by a
mantle of kaolinitic sand and clays, underwent different weathering processes and
transformations under drier climates during the Middle and the Upper Eocene.
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4 The Indurated Landscapes

The evolution towards a drier climate occurred during the Middle Eocene time
(Schuler 1990). The wide piedmonts built up around sedimentary basins by the
siderolithic” discharge, underwent a long continental evolution, resulting in the
formation of calcretes and silcretes in the landscapes. In lowland areas, lakes with
carbonate sedimentation were widely outspread.

4.1 Pedogenetic Silcretes

The upper part of the kaolinitic formations is often capped by silcretes. Their
micro-morphological organization and the successive silica dissolutions and pre-
cipitations observed in these profiles, indicate a pedogenetic origin (Thiry 1981).
These silcretes form a true siliceous induration, more or less continuous, which
reinforces the top of the siderolithic detrital formations.

In the Paris Basin, the silcretes cap the kaolinitic”Argiles Plastiques”and move
upwards to the borders of the peripheral crystalline massifs (Fig. 3). They are dif-
ferentiated on a regional scale. At the periphery of the glacis, they are discontinuous
and superimposed on ferrallitic paleoweathering profiles. Towards the basin, the
drainage axis and the lowlands are preferentially affected. Near the basin, they form
an almost continuous induration (Thiry et al.1983; Thiry and Turland 1985). Pedo-
genetic silcretes are known in the same lithostratigraphic position in the Aquitaine
Basin (Kulbicki 1956; Archanjo 1982), in Brittany (Estéoule-Choux 1967), in Pro-
vence (Roulin 1985), in Spain (Blanco and Cantano 1983; Blanco 1991) and as far
north as the Rheinish Massif (Lange 1912; Teichmuller 1958).

From a geochemical point of view, the development of these silicifications
shows clearly the shift from leached environments to more restricted ones. The
mineral sequence in silcretes, with quartz at the top of the profile and opal at the
bottom, corresponds to a progressive concentration of the percolating solutions.
The successive precipitations and dissolutions of silica in the profiles clearly sug-
gest alternate dry and humid periods. However, the climate was not the only factor
at work. The glacis shaped by the siderolithic discharge favored silcrete by setting
up an open environment. On the glacis, slow water outflow allowed export of the

Fig. 3. Schematic section across the southern border of the Paris Basin. Pedogenetic silcretes are
sitting on the Eocene palaeosurface. This was covered by a veneer of Lower Eocene flint-pebble
conglomerates, sands and kaolinitic clays
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Fig. 4. Schematic section across the Eocene formations in the basins of southeastern France. Cal-
cretes with palygorskite developed first in the detrital formations surrounding the lakes and then
progressively invaded the whole alluvium pediment

most soluble cations and fixed the moderately soluble cations, such as Si in the
landscape. The leached character of the ”siderolithic” host material is a further
condition for silcrete development. If alkaline or alkaline-earth cations, especially
Mg, are present, Si combines with them to form clay minerals. That combination
happened in the lowest parts of the landscape, together with the development of
calcretes.

4.2 Calcretes

Calcretes are especially well developed in southeastern France. Three factors fa-
vored their expansion: a tectonic framework individualizing basins and creating
contrasted morphologies, a hinterland mostly made up oflimestone and a relatively
dry climate.

The typical series begin with the deposition of clastics with inherited clay
minerals, mainly kaolinite, smectite and illite. They are overlain by green clays
which are more or less silicified, and contain illite and/or smectite and/or palygor-
skite. These sandy and clayey formations are overlaid by a Middle Eocene lime-
stone where palygorskite can become the dominant clay mineral (Fig. 4; Triat and
Trauth 1972; Trauth 1977; Truc 1975; Valleron 1981; Valleron et al. 1983; Valleron-Blanc
etal. 1985; Roulin 1985). The structures of the first limestone layers with nodules,
columns, «floating» quartz grains, glaebules, etc., indicate calcrete horizons. On the
other hand, the lack of vadose features and the transition to palustrine or lacustrine
facies indicate that calcitization developed in a groundwater environment. Shortly
after calcitization, raising of the water table led to the setting of lakes and to the
deposit of fossiliferous lacustrine limestone with common clay mineral assemblag-
es, devoid of palygorskite. The silicifications are likely to be related to several
phases. An early phase corresponds to a progressive alteration of the green clays
into opalite beneath the calcrete unit. A later phase induced silicification of the
calcrete facies.

The transition from green clay to calcrete shows clearly a transformation from
smectite or illite into palygorskite. This transformation is shown by the growing of
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palygorskite laths on smectite plates (Trauth 1977). Beyond this modification,
chemical analysis of the clay fraction suggests following relationship:

Al-Fe beidellite = Al-Mg smectite — palygorskite.

In addition, chemical analyses of single particles show that the octahedral
chemical composition of smectites and palygorskite overlap significantly (Paquet
etal.1987).

From a genetic point of view, this transformation is thought to be an alteration
of smectite to palygorskite or crystallization of palygorskite from smectite. Paly-
gorskite is linked to the calcrete facies, whereas smectites are exclusively linked to
primary clastic sediments. The opalites developed by leaching of the octahedral
cations of the clay minerals. They appear as end members of a sequence of increas-
ingly siliceous minerals:

beidellite — palygorskite — opal.

A similar succession of silcrete, calcrete and lacustrine limestone is known in
the Aquitaine Basin (Trauth et al. 1985). There, calcrete developed in superimposed
layers within the ”siderolithic” facies, trapped on the edge of paleoreliefs and in
paleokarst sinkholes (Fig. 5). Ferruginous paleosols developed and were silicified
in a stable landscape during a period of tectonic quietness. Calcrete development
came with a resumption of detrital input, heralding an interruption of the drainage
network and the development of lakes. Calcitization was accompanied by the alter-
ation of the inherited kaolinite into smectite and palygorskite (Archanjo 1982;
Trauth et al. 1985).

The same kinds of facies are known in most of the French Eocene basins. In
Alsace, the «perlitique» facies of the Bouxwiller limestone described by J. de Lap-
parent (1934) is related to similar calcrete facies with successive phases of calcitiza-

Fig. 5. Schematic section across the Eocene formations deposited above the karstified limestones of
the northern Aquitaine platform. Development of calcretes with palygorskite in the kaolinite pedi-
ment followed development of silicified palaeosols and heralds restricted lacustrine areas
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tion and palygorskite formation. [n Touraine, calcitization at the top of the ”side-
rolithic” clastic discharge accompanies petrographic and mineralogical modifica-
tions, especially in the clay fraction, including disappearance of kaolinite, increase
of illite content and appearance of sepiolite towards the top of the limestone for-
mation. (Saugrin 1982; Valleron et al. 1983).In the Paris Basin, calcretes with palygor-
skite invaded obliquely the clayey sands at the top of the kaolinitic”Argiles Plas-
tiques” Formation, and almost completely «digested» the silcrete indurations
(Thiry 1981, 1989; Thiry and Simon-Coingon 1996).

43 Encrusted Paleolandscapes

The often observed succession of calcitization following silicification corresponds
less to a temporal succession of two types of weathering than to their relative
positions in the paleolandscapes. Silcretes correspond to relative accumulations of
Si, with loss of all the other elements. They developed on glacis and piedmonts, in
fairly open environments, from which the more soluble elements were discharged
downstream. Calcretes which correspond to absolute accumulations, formed in the
low areas of the landscape, at the border of lacustrine basins (Fig. 6). Aslowlands
were aggraded by sedimentary deposits and became flattened, calcretes went up the
glacis and progressively invaded the silcretes.

Palygorskite development requires high Si and Mg concentrations and high
pH values. Under specific geomorphologic circumstances, these conditions can be
obtained in soils or sediments by rising groundwater subjected to severe evapora-
tion. Studies conducted on present weathering profiles suggest semi-arid or peri-
odically dry climatic conditions with rainfall of less than 400 mm/year (Paquet
1983; Singer1984).

The frequent occurrence of calcretes with palygorskite in Middle Eocene for-
mations can be interpreted as a stratigraphic marker, but this has not been proven
yet. In fact, palygorskite-bearing limestones are diachronous. Palygorskite in marls
and carbonates is reported in Provence-Languedoc as early as the Lower Eocene,
maybe even in the Upper Cretaceous (Sittler 1965; Freytet and Plaziat 1982). Some of
these limestones are obviously calcretes (Durand 1984). In Spain, palygorskite-rich
paleoweathering profiles are believed to be of Paleocene age (Fernandez Macarro
and Blanco 1991). Existence of a climate with a pronounced dry season allowed its
formation as early as the end of the Cretaceous. The first palygorskite-bearing
formations occur within basins where Pyreneo-Provencal tectonics had already
begun. Their development is chiefly controlled by tectonics that disrupted the
drainage network and induced the formation of restricted areas or basins.

5 Pre-Evaporitic Clay Minerals in Restricted Basins
Pre-evaporitic deposits developed in the Paris Basin and tectonic troughs, as early

as Middle Eocene. They are precursors of the evaporite deposits that spread out
during the Upper Eocene and Oligocene, on the platforms and in the grabens.
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Fig. 6. Distribution of silcretes
and calcretes in the Middle
Eocene of the Paris Basin. No-
tice the development of sil-
cretes around the southern
border of the basin, up to the
Hercynian basement. Calcretes
developed extensively at the
edge of the sedimentary basin
and in local low areas

5.1 In Southeastern France

In southeastern France, the already mentioned Middle Eocene paleosols and
duricrusts are topped by various facies among which are many relicts of chemical
deposits. In the Mormoiron Basin, for instance, argillaceous deposits with Al-Fe
smectites are overlain by a gypsum body flanked by two dolomitic episodes. As
dolomites and sulfates were deposited, clay minerals became progressively en-
riched in Mg (Al-Mg smectites, sepiolite and stevensite; Triat and Trauth 1972;
Trauth 1977). The chemical character of the clay mineral assemblages is especially
well marked in basins with low accumulation rates, like in the Mormoiron Basin.
On the other hand, in the grabens with thick sulfate and chloride deposits (as in the
Camargue, Valence, the Bresse, etc.), the clay minerals are inherited and underwent
no, or only few transformations during deposition (Moretto 1987; Dumas 1988).
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That can be explained by the high burial rate of the sediments, which allowed
preservation of the most soluble facies, but did not provide enough time to develop
aggradation, or even neoformation, of the clay minerals.

5.2 In the Paris Basin

In the Paris Basin, pre-evaporitic and evaporitic deposits are especially well devel-
oped in the Middle Eocene and Oligocene. The formation of the «<Masses du Gypse»
comprising four gypsum layers interbedded with marls, reaches up to 35 m in
thickness. It was deposited in the center of the Paris Basin during the «Marinesian»
(late Middle Eocene) and the «Ludian» (Upper Eocene). During the Marinesian,
fibrous clay minerals (i.e., sepiolite and palygorskite) developed in several clayey
and marly formations overlying « Auversian» marine sands (Sautereau and Decar-
reau 1973; Decarreau et al. 1975). The lower gypsum bed ("Quatriéme Masse du
Gypse”) rests on these marls and clays. They display clay mineral parageneses
which develop into successive zones on an east-west basin axis where marine
influences are noticeable (Fig. 7). Illite prevails in the central zone. Illite and paly-
gorskite make up the clay mineral paragenesis of the intermediate zone. Illite,
palygorskite, smectites and sepiolite are present in the peripheral zone.
Aggradation and transformation processes determine the geochemistry of the
clayey sediments. Most of the chemical elements came from erosion and leaching
of continental superficial formations. The Marinesian paleogeography induced the

Fig. 7. Middle Eocene ("Marinesian”) paleogeography of the Paris Basin. The clay parageneses are
organized around a sedimentary axis. The most chemical deposits containing sepiolite, developed at
the periphery of this axis where peak solution concentration is reached in local depressions protect-
ed from detrital influx
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geochemical polarity. Smectite and kaolinite are part of the inherited material and
are linked with coarser layers of detrital character.Illite came from aggradation of
Fe-beidellite by incorporating K supplied by marine incursions. Palygorskite can
result from transformation of inherited Fe-beidellite by a similar mechanism to
that considered for its genesis within calcretes. Sepiolite is sporadically present in
the more peripheral areas. It is authigenic by precipitation from solutions.

The study of a section of the peripheral area (Mont-Saint-Martin, Fig. 8) allows
precise determination of the paleolandscapes and mechanisms. The substratum
consists of ” Auversian” eolian-sand dunes deposited soon after withdrawal of the
sea. The”Marinesian” deposits are limited to interdune depressions, the pure clay
lenses being composed of sepiolite and smectite. The sandy layers include smectite,
illite/smectite mixed layers and traces of illite and kaolinite. The more regular
clayey units, which overlapped the eolian dunes, contain palygorskite, smectite and
illite. After along sedimentary hiatus, clay minerals radically changed with deposi-
tion of pure illite in the green clay units of Oligocene age. The highest concentra-
tion in the solutions occurred in the interdune-clay pans and ponds, into which
groundwater was discharging. Sepiolite formed in these areas, which were shel-
tered from detrital influxes under strong evaporation.

During the”Ludian” period, thick gypsum units were deposited in the center of
the basin with magnesian marls and lacustrine limestones in the peripheral areas
(Hébert 1860). The clay minerals formed three main mineral suites (Fig. 9; Trauth
1977): (1) palygorskite and Al-Mg smectites are the most common clays; (2) Al-Fe
smectites are present on the southern margin of the basin; and (3) sepiolite and Mg
smectites formed on the southwestern margin of the gypsum deposit. The distribu-
tion of these clay-mineral suites does not fit with the paleogeographic zones. There
is an inconsistency between the bulk-rock mineralogy and the clay-mineral suite.
Mg clays are not always associated with dolomite: sepiolite is frequently associated
with calcite-rich units, whereas dolomite units usually contain Al-Mg clay minerals
(smectites and palygorskite).

Fig. 8. Section of the "Marinesian” clay formations above the” Auversian” eolian sand (top of the Mid-
dle Eocene) at Mont-Saint-Martin (Marne). The Mg-clay minerals (smectite and sepiolite) devel-
oped in the interdunal depressions
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Fig. 9. Late Eocene (“Ludian”) paleogeography of the Paris Basin. The distribution of the clay para-
genesis matches the paleogeographic zones (after Trauth 1977). The sepiolite-rich zone can be relat-
ed to the influx of Si-rich waters deriving from flint-bearing chalk that cropped out at the southwest-
ern margin of the basin

Clay minerals are in competition with carbonates for incorporation of Mg,
with Si controlling the process. When Si is absent, Mg is incorporated in carbonates
and dolomite is formed. When Si is present, sepiolite and Mg smectites develop and
scavange Mg: calcite precipitates together with Mg silicates. The distribution of
sepiolite and Mg smectite along the southern margin of the basin probably has to be
related to Si-rich water inflows, originating from flint-bearing chalk which formed
the local bedrock.

53 Geochemical Mechanisms

The geochemistry of the solutions can be assessed from simulating evaporitic sys-
tems. Two different geochemical trends exist, depending on the oxic or anoxic
character of the environment (Maglione 1976; Droubi et al. 1976; Gueddari et al.
1982; Fritz et al. 1987). In a reducing environment, sulfides form and brines are
increasingly alkaline as they become concentrated, their Si content increasing with
concentration. In an oxidized environment, brines become sulfate-rich and are of
acidic or neutral pH. In these sulfate-rich brines, silica solubility decreases with
concentration (Marshall and Warakomski 1980), which is one key to the develop-
ment of Mg-rich clay minerals.In a sulfate-rich environment, silica solubility is low,
allowing only transformation of inherited clay minerals (development of Al-Mg
smectites and palygorskite). In an alkaline environment, solubility of silica increas-
es with concentration and clay minerals do not develop while Mg is incorporated
by carbonates. Alkaline waters, as well as fresh waters, transport Si. Mixing of such
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solutions with sulfate-rich solutions can induce high Si over-saturation. Around
lagoons with sulfate-rich brines, continental fresh waters release the Si, which in
turn scavanges Mg: sepiolite and Mg smectite precipitate together with calcite.

54 Paleolandscapes and Mechanisms

Pre-evaporitic deposits develop in very flat paleolandscapes corresponding to
margino-littoral environments (paralic realm, Guelorget and Perthuisot 1983) with
very shallow lakes or lagoons which were often dry. Surficial water flows and runoffs
were limited and most of the water came from discharge of ground or marine
waters in depressed areas, as in present systems (Logan 1987; Jacobson et al. 1988).
However, the maximum of solution concentration did not occur in the largest
bodies of water. Solution concentration was the most intense in the small restricted
peripheral depressions (interdune areas, insolated channels, etc.), and in the capil-
lary fringe directly above the emerging water tables. These environments can be
compared to those described by Gac (1980) and Magliene (1976) in the interdune
depressions to the north of Lake Chad where concentration of the brines by evap-
oration occurs until Na carbonate precipitates.

Silcretes and calcretes, previously developed around the sedimentary basins,
lefta deep imprint on the landscapes. They were later preserved from mechanical
erosion by siliceous and carbonaceous indurations which protected the underlying
sandy and clayey formations. Thus, chemical deposits developed without signifi-
cant detrital influx. Landscapes can be compared with the present-day wide ”Ha-
mada”limestone plateaus in northern Africa and with the silcrete capped plateaus
of inland Australia. Dunes may probably have existed, but they are only identified in
some formations of the Paris Basin.

There is no evidence of paleoweathering correlative to evaporitic deposits.
Weathering must have been very restricted under the dry climate of the Upper
Eocene, corresponding mainly to sulfate accumulations, as scattered crystals in the
soils or as true gypcretes, similar to present-day ones, in areas where precipitation
is less than 250 mm/year (Jessup 1951; Pouget 1968; Wells et al. 1987; Eswaran and
Gong Zi-Tong 1991). These surficial and thin accumulations could have been swept
away during later marine transgressions, or dissolved under later more humid
climates. Large amounts of sulfate, and possibly of chloride, have probably been
stocked in the soils around the endoreic basins, up to the peripheral crystalline
massifs. Dissolution and reworking of this pedogenic gypsum during the following
more humid period might have, at least pro parte, contributed to the accumulation
of the thick gypsum deposits in depressions.

6 Geochemical Sequence of Climatic Origin
Goldschmidt (1937,1945) was the first to propose a geochemical sequence of sedi-

mentary deposits from insolubles (sands and sandstones with their suite of heavy
minerals) to evaporation residues. As a geochemist, he underlined the distribution
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of the trace elements in the different components of the sequence. Millot (1957,
1964) discussed it from a geological point of view, determining that the main fac-
tors were tectonism and climate.

The continental deposits of the French Paleogene form a noteworthy example
of such a geochemical sequence. If we exclude marine sediments interbedded dur-
ing transgressions and consider only the continental series, the evolution of conti-
nental environments can be deduced from mineralogical suites. The clay mineral
parageneses of the Paleogene sediments in France illustrate well the diversity of the
minerals developing in continental environments. Tectonism and climate are the
driving forces of the system to which they provide energy. The geological frame-
work and the geomorphologies are the controlling factors of the regolith and the
sedimentary deposits because they provide the detrital material and the solutions.

The main stages of this sequence are controlled first by the climate. This latter
has an influence on the vegetation cover, the nature of the materials formed, the
erosion and the relief of the landscape. The original nature of the materials, the
water chemistry and the relief are inter-dependent elements: they are part of the
landscape geochemistry (Millot et al. 1976). The successive landscapes and environ-
ments result from geochemical differentiation. Clay minerals are in equilibrium
with these environments and are often indicators of them.

6.1 Development of the Weathering Mantles

Only warm and humid climates are likely to induce the formation oflarge amounts
of deeply weathered materials. Other climates generate less evolved and less typical
materials, or in too small amounts to have a major impact on the detrital input ofa
sedimentary basin. Thick kaolinitic weathering profiles mark strongly continental
series. They are the starting point of the observed evolutions and transformations.

Along period of tectonic stability (the biostasic period; Erhart 1956) is neces-
sary for the development of a thick weathering mantle. Under warm and wet cli-
mates, the residual phase of the weathering (Al clays, Fe oxides, etc.) is stored under
the protective forest cover. Soluble products are drained off the landscape. Weath-
ering profiles deepen and persist as long as tectonic stability and humid climate
continue. The nature of the bedrock imprints its mark on subsequently formed
materials (ordered or disordered kaolinites, gibbsite, ...).

6.2 Landscape Disruption

Tectonic movements or climatic changes induce erosion and landscape disruption.
Tectonic movements have a local impact, whereas climatic changes have a wider
response and more global effects. Climate aridification leads to destruction of the
forests and subsequent erosion of the weathering mantles. Peripheral basins then
receive detrital products, recording rhexistasy periods (Erhart1956). Such a biocli-
matic break-up is responsible for the great ”siderolithic” discharge known in Eu-
rope, Africa and America during the Paleocene to Middle Eocene period. Lowlands
are filled with alluvial sediments which are progressively buried. Luxuriant vegeta-



240 The Paleogene Continental Deposits in France

tion develops in these humid zones and is buried by successive alluvial deposits.
Lignite layers, frequently associated with siderolithic deposits, form during this
phase in the humid parts of the landscapes.

Most of the clay minerals are inherited from former landscapes. High accumu-
lation rates for these detrital deposits do not allow enough time for their transfor-
mation in the basin. Kaolinite, halloysite and aluminous smectites are characteris-
tic records of this episode.

6.3 Landscape Transformation

Under drier climates, erosion of landscapes is limited, because rains are rare. As
scarce vegetation favors sheet flood and formation of glacis, linear runoffs are
reduced. Weathering conditions change radically: leaching and accumulation al-
ternate as climatic periods or seasons occur in the same region. The landscape
becomes geochemically diversified. Only the most soluble elements are exported.
Depending on the landscape and on the geological framework, Si, Ca or Fe are
successively dissolved and re-precipitated further downstream as seasons alter-
nate, corresponding to what Georges Millot called «the geochemical culbuto.»
There is the domain of vertisols «rising» upslope and of siliceous or calcareous
duricrusts, which all promote flattening of the landscapes (Millot et al. 1976). These
landscapes are very sensitive to tectonic movements. Actually, there is no pervasive
erosion and any movement is able to break the drainage networks and to induce
individualization of lacustrine basins.

In these environments, clay minerals undergo successive transformations.
First, «grafting» of silica on the inherited kaolinitic minerals which are trans-
formed into smectite, then progressive Mg fixation induces formation of Al-Mg
smectites and finally of palygorskite.

6.4 Evaporitic Accumulations

When climates become very dry and arid, sedimentary deposits are restricted to
endoreic domains and littoral lagoons. Everywhere else eolian erosion prevails
when loose formations are exposed. Among the materials moved throughout the
landscape by the wind, only the most soluble elements are taken away and accumu-
late in the superficial part of the soils. A large stock of sulfates and chlorides can,
therefore, be trapped and then redissolved during more humid periods. Only after
a transit in the groundwaters, will they precipitate in the basins. The chemistry of
the bedrock controls the geochemistry of the groundwaters.

Away from lowlands where groundwaters flow out, clay minerals are not mod-
ified. Mg minerals develop in the depressions protected from detrital influx. Detri-
tal Al-Fe clay minerals are transformed and aggraded when Si concentrationis low.
Purely Mg clay minerals, Mg smectites and sepiolite precipitate when the Si content
of the groundwaters is high. These areas are the domain of the evaporitic clay
minerals (Trauth 1977).
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6.5 Sequence Polarity

The evolution of the climatic sequences recorded in continental successions al-
ways goes from humid to arid conditions. The reverse climatic evolution would
lead to a rapid alteration and erosion of the weathering materials formed during
former dry climates. This problem has to be considered when trying to do paleocli-
matic reconstructions. Even without tectonic movement and erosion, the sequence
is often truncated, either because the climatic evolution has not reached the most
arid period, or because of recurrent more humid conditions which obliterate the
imprint of former drier conditions.

7 Conclusion

The surfaces of the continents display a mosaic of extremely varied environments
and almost every kind of clay mineral can be formed. Three factors, which can act
in a complementary or in an opposite way, are of major importance for the under-
standing of the clay-mineral genesis: climate, topography and erosion. The bedrock
and the vegetation cover also induce differences that can be valuable indicators in
the reconstruction of landscapes.

1. Climate controls the concentration of solutions through rainfall and evapora-
tion and the reaction rates through temperature.

2. Topography controls the run-off and hence solution concentrations. High re-
lief limits the residence time of solutions and prevents increase in the concen-
tration. Conversely, flat landscapes favor concentration of solutions through
water stagnation.

3. Erosion controls the detrital influxes to basins and thus regulates the residence
time of particles at the water-sediment interface. If detrital input is high, parti-
cles are rapidly buried and the depositional environment has only limited
influence on them. On the other hand, if influx is restricted, the residence time
of particles is increased and the environment can imprint the sediments.

4. Rocks of the landscape basement determine the nature of the detrital influx
and the chemistry of the waters reaching the basin.

5. Vegetation cover regulates detrital influxes through bio-rhexistasy. It also in-
terferes through organic reactions. This component of the environment is the
most difficult to determine: most often organic matter is not preserved or is
modified during diagenesis.

The evolution of clay parageneses in the continental Paleogene of France
shows a succession of minerals starting with Al phases (kaolinite, kaolinite/smec-
tite mixed layers and smectite), which are followed by Al-Mg minerals (smectite
and palygorskite). This is a geochemical sequence beginning with leached environ-
ments, closing up progressively and finishing with a chemical precipitation of clay
minerals in restricted evaporitic environments.

The sequential deposits result from complex interactions between several
processes. Under somewhat similar hot climates with contrasted seasons, several
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types of weathering can develop. On the pediplain generated by the ”siderolithic”
detrital discharge, consisting only of Al and Si, clay minerals are destroyed and
silicification develops. If natural dams are created (by tectonism or rising of base
levels) carbonate accumulates in the ”siderolithic” materials. Calcretes and verti-
sols develop, Mg is fixed, clay minerals are aggraded: Al-Mg smectites and palygor-
skite develop. Under more arid climates, «evaporitic» clay minerals appear, pro
partebecause landscapes have been formerly capped by silcretes and calcretes that
preserved them from erosion and greatly reduced detrital influx.Yet,in areas where
tectonism plays a major role (grabens), detrital influx dominates the clay spectrum
and the climatic sequence of clay minerals is truncated.

Several factors are involved in the development of this sequence The geo-
chemical systems involved have self-regulation and self-development properties. If
a chemical condition of the system is not expressed or, alternatively,becomes exac-
erbated, some components of the sequence are delayed or appear sooner during
the climatic evolution. A diachronism thus arises between the sequences of dlffer—
ent basins or within a basin, according to the paleogéographic situation.

This overview has to be considered when studying clay minerals of continental
deposits. Interactions between climate, relief and geology of the landscapes are
multiple: their results are recorded in the deposits. To interpret them, we need to
differentiate the respective roles of these different factors.

Acknowledgements. This work has benefited from financial support of the CNRS
(UA 723 «Physico-chimie des processus biosédimentaires»), of the MNHN (BQR
«Evolution des climats et paléoenvironnements») and is a contribution to IGCP 317
«Paleoweathering Records and Paleosurfaces.» The authors thank personally Nor-
bert Trauth for sharing his wide experience of paleoweatherings and evaporitic
environments. Students or external researchers working with N. Trauth also con-
tributed greatly to this study, in Strasbourg or during field trips: J. Archanjo, F.
Meénillet, R. Simon-Coingon, E. Sommer, G. Truc and G. Vilas-Boas especially. The
authors also thank R. J. Gilkes and P. C. de Graciansky for critical reading and
corrections which improved and strengthened the manuscript and C. Nigrini and P,
Ditchfield for editing the English text.

References

Archanjo JD (1982) Le Sidérolithique du Quercy blanc (France). Altérations polyphasées sur roches
sédimentaires. Essai de datation, Thése, Univ Strashourg, 148 pp

Astruc JG (1988) Le paléokarst quercynois au Paléogéne; altérations et sédimentations associées.
Doc BRGM 133,135 pp

Astruc JG, Simon-Coincon R (1992) Enregistrement de I'évolution climatique et tectonique par les
paléokarsts (Exemple du Quercy et de ses marges). In: Salomon JN, Maire R (eds) Karst et évolu-
tions climatiques.Presses Univ,Bordeaux, pp 497-508



References 243

Blanco JA {1991) Cuarta parada: Los procesos de silicificacion asociados al paleogeno basal del borde
SW de la Cuenca de Duero: I sobre los sedimentos Paleocenos. In: Blanco JA, Molinar E, Martin-
Serrano A (eds) Alteraciones y paleoalteraciones en la morphologia del Oeste Peninsular.Inst
Tecn Geominero Esp, Monogr 6:239-249

Blanco JA, Cantano M (1983) Silicification contemporaine a la sédimentation dans I'unité basale du
Paléogéne du Bassin du Duero (Espagne). Sci Géol Mém (Strasb) 72: 718

Blanco JA, Corrochano A, Montigny R, Thuizat R (1982) Sur I'age du début de la sédimentation dans
le bassin tertiaire du Duero (Espagne). Attribution au Paléocéne par datation isotopique des
alunites de l'unité inférieure. CR Acad Sci Paris 295, D:259-262

Bocquier G (1972) Genése et évolution de deux toposéquences de sols tropicaux du Tchad. Inter-
prétation biogéodynamique. Mém ORSTOM, Paris, 62,350 p

Bocquier G, Paquet H, Millot G (1970) Un nouveau type d’accumulation oblique dans les paysages
géochimiques: I'invasion remontante de la montmorillonite. CR Acad Sci Paris 270, D:460—
463

Borger H{1992) Paleotropical weathering on different rocks in Southern Germany.Z Geomorph NE,
Berlin, Suppl-Band 91:95-108

Boulet R, Bocquier G, Millot G (1977) Géochimie de la surface et formes du relief. 1. Déséquilibre
pédoclimatique dans les couvertures pédologiques de I’Afrique tropicale de 'Ouest et son role
dansl'aplanissement des reliefs. Sci Géol Bull (Strasb) 30:235-243

Brosius M, Gramann F (1958) Das &ltere Tertidre von Grossalmerode (Hessische Senke).Z Dtsch Geol
Ges 111:543-558

Biihmann D (1974) Die Tonmineralzusammensetzung in den Sedimenten der Niederhessischen
Senke als Indikator festlandischer Verwitterung und brackisch-mariner Tonmineralneubil-
dung. Diss, Univ Géttingen, 83 pp

Buurman P (1980) Paleosols in the Reading Beds (Paleocene) of Alum Bay, Isle ofWight, U.K.Sedimen-
tology 27:593-606

Combes PJ (1990)Typologie, cadre géodynamique et genése des bauxites francaises. Geodinamica
Acta 4/2:91-109

Decarreau A, Sautereau JP, Steinberg M (1975) Genése des minéraux argileux du Bartonien moyen du
Bassin de Paris. Bull Soc Fr Minér Cristallogr 2-3:142-151

Deschamps M (1973) Etude géologique du Sidérolithique du Nord-Est, du centre du Massif central
francais et des terrains qui lui sont associés.Thése Univ Paris [V, 1270 pp

Droubi A,Cheverry C, Fritz B, Tardy Y (1976) Géochimie des eaux et des sels dans les sols des polders
du lac Tchad: application d’'un modéle thermodynamique de simulation de |'évaporation.
Chem Geol 17:165-177

Dubreuilh J (1989) Synthese paléogéographique et structurale des dépéts fluviatiles tertiaires du
nord du bassin d’Aquitaine. Passage aux formations palustres, lacustres et marines. Doc BRGM
172:461 pp

Dubreuilh P, Marchadour P, Thiry M (1984) Cadre géologique et minéralogie des argiles des
Charentes, France. Clay Min 19:29-41

Dumas D (1988} Le Paléogeéne salifére du bassin deValence (Sud-Est de la France):géométrie et sédi-
mentologie des dépots, synthése de bassin. Thése Univ Lyon, 293 pp

Durand JP (1984) Basse Provence: Paléocéne et Eocéne. In: Debrand-Passart (ed) Synthese
géologique du Sud-Est de la France. Doc BRGM 125:425-429

ErhartH (1956) La genése des sols en tant que phénomeéne géologique, Masson édit, Paris, 83 pp



244 The Paleogene Continental Deposits in France

Estéoule-Choux J (1967) Contribution a I'étude des argiles du Massif armoricain. Argiles des altéra-
tions et argiles des bassins sédimentaires.» Thése Univ Rennes, 319 pp

Estéoule-Choux J (1983) Kaolinitic weathering profils in Brittany. Genesis and economic impor-
tance. Geol Soc, Spec Publ 11:33-38

Eswaraen H, Gong Zi-Tong (1991) Properties, genesis, classification,and distribution of soils with
gypsum. In: Nettleton WD (ed) Occurrence, characteristics, and genesis of carbonate, gypsum,
and silica accumulations in soils. Soil Sci Soc Am, Spec Publ 26:89-119

Fernandez Macarro B, Blanco JA (1991) Septima parada:le depression deTalavan-Torrenjon el Rubio
(caceres, Espana). In: Blanco JA, Molinar E, Martin-Serrano A (eds) Alteraciones y paleoaltera-
ciones en la morfologia del Oeste Peninsular.Inst tecn Geominero Esp,Monogr 6:263-286

Fleury E (1909) Le Sidérolithique suisse. Contribution a la connaissance des phénomenes
d'altération superficielle des sédiments. Mém Soc Fribourg Sci Nat 6:262 pp

Frakes LA, Francis JE, Syktus JJ (1992) Climate modes of the Phanerozoic:the history of the earth's
climate over the past 600 million years. Cambridge Univ Press, Cambridge, 274 pp

Freytet P (1971) Les dépdts continentaux et marins du Crétacé supérieur et des couches de passage
del'Eocéne en Languedoc. Bull BRGM 1, 4:1-54

Freytet P,Plaziat JC (1982) Continental carbonate sedimentation and pedogenesis — Late Cretaceous
and Early Tertiary of southem France.Contrib Sediment 12:213 pp

Fritz B, Zins-Pawlas MP,Gueddari M (1987) Geochemistry of silica-rich brines from Lake Natron (Tan-
zania). Sci Géol Bull (Strasb) 40:97-101

Gac JY (1980) Géochimie du bassin du lac Tchad. Bilan de I'altération, delérosion et de la sédimen-
tation.Trav Doc ORSTOM, Paris, 123, 251 pp

Goldschmidt VM (1937) The principles of distribution of chemical elements in minerals and rocks.
J Chem Soc Lond 140:655-673

Goldschmidt VM (1945) Fondements géochimiques de la répartition des oligo-éléments. Sil Sci
60:1-7

Gruas-Cavagneto C(1968) Etude palynologique des divers gisements du Sparnacien du bassin de
Paris. Mém Soc Géol Fr 110:1-144

Gruas-Cavagneto C, Laurain M, Meyer R (1980) Un sol de mangrove fossilisé dans les lignites du
Soissonnais (Yprésien) aVerzenay (Marne). Géobios 13:795-801

Gueddari M, Fritz B, Tardy Y (1982) Géochimie de la silice dans les milieux évaporitiques sulfato-
chlorurés.Etude des saumures du Chott El Jerid en Tunisie. Sci Géol Bull (Strasb) 35:41-54

Guelorget O, Perthuisot JP (1983) Le domaine paralique. Expressions géologiques, biologiques et
économiques du confinement.Trav Lab Géol Ecole Norm Sup, Paris, 16,136 pp

Guendon JL, Parron C, Triat JM (1983) incidences des altérations crétacées sur la notion de sidéro-
lithique dans le S.E. de la France. Bull Soc Geol Fr 1:41-50

Hébert E (1860) Note sur le travertin de Champigny et sur les couches entre lesquelles il est compris
(coupe de Bruy-Marne). Bull Soc Géol Fr 17:800

Jacobson G, Arakel AV, ChenY (1988)The central Australia groundwater discharge zone: evolution of
associated calcrete and gypcrete deposits. Aust J Earth Sci 35:549-565

Jessup RW (1951) The soils, geology and vegetation of north-western South Australia.Trans R Soc
Aust 74:92-105

Klein C(1970) La «surface de l'argile a silex.» Rev Géogr Phys Géol Dyn 12/3:185-220

Korber E,Zech W (1984) Zur Kenntnis tertidrer Verwitterungreste und Sedimente in der Oberpfalz
und ihrer Ungebung.Relief, Boden, Paldoklima 3:67-150



References 245

Krauth F,Vatan A(1938) Sur I'origine des roches argileuses des environs de Confolens (Charente)
attribuées au Sidérolithique. CR Acad Sci Paris 206:443—-445

Kulbicki G(1956) Constitution et genése des sédiments argileux sidérolithiques et lacustres du Nord
deI’Aquitaine.SciTerre Nancy 4:5-101

Lange 0 (1912) Ueber Silikatsteine fir Martinofen. Stahl Eisen 42:1731

LapparentJ de (1930) Comportement minéralogique et chimique des produits d'altération élaborés
aux dépens des gneiss du Massif Central francais avant I'établissement des dépots sédimentaires
de I'Oligocéne. CR Acad Sci Paris 190:1062-1064

Lapparent J de (1934) D’une latérite, d’un calcaire lacustre (calcaire de Bouxwiller) et des roches
pisolithiques en général. Bull Serv Carte Géol Als Lorr (Strasb) 2:99-105

Larqué P (1981) Mise au point sur les paléoaltérations rubéfiées a kaolinite des bassins tertaires de
I'Est du Massif central. Existence de deux périodes d'altération rubéfiante dans le Paléogéne du
Velay. Sci Géol Bull (Strasb) 34:183-191

Logan BW (1987) The Mac Leod evaporite basin, western Australia. Holocene environments, sedi-
ments and geological evolution. Am Assoc Petrol Geol Mem 44:140 pp

Lombard A (1956) Géologie sédimentaire. Masson, Paris, 722 pp

Louail J (1984) La transgression crétacée au Sud du Massif armoricain. Cénomanien de I'Anjou et du
Poitou, Crétacé supérieur de Vendée. Etude stratigraphique, sédimentologique et
minéralogique. Mém Soc Géol Minér Bretagne 25:333 pp

Maglione G (1976) Géochimie des évaporites et des silicates néoformés en milieu continental con-
finé.Les dépressions interdunaires duTchad, Afrique.Trav Doc ORSTOM, Paris, 50,336 pp

Marshall WL, Warakomski JM (1980) Amorphous silica solubilities. |1. Effect of aqueous salt solutions
at 25 °C. Geochim Cosmochim Acta 44, 7:915-924

Martin-Serrano A (1991) El relieve del Macizo Hesperico y sus sedimentos asociados. In: Blanco JA,
Molinar E, Martin-Serrano A (eds) Alteracionesy paleoalteraciones en lamorphologia del Oeste
Peninsular.Inst Tecn Geominero esp, Monogr 6:9-26

Millot G (1949) Relations entre la constitution et la genése des roches sédimentaires argileuses. Géol
Appl Prospec Min,Nancy, 2,352 pp

Millot G (1957) Des cycles sédimentaires et de trois modes de sédimentation argileuse. CR Acad Sci
Paris 244:2536-2539

Millot G (1964) Géologie des argiles. Masson édit, Paris, 499 pp

Millot G,Bonifas M (1955) Transformations isovolumétriques dans les phénoménes de latéritisation
et de bauxitisation. Bull Serv Carte Géol Als Lorr {Strash) 8:3-20

Millot G, Bocquier G, Paquet H (1976) Géochimie des paysages tropicaux. Recherche 7/65:236-244

MilonY (1930) L'extension des formations sidérolithiques éocénes dans le centre de la Bretagne.CR
Acad Sci Paris 194:1360-1361

Moretto R (1987) Etude sédimentologique et géochimique des dépéts de la série salifére paléogéne
du bassin de Bourg-en-Bresse (France).Mém SciTerre,Nancy, 50,252 pp

Nahon D, Millot G (1977) Géochimie de la surface et formes de relief.V. Enfoncement géochimique
des cuirasses ferrugineuses par épigénie du manteau d'altération des roches méres gréseuses.
Influence sur le paysage. Sci Géol Bull (Strash) 30:275-282

Paquet H (1983) Stability, instability and significance of attapulgite in calcretes of mediterranean
and tropical areas with marked dry season. Sci Géol Mém (Strasb) 72:131-140



246 The Paleogene Continental Deposits in France

Paquet H,Duplay J,Valleron-Blanc MM, Millot G (1987) Octahedral compositions of individual par-
ticles in smectite-palygorskite and smectite-sepiolite assemblages. Proc Int Clay Conf, Denver,
1985, Clay Minerals Society, pp 73-77

Platel J (1989) Le Crétacé supérieur de la plate-forme septentrionale du Bassin d’Aquitaine. Stratig-
raphie et évolution géodynamique. Doc BRGM, 164, 572 pp

Pouget M (1968) Contribution a I'étude des croiites et encrolitements gypseux de nappe dans le Sud
Tunisien.Cah ORSTOM, Sér Pédol, Paris, 6, pp 309-365

Roche E (1988) Sporopollinic biostratigraphy andYpresian paleoenvironment.Bull Soc Belge Géol
97/3-4:373-383

Roulin F (1985) L'Eocene continental du synclinal d’Apt (Vaucluse, Sud-Est de 'a France); enchaine-
ments silcréte-calcréte et argilogenése. Thése, Univ Lyon, 242 pp

Ruellan A,Nahon D, Paquet H, Millot G (1977) Géochimie de la surface et formes de relief.Vi.Role des
encroltements et épigénies calcaires dans le faconnement du modelé en pays aride. Sci Géol
Bull (Strasb) 30:283-288

SaugrinT (1982) Les calcaires lacustres deTouraine:sédimentation et diagenése.Thése, Univ Orléans,
244 pp

Sautereau JB Decarreau A (1973) Genése des minéraux argileux, géochimie des éléments majeurs,du
chrome et du vanadium dans le Bartonien moyen du bassin de Paris. Thése, Univ Paris-Sud,
79pp

Schalch F (1922) Erlduterungen zu Blatt Griessen (Nr 157). Geol Spezialkarte Baden, 117 pp

Schuler M (1990) Environnements et paléoclimats paléogénes. Palynologie et biostratigraphie de
I'Eocéne et del'Oligocéne inférieur dans les fossés rhénan et rhodanien et en Hesse. Doc BRGM,
190, 503 pp

Simon-Coingon R (1989) Le role des paléoaltérations et des paléoformes dans les socles: I'exemple du
Rouergue (Massif Central francais). ENSMP, Mém Sci de laTerre, Paris, 9,290 pp

Simon-Coingon R, Astruc JG (1991) Les pieges karstiques en Quercy: réle et signification dans
I'évolution des paysages. Bull Soc Géol Fr 162:595-605

Singer A (1984) Pedogenic palygorskite in the arid environment. In: Singer A, Galan E (eds) Palygor-
skite-sepiolite. occurrences, genesis,and uses. Developments in sedimentology 37.Elsevier,
Amsterdam, pp 169-176

Sittler C(1965) Le Paléogéne des fossés rhénan et rhodanien. Etudes sédimentologiques et paléocli-
matiques. Mém Serv Carte Géol Als Lorr (Strasb) 24:392 Pp

Steckman W (1952) Der Braunkohlenbergbau in Nordhessen. Hessischen Lagerstdttenarch 1:1-212

Steinberg M (1969) Sédimentologie des formations continentales de I'Eocéne. Mém BRGM
69:353-357

Teichmuller R (1958) Die Niederrheinische Braunkohlenformation. Stand der Untersuchungen und
offene Fragen. Fortschr Geol Rheinld Westf 2:721-750

Thiry M (1981) Sédimentation continentale et altérations associées: calcitisations, ferruginisations
etsilicifications. Les Argiles Plastiques du Sparnacien du Bassin de Paris. Sci Géol Mém (Strasb)
64:173 pp

Thiry M (1982) Les kaolinites des Argiles de Provins: géologie et cristallinité. Bull Minéral
105:521-526

Thiry M (1989) Geochemical evolution and paleoenvironments of the Eocene continental deposits
in the Paris Basin. Palaeogeogr Palaeoclimatol Palaeoecol 70:153-163



References 247

Thiry M, Turland M (1985) Paléotoposéquences de sols ferrugineux et de cuirassements siliceux dans
le sidérolithique du nord du Massif central (bassin de Montlugon-Domérat). Géol Fr 2:175-
192

Thiry M, Cavelier C, Trauth N (1977) Les sédiments de I'Eocéne inférieur du Bassin de Paris et leurs
relations avec la paléoaltération de la craie. Sci Géol Bull (Strash) 30:113- 128

Thiry M, Delaunay A, DewolfY, Dupuis C, Ménillet F, Pellerin J,Rasplus L (1983) Les périodes de silici-
fication au Cénozoique dans le Bassin de Paris. Bull Soc Géol Fr(7)25:31-40

Thiry M, Simon-Coincon R (1995) Tertiary paleoweatherings and silcretes in the southern Paris Basin.
Catena 26:1-26

Trauth N (1977) Argiles évaporitiques dans la sédimentation carbonatée continentaie et épiconti-
nentale tertiaire. Bassins de Paris, de Mormoiron et de Salinelles (France), Jbel Ghassoul (Maroc).
Sci Géol Mém (Strasb) 49:195 pp

Trauth N, Lucas J, Sommer F (1968) Etude des minéraux argileux du Paléogéne des sondages de
Chaignes, Montjavoult, le Tillet et Ludes (Bassin de Paris). Mém BRGM 59:53~76

Trauth N, Astruc G, Archanjo J, Dubreuilh J, Martin P, Cauliez N and Fauconnier D (1985) Géody-
namique des altérations ferralitiques sur roches sédimentaires, en bordure sud-ouest crétacée
du Massif central: paysages sidérolitiques en Quercy Blanc, Haut Agenais, Bouriane et Périgord
Noir. Géol Fr 2:151-160

Triat JM, Trauth N (1972) Evolution des minéraux argileux dans les sédiments paléogenes du bassin
de Mormoiron (Vaucluse). Bull Soc Fr Minér Cristallogr 95:482-494

Truc G (1975) Les encrolitements carbonatés liés a la pédogenése; role important des microorgan-
ismes: biocorrosion et biosynthése de la calcite en milieu pédologique confiné. IXe Congr Int
Sédimentologie, Nice, Livret-guide, exc 2, pp 47-55

Valleron MM (1981) Les faciés calcaires du Lutétien a Planorbis pseudoammonius dans le Bas—
Languedoc: argilogenése et silicifications associées aux encroltements calcaires. These, Univ
Strasbourg, 108 pp

Valleron MM, Dulau N, Pourzahed P, SaugrinT (1983) Calcitisations et opalitisations dans I'Eocéne du
Sud-Est de la France.Comparaison avec des faciés analogues d’Alsace et deTouraine:Bull Soc
Géol Fr 25:11-18

Valleron-Blanc MM, Trauth N, Truc G (1985) Les calcrétes lutétiens de Laval-Saint-Roman (Gard).Géol
Fr 2:161-173

Vernet JP (1969) Morphologie des cristaux de kaolinite des formations sidérolithiques. Schweiz
Miner Petrogr Mitt 49:385-389

Wells SG, McFadden LD, Dohrenwend JC (1987) Influence of Late Quaternary climatic changes on
geomorphic and pedogenic processes on a desert piedmont, eastern Mojaveo Desert, Califor-
nia. Quat Res 27:130-146

Wittmann O (1955) Bohnerz und predozene Landoberfliche in Markgréflerland. Jahresh Geol
Landesamt Baden-Wiirttemb 1:267-299



CHAPTER 12

12 On the Genesis of Sedimentary Apatite and
Phosphate-Rich Sediments

JacQuges Lucas AND LILIANE PREVOT-LUCAS

1 Introduction

Igneous rocks consist essentially of silicate minerals which are unstable at the
earth’s surface where they gradually undergo hydrolysis. When the constitutive
chemical elements of these silicate minerals pass from the crystal state to that of
ions in water, the relative affinities among the elements change, some of them
moving away from each other, others becoming attracted towards each other. This
concept of “convergence and divergence of elements”was precious to Millot (1964),
who considered it to be one of the keys to understanding the organization and
evolution of the geologic materials at the surface of the earth. Some elements in
solution have a mainly inorganic geochemical behavior and are quickly incorpo-
rated into clay minerals. Other elements are involved preferentially in biological
activity and are associated with organisms and organic matter before becoming
constituents of authigenic minerals in sediments. Apatite is one of these authigenic
minerals which, because of its relatively low solubility, is commonly preserved in its
primary state. As a consequence, it has a far greater potential to reflect the original
geochemical characteristics of its sedimentary environment than common bio-
genic minerals such as carbonates and sulfates.

Clay minerals constitute a major component of the sedimentary sequences in
most sedimentary basins. Their capacity to exchange cations and their ability to be
transformed into new minerals make them active competitors for scavenging and
trapping trace elements, processes that commonly involve interactions with organ-
ic matter which is also modified. Consequently, clay minerals and non-silicate
authigenic minerals in sediments provide complementary data for studying the
mechanisms of sedimentary rock formation.

Clay minerals form a large family with a variety of members whose behavior,
structure and genesis remain far from being fully understood. Phosphate minerals
form another complex group of authigenic minerals which also raise many prob-
lems and controversies concerning their behavior, significance and genesis. The
problems in both families have many similarities. Though a comparison of both
groups seems a priori rather bold and artificial, it is very instructive since these two
groups, although seemingly very dissimilar, are in fact complementary and often
interactive.
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Phosphate minerals are numerous. Nriagu (1984) described more than 300
species and emphasized the fact that they occur as accessory minerals in almost all
types of known sedimentary, igneous and metamorphic rocks, in meteorites, in
regoliths and as components of biological structures. In other words, phosphate
minerals may form as easily in magmas controlled by the Gibbs’s phase rule,as in
liquids ruled by the law of mass action. This is a common characteristic of phyllo-
silicates which also occur in a wide range of settings, from micas originating in
deep crustal rocks to clay minerals forming in surface environments. Among all
phosphate minerals described, those of the apatite group, and more especially Ca
apatites, are by far the most abundant, originating in igneous, sedimentary and
purely biological systems.

Apatites crystallizing from a magma at high temperatures and those formed in
aqueous media at low temperatures are as different as are micas and clay minerals.
When apatites occur as accessory minerals in igneous rocks (or more rarely, as
major constituents, e.g., deposits associated with carbonatites), they are of macro-
scopic size and are idiomorphic. These are generally fluorapatites which are rela-
tively rich in Cl and are characterized by high contents of trace elements, especially
of rare-earth elements (REE; Nash in Nriagu 1984). By contrast, apatites formed in
surface environments are usually sub-microscopic and are barely visible, even with
a scanning electron microscope (SEM). These apatites are usually carbonate fluora-
patite (CARFAP) in sediments, or hydroxyapatite in vertebrate skeletons. They are
also rich in a great variety of trace elements,including U,Cd and many other metals,
when compared to their surrounding sediment.

Comparisons between the clay and apatite groups will not be pursued further
since the two groups, despite the broad similarities discussed above, are funda-
mentally different. In surface environments, clay mineral formation is closely tied
to inorganic geochemical processes, whereas the apatite group is typically formed
by organically mediated processes, primarily because P plays a major role in bio-
logical activity. This difference is well shown by experiments made to synthesize
the two mineral groups under pressure and temperature conditions typical of the
earth’s surface. The synthesis of clay minerals is difficult and results solely from
inorganic reactions, whereas the synthesis of apatites is much easier and may be
accomplished by either purely inorganic precipitation or by chemical precipita-
tion resulting from bacterial mediation, microbes being directly or indirectly in-
volved.

2 Apatite Synthesis

It is now well known that apatite can be obtained experimentally by several meth-
ods. Pure inorganic syntheses have been performed, in both fresh and seawater, by
a double exchange reaction between a soluble salt of phosphate (Na,HPO,, 12H,0)
and a Ca salt (e.g., CaCO,; CaSO,, 2H,0; CaCl,) with the addition of Na fluoride
(Nathan and Lucas 1976; Van Cappellen 1991). In seawater, apatite forms only when
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the medium is acid and when its Mg/Ca ratio has decreased from its normal value
of 5to around 1.

Apatite precipitation through bacterial mediation has been obtained in both
water and seawater from organic P and a solid or dissolved Ca donor (Lucas and
Prévot1984; Prévot et al. 1989). The ribonucleic acid which was used in these exper-
iments served both as a P donor and as a nutrient substrate for the microorganisms,
without which the environment remained inactive, and it proved impossible to
synthesize apatite. The details of the experimental procedures having been givenin
several publications, only the most significant results will be presented here.

Apatite obtained experimentally by bacterial mediation is very similar to that
recovered from unaltered sedimentary phosphate deposits (i.e., where they have
notbeen transformed by meteoric alteration or metamorphism). In both cases, the
mineral is a CARFAP which displays the same structure (as determined by XRD)
and has a broadly similar chemical composition with comparable CaO/P,0, and F/
P,O, ratios,and CO, contents. CARFAP has been obtained both by direct precipita-
tion from entirely dissolved products (Plate I, photo 1) and from solid carbonate-
mineral precursors (Plate I, photo 2), including bioclasts (corals, sea urchins, fo-
raminifera) and ooids (Lucas and Prévét 1985). In the latter case, the primary
structure of the object may be pseudomorphously preserved by a mechanism of
dissolution-recrystallization on a sub-microscopic scale, the dissolved carbonate
being replaced by the precipitation of apatite. In both cases, direct precipitation or
replacement, the apatites are sufficiently well crystallized to give good XRD peaks,
but the crystals are always very tiny and visible only with difficulty by SEM. The
apatite generally occurs either as micrometer-scale spheroids with radial-fibrous
internal structures, which are commonly aggregated to form “cauliflowers”, or
elongated grains interpreted as being mineralized microbial bodies.

The end products of the organically mediated experiments, both precipitated
cryptogranular aggregates and replaced solid precursors, always incorporate or-
ganic matter which is difficult to remove, even by long contact with strong oxidiz-
ing agents such as concentrated H,0,. A very similar situation occurs in phospho-
rites which very commonly contain organic matter trapped in aggregates of apatite
cryptocrystals. This organic matter cannot be hosted in the apatite lattice, which
implies that it has to be adsorbed on the tiny apatite crystals which form an imper-
meable felt, causing pore waters and solvents to have almost no access to the en-
closed nanopores. These nanopores probably also trap other constituents such as U
which may become incorporated in amounts up to several weight percents. Such
high concentrations are generally considered to be incompatible with structural
incorporation into the apatite lattices. However, the latter is possible and has been
demonstrated for Sr to Ca substitution and for partial Ba to Ca substitution (Lucas
etal. 1990).

The well-known inhibiting role of Mg in apatite formation has been confirmed
experimentally. In seawater, apatite only begins to form when the Mg/Ca ratio has
decreased significantly due to the precipitation of a Mg mineral resulting from
bacterial activity; in this case, the precipitated mineral is struvite, NH MgPO,,
6H,0.Of course, this can only happen in a closed environment, insulated from a re-
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enrichment in Mg. It should be emphasized that Mg is only an inhibitor, it merely
slows down considerably the formation of crystalline apatite. Eventually, with time,
apatite will form (Gulbrandsen et al.1984;Van Cappellen and Berner 1991).

All experiments were performed in an alkaline environment in which the pH
was self-maintained at about 8. Such a high pH may seem inconsistent with the
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Plate I. Examples of apatite micrograins obtained experimentally during the mineralization of cuttle
bone. They are considered to represent successive stages of apatite growth with mineralized bacteria
as nucleation sites. 1—7 Experimental products. 1 Scanning electron microscope (SEM) photomi-
crograph of coalescent cauliflower-like forms made by apatite precipitated from solution in the
absence of a solid precursor. 2 Photomicrograph (PPL) showing the experimental replacement of
aragonitic walls of cuttle bone by apatite; “140. 3 Smooth bacteria chains. 4 Ragged “bacteria” con-
nected by mycelian filaments. 5—7 Apatite growth, with the thickening masking the primary form
and leading to cauliflower-like elements. 8 and 9 Natural products. 8 SEM photomicrograph of co-
alescent cocoen-like microspheres infilling foraminifera chambers (Dekakra, Ganntour, Morocco).
9 Photomicrograph (PPL) showing replacement of a calcitic foraminiferal test by microspherical
apatite (borehole 285, Ganntour, Morocco); “350. Note the similarity of these natural products with
the experimental products (1 and 2)

dissolution of a solid carbonate precursor and with the necessity of an acidic envi-
ronment for apatite precipitation, confirmed by purely inorganic apatite synthesis.
This inconsistency is waived if we consider that bacteria cause an acidification of
the closely surrounding microenvironment, by the lysis of RNA and the liberation
of H.PO,, which is instantaneously buffered by the dissolution of nearby calcite and
the in situ precipitation of apatite.

Apatite has been produced synthetically in aerobic, intermittently agitated
environments, in disaerobic conditions (i.e., in uncovered, unagitated beakers)
and in strictly anaerobic environments in closed bottles and under argon atmos-
phere. In all cases, the final products were very similar. The main difference be-
tween each of the experiments, which started with the same original composition,
relates to the time needed for apatite formation: 2-3 weeks in the most oxygenated
conditions and 5-6 months in anaerobic environments. Thus, apatite formation is
not due to a specific type of microbe, though some species are more active, but
depends mainly on the bacterial metabolism which controls the quantity and qual-
ity of enzymes that play a major role in the hydrolysis of the organic matter,and
thus the availability of inorganic P. Experiments have demonstrated that the direct
utilization of alkaline phosphatase leads rapidly (within 1 day) to the formation of
apatite, even in the absence of bacteria. Again, the apatite occurred as micro-
spheres and cauliflower-like aggregates.

The possibility that various Ca donors can be used for apatite synthesis has
been well proved. In addition, the successful utilization of common mussel tissue in
place of RNA (Hirschler 1990), has demonstrated that P can also be provided by
more complex organic matter. The resulting apatite was similar to that of all previ-
ous experiments. Only the time necessary to obtain a precipitate under aerobic
conditions was increased to about 1 year. Thus, it is not unreasonable to assume that
any organic matter is a potential raw material for apatite formation.

The chemical inactivity of the sterilized preparations, the presence of recog-
nizable bacterial forms in the mineralized material, and the formation of NH,-
containing struvite clearly demonstrate the presence of bacterial activity. The con-
trols on apatite nucleation remain unresolved, although the morphology and
location of the synthesized apatite suggest two possibilities (Hirschler 1990; Hir-
schler et al. 1990):
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1. Crystallization of apatite in microenvironments close to bacteria. These mi-
croenvironments are modified by high concentrations of degradation prod-
ucts of metabolites, especially inorganic P, produced by bacteria. Nucleation
may then occur on a solid carbonate substrate for apatite precipitation which
acts afterwards as a pseudomorphic form for the dissolved carbonate. Nuclea-
tion may also start on the bacteria itself which acts as a passive substrate for
apatite precipitation from surrounding solution. Thus, bacteria acquire rug-
ged surfaces which later grow into coarser cauliflower-like aggregates.

2. Direct bacterial nucleation in the periplasm or cytoplasm. In this case, the
bacteria are phosphatized from the interior of the cell and have a smooth
external surface. However, they subsequently serve as nucleation sites for fur-
ther apatite precipitation and lose their pristine aspect (Plate I, photos 3-7).
The first mechanism in which apatite precipitation occurs outside the bacte-

ria seems to be the most frequent and the most efficient way by which most apatite

is formed.

3 Genesis of Sedimentary Apatite
3.1 From Experiment to Nature

Can experimental results be transposed to the natural environment and can they be
used to propose a model explaining the processes of apatite genesis in sediments?
There are many similarities between the synthetic products which have been de-
scribed above and the natural products, a representative selection of which will be
discussed later.

The same radial-fibrous spheroids, cauliflower-like aggregates and elongated
particles, which have been attributed to bacteria by many authors, have been ob-
served in many sediments. The bacterial nature of these particles, though credible,
has been challenged since there is no real proof that bacteria are able to self-
phosphatize, and the morphological similarities cannot by themselves confirm the
role of bacteria in phosphatization. Nevertheless, the importance of microbial or
fungal activity in phosphogenic environments is amply demonstrated by the abun-
dance of phosphatized organic forms which have been described (Baturin 1982;
Soudry and Champetier 1983; Lamboy 1987; Soudry and Lewy 1988; Prévot 1988,
1990), including filaments, tubes, and lamellae. Bacteria may have served as a sub-
strate for apatite precipitation, as did many other biological or mineral particles.
On the other hand, replacement of carbonate precursors is common. Many prima-
rily calcitic or aragonitic bioclasts undergo pseudomorphism by apatite and some-
times the replacement structures are the same as those observed in experimental
material. Vertebrate debris also serve as a substrate for apatite precipitation. In
natural environments apatite can form, as in the experiments, either by direct
precipitation from solution (Plate I, photos 1,8) or by replacement of a precursor
(Plate I, photos 2,9).
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It should be emphasized that both the natural and synthetic materials are very
similar from both mineralogical and crystal habit viewpoints. CARFAP occurs in
both cases as acicular cryptocrystals aggregated into particles lacking any organ-
ized internal macrostructure, so that for along time sedimentary apatite has been
considered to be amorphous and has been termed “collophane”. These felt-like
cryptocrystalline aggregates display a cryptoporosity. Single euhedral apatite crys-
tals, although common in igneous and metamorphic rocks, are very rare in sedi-
ments where they result, for the most part, from secondary transformations caused
by weathering, deep-burial diagenesis, or low-grade metamorphism.

The close association of preserved organic matter with phosphorites, even
after intense weathering, is significant. This organic matter is generally located
partly outside the apatite grains, and is responsible for the dark color of the un-
weathered rock matrix. However,light-colored phosphorites may also contain up
to several percent of organic matter which, as in synthetic apatites, is trapped
within cryptocrystalline apatite aggregates where it is difficult to be completely
destroyed by weathering. This organic matter is composed of humic and fulvic
material (Belayouni and Trichet 1979; Belayouni 1983; Benalioulhaj 1989) and of
organic molecules which, as markers of bacterial activity (Meunier-Christmann et
al. 1989), are useful in constraining phosphogenic models. As in synthetic apatites,
other components such as U (Lucas and Abbas 1989), or crystals of NaCl may be
trapped in the cluster of apatite crystals where their abundance and broad positive
correlation with P may be stoichiometrically puzzling to the geochemist.

Mg, although abundant in seawater, is a minor constituent of both natural and
synthetic apatites. The concentration of MgO in natural CARFAP is generally 0.05-
0.5% (Lehr et al. 1968), but it may be much lower in synthetic apatites, many of
which have been precipitated from solutions containing no Mg. Besides the macro-
scopic differences in morphology and scale which we will discuss later, these mi-
croscopic and chemical similarities are strong enough to allow the use, without
temerity, of the experimental results to explain the genesis of natural apatite.

3.2 Natural Apatite

As most known phosphorites are marine sediments, it is essential to consider a
model of apatite genesis in oceans. Dissolved phosphate is close to saturation with
respect to CARFAP in seawater (Van Cappellen 1991). However, the phosphate con-
tent of the surface oceans depends on an equilibrium linked to biological activity. P
is one of the limiting nutrients, which means in turn that it cannot increase mark-
edly in normal marine environments where organisms able to use it are living.
Consequently, P can only be concentrated in the organic matter resulting from
biological activity and it is independent of the original P supply (such as guano,
upwelling water, or continental weathering).

Among the constraints there is a strong necessity to extract most of the Mg out
of the solution. It is not possible to significantly deplete unconfined seawater of its
Mg. Thus, one has to consider temporarily closed volumes, or volumes with very
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restricted possibilities of exchange, in which precipitation of a high amount of the
available magnesium is possible. These closed volumes could be the interstitial
waters just below the water-sediment interface in which fluid circulation is already
limited (Daumas 1976). Struvite, the transitory mineral which hosts Mg in the ex-
periments, could then be a natural transitory mineral in the genesis of phospho-
rites. Subsequent dissolution of this highly unstable mineral could lead to the in-
crease in Mg needed for the formation of more stable phases such as dolomite and
Mg clays which are frequent components in phosphate-rich sediments. The ques-
tion remains as to whether these Mg minerals are the rule and whether calcitic,
non-Mg-mineral-rich phosphate deposits are invariably the result of dedolomiti-
zation, as has been documented for Morocco and Saudi Arabia (Lucas et al. 1979;
Prévot 1990; Sheldon, pers. comm., 1994), or whether, in some cases, apatite may
precipitate in the absence of a Mg sink.

In the very upper part of the sediment, organic matter from pelagic organisms
is deposited, and micro- and macrobenthic organisms are active, providing a fur-
ther source of P. This sediment surface zone also contains abundant bacteria that
transform organic matter. In this respect, our experimental results are well suited to
the natural environment since we have been able to obtain apatite not only from
various concentrations of RNA in solution, but also from desiccated mussel tissue
with a P concentration (1.92% P,O, dry weight) close to that of mean organic matter
[2% P,0,, calculated from theoretical formula (CH,0),,(NH,) ,H,PO,]. It is not
unrealistic that, as in our experiments, bacteria destroy this organic matter, induc-
ing mineralization of phosphate and precipitation of apatite outside the bacteria.

The experimental results, as well as similarities recognized between synthetic
and natural apatite, suggest that the environments in which apatite forms are well
isolated microenvironments which are accessible to microbes. In addition, the
microenvironments are rich in organic matter, relatively depleted in carbonate,
which would otherwise inhibit apatite precipitation, and probably oxygenated
since aerobic bacteria seem the most active. These characteristics cannot be met all
together in a single natural environment. Oxygenation of the uppermost sediments
is achieved by agitation, which is not conducive to maintaining the necessary tem-
porarily closed microenvironments for the removal of Mg by precipitation, which
reduces the speed of apatite formation (Van Cappellen 1991). On the other hand,
some anaerobic environments which may be favored by sedimentation of detrital
clay particles could be totally asphyxiating, with the micropores being too small for
bacterial access, and thus the organic matter would be partly protected. This would
be the scenario for black shales which are often associated with phosphorites (Be-
nalioulhaj 1991). The environments most conducive to apatite precipitation might
be intermediate between these two extremes. They are commonly termed “oxygen-
minimum”,“oxygen-depleted” or “poorly oxygenated” zones, or “mildly reducing
environments”, Comparative studies of black shale and corresponding phospho-
rites (Meunier-Christmann et al. 1989) have shown that the destruction of organic
matter follows similar pathways. In both cases, biomarker molecules prove the
phytoplanktonic origin of the organic matter, the pristane/phytane ratio below
unity points to a globally reducing environment, and the organic matter is imma-
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ture. In black shales, the transformation of organic matter is slow, the humic and
fulvic acids condensing into kerogen (Huc 1978) and mineralization being rare. By
contrast, the transformation into phosphorites proceeds differently, phosphate be-
ing mineralized and apatite precipitating. Part of the remaining transformed or-
ganic matter is trapped in cryptopores within phosphate grains and then the evolu-
tion of this organic matter is blocked (Benalioulhaj 1989). The part of the organic
matter which is not incorporated into the phosphate becomes increasingly oxi-
dized, probably during periods of mild agitation, and is finally dispersed in solu-
tion.

The deposition of a sediment with high organic matter and low carbonate
content depends on the seawater environment above the sediment-water inter-
face. It appears that seawater needs to be enriched in nutrients leading to high
productivity which, for reasons that are still to be understood (Westbroek 1991),
produces mainly non-calcareous planktonic species. Interestingly enough, such
favorable zones may occur either as huge surfaces of the continental shelf, such as
in Morocco at the Cretacecus-Tertiary transition, or as isolated spots within a
chalk basin like the Paris basin (Jarvis 1992) during the Late Cretaceous. The
paleoenvironmental conditions which resulted in the formation of a dominantly
chalk province on the northern side of the Tethys and a dominantly phosphate
province to the southern side are in great need of more investigation.

Observations suggest that the phosphogenic sediments should be low in both
detrital minerals and biogenic carbonate particles. This is strengthened if one
thinks in terms of the budget of apatite production on oceanic shelves. This budget
relies on the average chemical composition of organic matter [normally represent-
ed as (CH,0),,,(NH,),H,PO,] which contains 35.8 wt% organic C and 0.8% P. As
0.8% P corresponds to 5.6% of potential apatite, 100 g of sedimented organic mat-
ter corresponding to 35.8 g organic C may lead to 5.6 g apatite. According to Par-
sons et al. (1977), primary productivity of organic matter on the shelves in modern
oceans is 60-80 g m™ year™, of which 30-40% is trapped in the sediment, repre-
senting a deposition rate of 20-35 g m™ year™. In areas of high productivity, the
annual C deposition is much higher, as illustrated by the deposition of 1214 g
myear™,or even more off La Jolla, California. A high productivity zone of 1000 g
m™year™ C (i.e., 2800 g m~year™ of organic matter) may thus provide 156 g m™
year™ of apatite, which for a mineral density of 3, would correspond to 50 cm>m™
year™ apatite. This is equivalent to an apatite layer being 0.05 mm thick. This esti-
mate is of the same order of magnitude as that of F6llmi and Garrison (1991). To
obtain this quantity of apatite, approximately 60 g of Ca are needed, which might
be provided by microorganisms such as diatoms by their organic matter (Péres
and Deveéze 1964 in Slansky 1980). It is understood that these are maximum values,
since this calculation has the prerequisite that all of the deposited organic matter
has been mineralized without any being recycled in the sediment and escaping in
solution. In addition, any supply of detrital or biogenic minerals not involved in the
mechanism of apatite formation will produce a diluting effect. Supplies of such
material exist in most phosphate-rich series.
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Fig. 1. Schematic diagram showing conditions favorable for the accumulation of organic matter
which are needed for the mineralization of phosphorus and the crystallization of apatite

In summary,only microenvironments formed in sediment pores can support
the bacterial processing of organic matter which is able to increase the dissolved
phosphate content sufficiently for rapid apatite precipitation, and at the same time
allow the dissolved Mg content to become depleted.

The deposition of a source bed with a high organic matter content requires a
reduced detrital sediment supply. This means either a shelf fringing an arid conti-
nent, which is consistent with phosphogenesis being associated with an upwelling
system (Fig. 1), or offshore shoals far from the coast. It also requires a dominance of
organisms without carbonate shells in an environment which does not favor the
precipitation of biogenic carbonate. High productivity in the water column has to
be maintained by a nutrient flux, particularly a P supply. Given these requirements,
the main supply of P is likely to be marine, and upwelling water provides the most
satisfying source. Productivity is probably irregular because of its linkage with
periodic upwelling (Eshet et al. 1994), biological blooms, mass mortalities and, on a
longer time scale, global and local parameters including ocean opening, sea level
changes, and climatic variation. Preservation of organic matter on the seafloor,
albeit with partial oxidation to provide dissolved phosphate, requires a calm envi-
ronment without high detrital clay input and moderately oxygenated, but not anox-
ic, conditions. Such intermediate environments cannot be expected to persist over
long periods.
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Though many questions remain to be addressed, the conditions of apatite
genesis are slowly coming to light. We have a better insight into its paleoenviron-
mental conditions. It is likely that precipitation of tiny apatite crystals takes a very
short time, comparable to that necessary to obtain it experimentally, which is in-
stantaneous in geological terms. Experiments cannot help to explain the formation
of phosphorites and phosphate-rich sequences. For that purpose, complementary
observations are needed, not at the level of the microenvironment or of the pores of
the source bed, but at the level of rocks, beds, and deposits.

4 Genesis of Phosphorites and Phosphate-Rich Sequences

The immense accumulations of phosphate in sedimentary deposits have been puz-
zling geologists for along time. The main question to be addressed is the extraordi-
nary disproportion between the crustal content of P (about 1000 mg g™), its con-
tent in sediments, most of which does not exceed 4000 mgg™, and the
concentrations observed in phosphate deposits. For example, the P,O, content of
the raw phosphorite ore in Morocco is greater than 30%, and the estimated reserves
in the Ganntour and Oulad Abdoun basins, which have been exploited for more
than 6o years, are over 34 million tons. This estimate is certainly considerably less
than the total phosphate content of the basins since associated phosphate-rich
beds, containing insufficient amounts of phosphate to be considered worth exploi-
tation, have not been taken into account. Furthermore, the total accumulation of
phosphate in this specific Moroccan area of the North African Atlantic margin is
even higher when the newly exploited deposits of Bou Craa and Meskala, which are
still under preliminary study, will be included. Looking to the north and the south
beyond the Moroccan phosphate area, it can be established that the whole Mediter-
ranean basin, including large areas of Tunisia, Egypt and the Near East,and to a
lesser extent Turkey, Greece and Albania, and the northwest margin of Africa in-
cluding Mauritania, Senegal and Togo, broke into a “phosphate fever” during the
late Cretaceous and early Tertiary (Prév6t 1990).

Since the Precambrian, several other “phosphatic fevers”have been detected as
landmarks through geological time. They have produced sedimentary phospho-
rites displaying a great variety of characteristics: dark or light, friable or indurated,
siliceous, calcitic or dolomitic, granular or nodular. Undoubtedly these characteris-
tics do not all reflect primary states; some result from late diagenetic and even from
metamorphic transformations, or from varying degrees of meteoric or hydrother-
mal alterations (Flicoteaux and Lucas 1984). It is remarkable that in all of these
phosphorites originating from such a wide variety of ages and places, the apatite
mineral differs little in composition. It is invariably a CARFAP with varying
amounts of CO,. This homogeneity of composition might be an indicator of simi-
larities in the genesis of these apatites. But similarity is not unity and our purpose
is not to claim a single invariant model. It is likely that each of the various phospho-
rite facies is a response to a globally similar model with specific characteristics due
to local environmental factors.
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In this contribution, we have been dealing primarily with granular phospho-
rites which represent the main constituent of most ancient sedimentary deposits.
To address the problem of the genesis of the mineral apatite, it is important to study
pristine phosphate sediments which have not been modified by burial diagenesis
or weathering after formation. The choice is difficult and certainly partially arbi-
trary. Many studies have shown that ageing and weathering result in a decrease in
the CO, content of apatite, and that weathering may lead to bleaching of the prima-
ry sediments by oxidation of the organic matter, to dedolomitization,and to other
processes. We have chosen to investigate Cretaceous-Tertiary deposits of the Teth-
yan province in which, due to the important volume of phosphate-rich sediments,
primary facies have been preserved locally and are distinguishable by their com-
mon characteristics.

Petrographically, phosphorites exhibit a great diversity reflected in a wide va-
riety of phosphate grain types (Prévét 1990). While many of their characteristics
bear a close similarity to the ultrastructures observed in the experimental material,
the natural grains are-much bigger and are generally easily visible to the naked eye.
Grain types include: (1) skeletal debris of vertebrate teeth and bones, (2) coated
grains in which structured apatite coats (Plate II, photo 10) a nucleus of different
mineralogy, (3) uncoated, structureless grains which are pure apatite, (4) entire or
fragmented fecal pellets, and (5) microfossils, or debris of macrofossils, the origi-
nally calcitic or aragonitic tests of which have been phosphatized. Two characteris-
tics of all phosphate grains which are particularly important to the genesis of phos-
phorites shall be highlighted: the uniform mineralogy of these various grains
consisting in CARFAP suggests a common point in their history, while the wide-
spread occurrence in phosphate sediments of silica and secondary silicification, of
dolomite dominantly in small rhombs, and of clay minerals occurring as fragile
bridges between all these constituents or as clusters around them, indicate a link
between the parageneses of these different components.

With the exception of bone debris which retain their primary structure (after
pseudomorphism), most other phosphate grains and matrices consist of cryptoc-
rystalline aggregates. These polycrystalline apatite grains, even the smallest, clearly
cannot have formed in a single pore of an ooze; several crystallization stages are
required. We propose a mechanism with alternate opening and closing of the pore
system corresponding to changes in the ooze structure. This could be compared to
what happens in a jig. During the first stage, the ooze is structured and pores are
created between the slightly compacted particles. In these pores, interstitial water is
divided into separated closed microenvironments. During the second stage, the
ooze is homogenized, particles are dispersed, insulated pore spaces disappear and
the interstitial water forms a continuous and open system. When the pores are
closed, bacteria transform the available organic matter and promote apatite pre-
cipitation. After a short time, equilibrium is reached in the pore and precipitation
stops. Precipitation occurs again only after new nutrients are supplied for further
bacterial activity, i.e., when fresh organic matter is introduced into the ooze. As
diffusion seems to be far too slow a process to provide a sufficient supply of dis-
solved organic matter, the addition of organic matter probably occurs predomi-
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Plate II. Examples of natural apatite grains.1o Grain showing several broadly concentric coatings
(Bengrir, Ganntour, Morocco); '140.11 Apatite surrounded by dolomite rhombs.12,13 Association of
two grains in a single apatitic envelope. 14—16 Dolomitic nucleus in an apatite grain (scanning elec-
tron microscope) and elemental distribution maps for Ca (14) and Mg (15)

nantly when the pores become reconnected during homogenization of the ooze.
Repetition of many structuring-homogenization events is likely to produce apatite
in varying amounts, depending on how long the system is operative.

During pore-insulation episodes, apatite precipitates as dispersed tiny crystal-
lites. During homogenization, this insoluble apatite remains, while struvite and any
other transitory Mg minerals dissolve, providing solutions with high Mg contents
which are available to form dolomite. Each of these pore opening-closing succes-
sions result in the formation of new apatite crystals which progressively aggregate
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to form grains. Dolomite, on the other hand, precipitates by the overgrowth of early
nuclei, forming abundant small dispersed rhombs (Plate II, photo 11).

This mechanism solves the apparent contradiction between the necessity for a
closed environment to precipitate apatite and a continuous supply of material.
When this sedimentary material is the result of mainly non-calcareous productiv-
ity,it has a low Ca carbonate content but is high in organic matter and Si. The two
former constituents are involved in apatite formation and consequently are deplet-
ed as the proportion of apatite in the sediment increases, whereas Si continues to
accumulate, giving the phosphate-rich sediment its typically siliceous character.

The above mechanism also helps to explain the change of scale between apatite
precipitation in a microenvironment within a short time and the enormous apatite
accumulations in phosphorite deposits, which took several million of years. Thus, it
helps to explain how the stability of the environment of apatite precipitation can be
maintained over such long periods, while studies of modern occurrences appear to
indicate a lack of environmental stability. Moreover, such instabilities are actually
required for the structuring-homogenization process. Some potential causes of
instability include: the release of gas (e.g., CO,, NH,} resulting from microbially
mediated decay of organic matter,burrowing by benthic organisms, variable bot-
tom currents inducing local sediment mixing, seasonal variations of upwelling cur-
rents leading to an irregular supply of sediment, and catastrophic events such as
storms and earthquakes. All of these “perturbing events” may participate in the
proposed mechanism. It is easy to imagine that such regular, widespread and fre-
quent structuring-homogenization episodes would not fundamentally modify the
regional or global environment which would appear to remain stable over long
periods.

Periods of repeated apatite crystallization leading to phosphate grain forma-
tion are interrupted by larger scale winnowing and reworking, which are periods of
non-sedimentation. The previously formed apatite grains are redeposited and are
again placed in an environment suitable for apatite formation. This second order
alternation is responsible for the variety of petrographical aspects of grains, includ-
ing the multiple coating of grains (Plate II, photo 10), multiple grains wrapped in
the same envelope (Plate IT, photos 12, 13) and the occurrence of dolomite rhombs
forming the nuclei of apatite grains (Plate II, photos 14-16).

The story of phosphate-rich sediments is still not complete. Many deposits
display rhythmic sequences in which beds of almost pure apatite alternate with
beds of dolomite, silica, clay,and sometimes black shales. These complex succes-
sions are linked either to environmental changes or to changes in the dynamics of
the deposit. It seems tenable that unconsolidated phosphate-rich sediments may be
transported over varying distances during periods of higher energy, and that during
winnowing different minerals which formed together in a common environment
become fractionated and are redeposited separately after sorting. Such winnowing,
which is proved by an extraordinary mixing of fossil species (Soncini and Rauscher
1988; Soncini 1990), probably leads to friable phosphate beds with very high apatite
content, alternating with beds which are sometimes totally lacking in phosphate.
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The above observations explain why we are inclined to consider phosphorites as
one type of bioproductite. Other types with which phosphorite is sometimes asso-
ciated include black shales, dolomite, chert, chalk and glauconite. The physico-
chemical and biological factors that lead to the preferential formation of one or
another of these bioproductites is far from being well understood, but from our
current results we propose a model for the formation of phosphorites which can be
described as a four-stage system (Fig. 2):

1.

The first stage concerns the P trap. As indicated earlier, we link the trapping of
P to its concentration in organic matter, caused by the proliferation of organ-
isms in response to an increased nutrient supply. One of the best known and
most efficient ways of supplying nutrients is by upwelling water. We know that
there are various types of upwelling generated by various causes and occurring
in various paleogeographic situations. The important point is that they all
favor high organic productivity.

The second stage concerns the trapping of the organic matter in areas of rela-
tively shallow water, such as on continental shelves. In deeper water areas much
of the organic debris is recycled or dissolved before reaching the sea bed. In
this box, the type of biogenic material depends on the species dominating the
biomass (Fig. 3), which in turn depends, through still largely unexplained proc-

Fig. 2. Model for the formation of marine sedimentary phosphate deposits
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Fig. 3. Variations of the organisms living on the continental shelf as a function of environmental con-
ditions, and consequent variations of early diagenetic facies

esses, on the characteristics of the aquatic environment (temperature, salinity,

oxygenation, turbidity, exchange with the deep ocean, freshwater supply).

3. The third stage represented by the ooze located immediately below the sedi-
ment-water interface (Fig. 3), is the domain of early diagenesis in which authi-
genic minerals are formed during a succession of microenvironmental clo-
sures alternating with homogenizing episodes.

4. The fourth stage concerns the place where the minerals formed in the third
stage are collected, sorted and concentrated, and where apatite is definitively
locked up within the sedimentary sequence. This stage is the domain of hydro-
dynamic influences.

For the processes invoked in the model to be more easily understood, the four
stages have been described as being separated in time and space, although they are
probably alternating and recurrent. At the same time, stage 1 may govern conditions
in one spatial area, while stage 4 may be active somewhere else. During the repeated
alternation of the four stages at one place, the duration and intensity of the process-
es occurring in each stage are undoubtedly variable. Thus, the very fundamental
concepts of changes in scale are dealt with. The spatial scale ranges from microen-
vironments in which the crystallites of apatite precipitate to immense accumula-
tions in the ore deposits. The time scale records the occurrence, over along period,
of many short episodes of precipitation.

Thus, phosphorites are not the result of a continuous process, but are rather the
products of several mechanisms, some continuous, some discontinuous, some oc-
casional. During stage 1, the supply of P to the environment is a continuous process,
even if modulated by seasonal variations. During stage 3, apatite precipitation and
growth are necessarily discontinuous: in space within the pore-water system of the
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sediment, and in time due to the opening and closing of the system. Finally, even if
these conditions for apatite formation are attained, only in occasionally favorable
circumstances are the precipitated minerals concentrated and immobilized on the
shelf, since winnowing currents may also disperse them toward the open ocean.

Each stage of the formation of a deposit needs a favorable conjunction of
specific conditions. The rapid growth of the marine biomass (stage 1) and more
especially the preferential growth of the most P-concentrating biomass, depends
on many factors including climate, the CO, content of the atmosphere and of sea-
water,and the location and duration of upwelling currents. This is the stage where
possible relations between phosphorites and glaciations or volcanism are intrigu-
ing. These relations are not direct connections, but are different results of the same
state of the earth.

The trapping of organic matter (stage 2) depends on the morphology of the
basins and on their relation with the ocean, in other words, on global paleogeogra-
phy and local tectonics. The diagenetic formation of apatite (stage 3) depends on
the stability of the basin floor, in which calm conditions result in stratification of
the water column and the formation of temporarily oxygen-depleted bottom wa-
ters with a reduced supply of detrital material. In such basins, which appear to be
tectonically stable for long time periods, catastrophic episodes provoke mechani-
cal reworking, leading to the sorting of minerals by winnowing and to the deposi-
tion of the different beds in a reduced parautochthonous sequence.

The group of conditions which are linked to both global and local events and
circumstances is encountered locally at different stages of the general evolution of
the earth, displaying an apparent rhythmicity of phosphogenic processes, as de-
scribed by Cook and McElhinny (1979). Again, there is a spatial and temporal dis-
continuity in the formation of phosphate deposits which does not necessarily
correspond to a discontinuity in the P supply to the oceans. In other words, major
variations in the P content of the oceans are not necessary to explain the formation
of phosphate deposits. We believe that all geological periods supply P almost equal-
ly, but that only some were able to concentrate part of it, while others kept it regu-
larly disseminated in sediments in which its low content is not striking. As a matter
of fact, even economic deposits contain only a small part of the total P locked in the
sedimentary record, most P occurring in disseminated form in phosphate-poor
sediments.
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CHAPTER 13

13 Clay Mineral Sedimentation in the Ocean

HeERVE CHAMLEY

1 Introduction

Georges Millot’s thesis (1949) was on the «Relationships between the nature and
genesis of argillaceous sedimentary rocks». His last scientific contribution was
published in early 1991 a few months before he died and was entitled «About the
abundance of smectite minerals in common marine sediments deposited during
high sea level stages in late Jurassic-Paleogene times» (Chamley et al. 1990). Georges
Millot’s first and last reviews were, therefore, devoted to clay sedimentation in
marine environments where he defined the widely used terms of heritage, transfor-
mation and neoformation. This underscores the interest and energy that he de-
ployed throughout his scientific life in order to better understand clay mineral
sedimentation in the ocean in the course of the earth’s geological history. His scien-
tific and didactic approaches are expressed in all the publications he was part of or
wrote by himself, especially in the outstanding book that he published in 1964
(English version in 1970).

The aim of the present contribution is to pay tribute to Georges Millot by
summarizing data published during the last few decades on the clay mineral ma-
rine sedimentation. Largely based on a textbook (Chamley 1989,1992), this review
takes into account a few additional publications issued more recently. We consider
successively clay mineral origin in relation to detrital supply, clay destruction and
its authigenesis close to the sediment-seawater interface, and the evolution of clay
materials in the marine paleoenvironments during post-sedimentary diagenesis.
The present contribution follows the content of the textbook by focusing on the
major lessons provided by hundreds of references dealing with specific chemical
environments from coastal to deep sea with detrital versus diagenetic constraints
in past geological series, and with paleoenvironmental signatures by the clay min-
eral during the course of geologic times.
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2 Sedimentary Formation and Destruction of Clay Minerals
2.1 In Alkaline Evaporitic Environments

Evaporative conditions develop in lagoon and shelf environments characterized by
hot arid climate and chemical confinement. Such conditions do not determine
conspicuous or noticeable clay mineral formation in recent coastal sediments. By
contrast, past peri-marine environments show massive Mg clay formation of smec-
tite and/or palygorskite groups, at different periods between the late Devonian and
the Tertiary. The chemical formation of clay occurred during some geologic stages
in a similar way within peri-marine and continental sediments, especially during
early Paleogene times (e.g. Trauth 1977; Thiry 1981; see also Singer and Galan 1984).
In addition, chemical clays are proved to form through pedologic processes, espe-
cially by authigenesis in ancient calcareous soil crusts (see Paquet and Ruellan, this
Vol.).

The convergence observed in the nature of pedologic, river-lacustrine and
coastal clays sheds light on some genetic conditions that must have been similar in
the three types of environments (see Blanc-Valleron and Thiry, this Vol.). Salinity
appears to have played a minor role, while strong alkalinity, water stagnation, in-
tense evaporation and warm climate were probably critical. This implies poor
drainage and flat relief to prevent the evacuation of ionic solutions and to permit
chemical concentration. Such climatic, morphological and geochemical controls in
the formation of Mg clays under evaporative conditions cast doubt on the possibil-
ity of crystallization of the same minerals in non-hydrothermal deep-sea environ-

SHEET SUITE FIBER SUITE
DETRITAL Al-Fe smectite Al-Fe
SUPPLY (wyoming) I
TRANSFORMATION Ai-Mg smectite Al-Mg
{cheto)
RECRYSTALLIZATION Al-saponite palygorskite Mg-Al
Mg-saponite Mg
NEOFORMATION stevensite sepiolite

Fig. 1. Clay mineral sequences in alkaline-evaporative shallow-water environments, from data on
Paleogene of France. (After Trauth 1977)
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ments characterized by cold, slightly alkaline or chemically concentrated and mo-
bile water. Deep-sea Mg clays appear to be able to develop only in a few, very
restricted environments marked by local ion concentrations, such as those deter-
mined by halmyrolysis of crustal basalts or peridotites (e.g. Karpoff et al. 1989).
Minerals preferentially originating in alkaline evaporitic environments in-
clude Al-Mg beidellite, Al and Mg saponite, stevensite, palygorskite and sepiolite. A
noticeable part of peri-marine and lacustrine smectites consists of Al-Fe beidellite
and is detrital (Trauth 1977); they chiefly accumulated in sediments deposited on
the borders of the evaporative basins. These minerals were transformed into Al-Mg
smectites (i.e. saponite) and palygorskite in intermediate sedimentary environ-
ments. Stevensite (Mg smectite) and sepiolite appear to have proceeded from true
neoformation under evaporitic conditions that prevailed in the central part of
basins or in the upper levels of chemical sequences. The genesis of Mg sheet and
chain silicates seems to have followed two independent geochemical paths (Fig. 1).
Other evaporative clay minerals reported in the literature include mainly Per-
mo-Triassic chlorite and corrensite which appear to depend on hypersaline condi-
tions and perhaps also on diagenetic control by geothermal gradient. Furthermore,
recent investigations and experiments stress the possibility of illitization through
evaporation by repeated wetting and drying cycles (e.g. Deconinck 1992).

2.2 In Organic Environments

Living organisms appear to be rarely able to modify the mineral composition of
clay associations by bioturbation and nutrition activities. There are a few examples
of a slight degradation of chlorite and mixed-layer clays through sediment inges-
tion by some shallow-water benthic crustaceans and annelids and of the transfor-
mation of mineral standards through digestion by some copepods living in near-
shore seawater (see references in Chamley 1989). Alteration of Al-Si detrital
minerals by living organisms appears to be restricted to shallow-water fecal pellets
and to be of little quantitative importance, as proved by the fact that marine clay
mineral assemblages fundamentally resemble those identified in river sediments
from adjacent landmasses.

Sapropels and sapropelic marls developing temporarily during late Cenozoic
time in the Mediterranean Sea, especially in eastern basins, display a wide range of
relations between organic and mineral sedimentary constituents. In some sapro-
pels, clay minerals tend to be diversely degraded according to the initial mineral
composition, the abundance of organic matter, and the bathymetric and topo-
graphic situation (Fig. 2). Clay degradation tends to increase toward the central
and deepest parts of sapropelitic areas, in depressed zones and at the bottom of
organic layers, and to affect palygorskite, smectite, chlorite, mixed layers and illite
in decreasing order. Kaolinite appears to be rather stable in Mediterranean sapro-
pels. Correlative changes occur in inorganic geochemistry and in other sedimenta-
ry constituents such as organic matter, sulfides,and biocalcareous and biosiliceous
debris. Late Cenozoic Mediterranean sapropels represent unusual marine environ-
ments in which clay degradation occurred close to the sediment-water interface
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Fig. 2. Interpretation of submarine clay-mineral alteration in Pliocene—Pleistocene sapropels of
the eastern Mediterranean Sea. (After Sigl et al. 1978)

mainly through the action of organic acids, in a manner similar to that characteriz-
ing continental podzolic soils and some underclays.

By contrast, Cretaceous black shales in the Atlantic domain contain diversified
clay associations that mostly vary independently of the organic matter content.
Smectite, which is the most common mineral, is well preserved in all black-shale
sedimentary facies, as are other clay species including palygorskite and chlorite. In
addition to the near absence of in situ clay alteration, Atlantic black shales differ
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from Mediterranean sapropels by their great extension and thickness, their small
dependence on submarine bathymetry and topography, their diverse lithologies,
and their often terrigenous, moderately abundant, and immature organic matter.

23 In Clay Granular Environments

Green Fe-clay granules represent typical marine particles that form close to the
sediment-water interface in the upper part of continental margins and submarine
topegraphic heights, in semiconfined microenvironments (Odin 1988). Green
granules dominantly form in marine regions marked by reduced terrigenous sup-
ply, essentially through neoformation processes. The genesis of green granules is
favored by high sea level stands, but it does not necessarily correlate with transgres-
sive stages,sedimentation gaps, or turbulent water.Iron-rich clay granules develop
from various substrates, the most suitable being calcareous microfossils and fecal
pellets. The rapidity and intensity of greening noticeably depend on the nature and
size of the host substrates and on the microchemical environment, as shown by
various cases summarized by Odin (1988).

Green clay granules in modern sediments are of two mineralogical types. Ver-
dine consists mainly of a 7 A Fe-clay mineral called odinite (Bailey 1988) and is
identified only in late Pleistocene-Holocene sediments. It develops in shallow-
water zones of intertropical regions (maximum 50-80 m depth), close to river
mouths that provide abundant-dissolved Fe. The second type, referred to as glauco-
ny, is a group characterized by minerals of various types: Fe smectite, glauconitic
smectite and mixed layers, and glauconite (Fe-K illite). Glaucony statistically de-
velops in deeper and cooler marine areas than verdine. Glaucony granules could
have formed during at least the Holocene, at latitudes as high as 50° and at water
depths of 1000 m. However, its maximum production occurs between 150 and
300 min temperate warm to equatorial regions (Fig. 3). Glaucony formatien pro-
ceeds in several stages, marked by a strong enrichment successively in Fe and K, by
an increase in initial volume causing external cracks and by the disappearance of
the original shape of the substrate. Glaucony also has film and diffuse habits, in
contrast to verdine.

The chemical and mineralogical evolution of green clay granules stops either
after long exposure at the sediment surface (about 105-10° years for glaucony) or
after significant burial (usually a few decimeters). Most past Fe-rich clay granules
appear to have formed, like recent ones, in semi-confined environments located at
the sediment-water interface. But ancient glaucony minerals often display better
crystallinity than recent ones, without any noticeable chemical difference. Ancient
Fe-rich clay granules are reported from fresh-saline water-mixing zones to deep
offshore. The formation processes of old glauconitic peloids and of oolitic iron-
stones are sometimes still poorly understood (see van Houten and Purucker 1984).

The formation of green clay granules is the first important step in the incorpo-
ration of terrigenous Fe in mineral structures within the marine environment.
Continental shelves and upper slopes marked by glauconitization and incidently by
verdine formation serve as geochemical filters during the transfer of dissolved
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Fig. 3. A Distribution of glaucony and B verdine in surface sediments of the World Ocean (after Odin
1988). Hatched areas without detailed mineralogical data

elements from land to sea, a similar role being played in the deeper ocean by
metalliferous sediments. Note that the celadonite-bearing facies, despite its miner-
al, chemical, morphological, and environmental particularities related to volcanic
dependence, presents Fe and K enrichments, restricted conditions and greening
mechanisms comparable to those typical of Fe-rich sedimentary clay.

2.4 In Deep-Sea Metalliferous Clay Environments
Deep-sea metalliferous clay which represents a major step in the fixation of Fe in

marine sediments, appears to form essentially close to the sediment-seawater in-
terface and, therefore, results largely from hydrogenous processes. Authigenic alu-
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minosilicates in deep-sea brown clay mainly comprise nontronite-like Fe-smec-
tites, which contain minor but significant amounts of Al and Mg (Hoffert 1980).
Metal oxi-hydroxides form the dominant constituents in these environments, and
are frequently associated with zeolites of phillipsite type. Very little evidence exists
for the hydrogenous formation in detectable amounts of palygorskite or sepiolite
in non-hydrothermal deep-sea sediments.

Despite their frequent occurrence, authigenic smectites are often only an ac-
cessory component of metal-bearing deep-sea clays, dominant Fe and Mn oxi-
hydroxides forming abundant independent particles, aggregates, micronodules or
nodules. Some «brown clays» are almost devoid of clay minerals, particularly in the
South Pacific and south Indian Oceans where metal oxides, zeolites and biogenous
debris are the main sedimentary constituents (Fig. 4). Some subsurface metallifer-
ous clays in the South Pacific virtually lack clay minerals, in contrast to surface
deposits in the same domain, raising the question of the stability of Fe-smectites
under burial conditions. The central and South Pacific deep-sea brown oozes af-
fected by intense authigenic processes, contain less clay minerals, less fine-grained
fractions and less volcanic materials than North Pacific deep-sea brown oozes
receiving dominantly terrigenous input (in Chamley 1989). In general, these Ceno-
zoic clays are characterized by a very low sedimentation rate (often <1 mm/
10%year) and small thickness (less than a few tens of meters) and they have few true
equivalents in the geologic records.

The mechanism of smectite hydrogenous formation in deep-sea brown clays
is only partly understood. The most probable process in the Pacific Ocean consists
of alow-temperature interaction between biogenic silica providing Si and perhaps
a proportion of Al, Fe-oxi-hydroxides providing Fe, and seawater providing Mg
and accessory elements. The negative anomaly of Ce, which is registered in many
authigenic smectite-bearing sediments, underlines the influence of seawater (e.g.
Hoffert 1980; Bonnot-Courtois 1981). An alternative mechanism is suggested for
some brown, siliceous clays of the Indian Ocean where amorphous Fe-Si complex-
es are possible precursors for smectite genesis (Fréhlich 1982). Whatever the
mechanism, it appears to depend little on direct volcanic activity or direct hydro-
thermal input. The relative importance of synsedimentary and early diagenetic
contributions in clay formation is often difficult to assess, because the extremely
low rate of deposition of pelagic brown clay favors long-lasting exchanges with the
open sea environment, as well as bioturbation. Early-burial effects generally appear
to be of little importance, since most old-brown clays from typical authigenic envi-
ronments apparently show no significant increase in smectite abundance (e.g.
south equatorial Pacific and south Indian Oceans). In addition, deep-sea metallifer-
ous clays set up difficult questions about the transition between autochthonous
and allochthonous influences. Because smectites, for instance, may issue from var-
ious continental and submarine sources and may be reworked from one marine
environment into another one, the identification of their initial origin constitutes
a difficult task. The combination of sophisticated chemical, microchemical, mi-
cromorphologic and isotopic investigations in both sedimentary and interstitial
environments, together with modelling, may greatly help to characterize genetic
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Fig. 4. Sedimentological and rare-earth-element data on metalliferous clay in a core of the central
south equatorial Pacific Ocean. (After Hoffert 1980)

conditions. Fruitful approaches are provided by rare-earth element measurements
on selected mineral species and grain-size fractions and by detailed Rb-Sr isotope
analyses.

25 InVolcanic and Hydrothermal Environments

The submarine alteration of volcanic glass classically gives way to the formation of
various types of smectites, as does the subaerial alteration of these unstable, poorly
crystalline materials (see Fisher and Schmincke 1984; Chamley 1989). The influence
of hydrothermalism on the clay mineral formation is less often investigated in the
literature (e.g. Buatier et al. 1989). Internal hydrothermal processes include altera-
tion of the oceanic crust by high-temperature fluids and metamorphism of sedi-
ments intruded by basalt sills. Surficial processes include low-temperature altera-
tion and precipitation of hydrothermal material in the deep sea. Low-temperature
alteration of glass is called palagonitization and is characterized by successive
formations of hydrated glass, Mg smectite (saponite), metal oxides and zeolites



2 Sedimentary Formation and Destruction of Clay Minerals 277

(phillipsite); the final stage of palagonitization corresponds to the development of
exclusive authigenic minerals intermixed in complex aggregates. Low-temperature
alteration of crystalline basalt determines the formation of various minerals: oxi-
dizing conditions favor the formation of Mg-Fe smectites relatively depleted in Mg
(<6% MgO) and of K-rich celadonite, carbonates, and Fe-Mn oxides; reducing
conditions lead to Mg-rich smectites (>20% MgO) and Fe sulfides. A large part of
hydrothermal alteration phenomena depends on the action of seawater migrating
within the upper oceanic crust, which corresponds to the first phases of the subma-
rine hydrothermal cycle.

Hydrothermal deposits are fundamentally characterized by the precipitation
of abundant Fe-Mn oxi-hydroxides relatively depleted in minor transition ele-
ments (Co, Cu, Ni). Deposition of massive sulfides and other minerals may also take
place near hot-water vents, as the fluids emerge. Clay minerals are often not abun-
dant in hydrothermal deposits, perhaps because of an excess of Fe or depletion of Si
or Al. When noticeably present, clay minerals basically consist of nontronite, a
typical dioctahedral Fe smectite that usually precipitates fairly close to the vent
areas. Nontronite is considered as an end-member characterized by very abundant
Fe and little Al and Mg (Fig. 5). Several other chemical types of smectite occur in the
deep ocean, in vent areas, and may have various origins extending from hydrother-
mal sources to typically soil-derived sources (McMurty et al. 1983).

Nontronite may further evolve into glauconitic minerals during the very early
diagenetic history. For instance, the hydrothermal mounds of the Galapagos
Spreading Center contain green clay layers interbedded with common pelagic 0oz-
es; these green clays display an increase in K contents in the oldest layers, and a
development oflathed clay particles made up of rigid, straight, and dislocation-free
glauconite (Buatier et al. 1989).

Unstable trioctahedral Fe smectite (Fe** saponite) locally occurs adjacent to
vents in Red Sea depressions filled with warm brines (Badaut et al. 1983). Fibrous
clays of both palygorskite and sepiolite types may also form in a hydrothermal
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environment; they appear to result preferentially from transformation of smectite-
rich sediments located in the immediate vicinity of basalts and subjected to the
combined influence of hydrothermal fluids, basalt and seawater reacting under
semi-confined conditions. The pelagic sediments intruded by or rapidly blanket-
ing hot basalt sills are baked for a few centimeters thickness and experience a very
local contact metamorphism; the resulting products consist of regular mixed-layer
clays such as corrensite (chlorite-smectite) or of chlorite and high-temperature
zeolites (Desprairies and Jehanno 1983).

The progressive dilution of hydrothermal plumes in seawater determines a
transition from hydrothermal to hydrogenous environments. It is not easy to rec-
ognize the dominant influences and genetic processes occurring in sediment tran-
sitions between true hydrothermal and true hydrogenous or terrigenous environ-
ments, or to identify hydrothermal signatures in ancient oceanic sediments. The
great abundance of Fe and Mn relative to Al and the depletion of Co, Cu, and Ni
relative to Zn are fairly reliable indicators of a dominantly hydrothermal impact
relative to a hydrogenous influence characterized by more abundant minor metals
and to a terrigenous influence marked by less amorphous metal oxides (e.g. Mc-
Murtry et al. 1983). Schematically, pure hydrothermal smectite is very rich in Fe
(nontronite), whereas pure hydrogenous smectite contains noticeable amounts of
Aland Mg (Al-Mg-bearing Fe smectite; Fig. 5). By contrast, terrigenous smectite is
frequently of an Al-Fe beidellite type, especially when formed in warm climatic
regions and it is often accompanied by various other clay minerals. But such a
distribution characterizes end-member clays. Additional information is expected
from data on chemical elements from hydrothermal sources (As, Se, some rare
earth elements, etc).

3 Detrital Supply and Diagenesis of Clay Minerals
3.1 Terrigenous Inputin Modern Oceans

Terrigenous supply represents the dominant agent responsible for the constitution
of clay suites in many recent sediments of the world ocean. This is deduced from
the latitudinal distribution of clay minerals in many oceanic regions, which paral-
lels their distribution in terrestrial soils, from the scarcity of isotopic and chemical
equilibrium of marine clays with the oceanic environment, from the correspond-
ence between the age of most marine clays and the average age of rocks cropping
out on the adjacent continents and from evidence for very high particulate terrig-
enous flux to the ocean relative to the dissolved flux (e.g. Chamley 1989; Weaver
1989). Additional evidence is provided by the absence or scarcity of clay mineral
changes at the land-sea transition, the essentially physical character of sorting and
settling processes during marine transportation and the frequent similarity of fine-
grained mineral compositions in soils, river sediments, sestons, aerosols, marine
suspended matter and surface sediments of a given region.
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Illite, chlorite, associated quartz, feldspars and various dense minerals, com-
monly called primary minerals, typically constitute terrigenous species. Kaolinite,
random mixed layers and vermiculite minerals are mostly characteristic products
of chemical weathering and pedogenesis developed on exposed landmasses. Less
common sheet silicates such as talc, pyrophyllite and serpentine also result essen-
tially from the erosion of continental rocks.

Smectites are largely supplied to the sea by rivers and coastal runoff from
lowest to highest latitudes and can issue from various soils, weathering complexes,
sedimentary rocks, and plutonic and volcanic rocks. They do not suffer from river
and marine transportation and are often carried to the marine environment farther
than other minerals because of their high buoyancy. Both non-volcanogenic and
volcanogenic smectites derived from terrigenous sources add to marine-derived
smectitic minerals, from which they can be distinguished only by detailed geo-
chemical and micro-morphological investigations. Fibrous clays, especially paly-
gorskite but also sepiolite, tolerate transport constraints. much better than was
classically believed and can constitute detrital components of various marine sed-
iments (in Chamley 1989). This is the case in coastal muds (e.g. southwestern Med-
iterranean, Persian Gulf), turbidites (Gulf of Oman, eastern Atlantic), hemipelagites
(eastern Atlantic, Mediterranean), and pelagites (Arabian Sea). Palygorskite bun-
dles survive reasonably both the eolian and the subaqueous transport. Like smec-
tites, fibrous clays set a problem of boundary between detrital and authigenic
sources in marine environments.

The present-day zonation of terrigenous clays in the ocean is basically control-
led by the climate. Kaolinite forms mainly through chemical weathering in soils of
humid low-latitude regions, whereas chlorite and illite mostly derive from the
physical weathering of magmatic and metamorphic rocks that crop out widely in
high-latitude and desert regions. Random mixed layers, vermiculite minerals and
poorly-crystallized smectite mainly characterize temperate regions; well-crystal-
lized Al-Fe smectites largely form in soils of warm arid and poorly drained regions
(Millot 1970). This soil- and climate-driven zonation is particularly well reflected
by Atlantic Ocean sediments,and indicates the accessory influence of north-south
currents on the clay distribution relative to latitudinal influences (in Chamley
1989).

The climate, however, is only one of the factors responsible for the distribution
of terrigenous minerals in modern oceans. The average petrography of source
regions becomes essential when there is little chemical weathering, which theoret-
ically determines the erosion and deposition in the sea of any mineral occurring in
exposed rocks. Thus kaolinite, smectite, and other so-called low-latitude minerals
may be supplied in noticeable amounts in Arctic or peri-Antarctic seas through the
erosion of ancient sediments and soils where they have been stored during past
hydrolyzing periods. The same reasoning explains the active supply of paleosol-
derived kaolinite in marine basins located off present desert or arid regions (e.g.
Saharian range). Transportation by nearshore surface or density currents also
modifies the original clay zonation induced by climate, as does long-distance ad-
vection by marine or eolian currents. Such differentiation processes allow the iden-
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tification of the hydrological regimes and their seasonal controls in a given area.
For instance, the clay mineral flux issuing from the Columbia river is characterized
by abundant smectite in a transect along the western coast of the United States,
while the south Oregon and north California rivers provide abundant chlorite and
associated illite (Karlin 1980). In winter time, discharge of the Oregon and Califor-
nia coastal streams is maximum and associated with northwards marine currents,
which determine the supply and transportation of abundant chlorite. In summer
time, the Columbia river discharge is maximum and determines a smectite-rich
turbid plume associated with a southwestwards current off the river mouth
(Fig. 6).

3.2 The Origin of Smectite in Old Common Marine Sediments
3.2.1  Classical Potential Origins

Many clay mineral assemblages deposited under open, not chemically-driven con-
ditions in marine basins since the Early Mesozoic, are comparable to modern
assemblages and largely result from terrigenous input without noticeable diagenet-
ic changes. This is potentially the case for all clay mineral groups (Chamley 1989;
Weaver 1989).

Nevertheless, the smectite group raises a particularly difficult question since it
includes mineralogical varieties which suggest diversified possible origins. The
chemistry and shape of the individual particles, and some other geochemical char-
acters (e.g. isotope composition) may help to recognize the precise origin of smec-
tites, but such an aim is often complicated by the coexistence of mineral varieties
that proceed from different sources. In addition, some smectites yield variable
chemical compositions in a given genetic environment. It is, therefore, sometimes
difficult to distinguish easily and accurately between the following possible origins
(Fig. 7):

1. Reworking from soils developing under hydrolyzing conditions in poorly
drained areas, or from past sediments that resulted from reworking of such
soils (mainly Al-Fe beidellites).

2. Reworking of subaerial alteration products from exposed volcanoes (Al to Mg
or Fe smectites).

3. Submarine evolution of volcanic material, through hydrothermal influence
(often Mg-smectites) or not (often Fe-smectites).

4. Insitu precipitation, or reworking of smectites from evaporative, more or less
alkaline basins (diverse Mg-smectites originating in ancient lakes or peri-
marine basins).

5. Preservation of smectites in some epimetamorphic rocks, especially in car-
bonate-rich types.

One should add the possibility of reworking degradation smectites of various

chemical compositions that have widely formed since the Miocene in soils and

weathering profiles from temperate regions, as well as the occurrence in Pacific-
like regions of hydrogenous Fe-smectites.
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Fig. 6. A Distribution of chlorite and B smectite in surficial sediments off the Oregon coast. Transport
pathways inferred from the clay mineral distribution patterns, C in winter and D summer. (After
Karlin 1980)
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Fig. 7. Six classical origins for smectites in sedimentary basins. (After Chamley 1989)

3.2.2  ACase Study:The Smectites of the Atlantic Ocean

Common Atlantic deposits of late Mesozoic-early Cenozoic age constitute favora-
ble materials to test the hypotheses of either volcanogenic, early diagenetic or
detrital origin of smectite, for the following reasons (in Chamley 1989).

1. TheAtlantic Ocean was a fairly young ocean marked by an important volcanic
activity, the expression of which should be easily recognized in contemporane-
ous marine sediments.

2. These sediments have usually undergone a moderate depth of burial (less than
2 km) and were subjected to moderate geothermal gradients (around 30 °C/
km).

3. They mostly comprise biogenic to clayey components allowing the ready rec-
ognition of secondary, in situ-formed constituents.
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4. They were deposited at noticeable sedimentation rates (usually >1cm
10°year), which a priori precluded appreciable hydrogenous genesis at the
sediment-seawater interface.

5. Their richness in smectite allows a precise identification of the mineralogy,
geochemistry and morphology of this mineral species (see Chamley 1989).

In most Atlantic series, the relative abundance of smectite does not depend on
the main lithologic successions. The mineral content varies independently of the
dominance of either reddish clay, organic-rich clay, limestone, chalk, chert, silt,
pelagic or hemipelagic ooze. This general independence, combined with the ab-
sence of control of smectite abundance by burial depth, suggests that the mineral
formation and evolution are not noticeably controlled by early diagenesis. Of
course, this general behavior does not preclude the possibility of minor lithologic
control, such as local degradation in organic environment, or dependence on short-
scale changes like limestone-marl alternations.

Thousands of X-ray diffraction analyses made on Cretaceous-Paleogene sedi-
ments from the Atlantic domain indicate that most smectites contain few illite-like
layers and constitute dioctahedral minerals. X-ray diffraction characters vary little
from one area or geologic period to another. On transmission electron micro-
graphs, smectites mostly display flaky outlines very similar to those encountered in
continental soils. Some laths occur sometimes at the periphery of smectite flakes
(Holtzapffel and Chamley 1986), but they are not associated with any change of the
quantitative mineralogical composition and they display only slight chemical ad-
justments relative to non-lathed smectite particles (Steinberg et al. 1984).

Microprobe investigations on insulated particles show that smectites from
common Cretaceous-Paleogene shale-to-limestone rocks consist of beidellites
marked by the presence of Alin both the tetrahedral and the octahedral positions,
and by a partial substitution of Fe>* and Mg for octahedral Al (Debrabant et al. 1985).
The relative amounts of Al, Fe, and Mg may vary in a moderate manner, which
characterizes a rather well-defined group of Al-Fe beidellites. The geochemical
composition is very similar for flaky smectite particles and lathed overgrowths.
This composition is comparable to that of smectites originating in continental
soils of warm regions or reworked from such soils in peri-continental deposits (e.g.
Table 1). By constrast, the chemical composition of most Atlantic smectites differs
greatly from that of smectites derived from alteration of volcanic glass or basalt, or
from hydrothermal or hydrogenous precipitation, which are much richer in Mg or
Fe. Only local examples of smectite-bentonite layers clearly derived from in situ
transformation of volcanic glass exist (e.g. Deconinck et al. 1991).

Sediments from the eastern Atlantic Ocean enriched in clay fraction (60-90%)
and containing abundant smectite, have been studied for their REE compositions
from both the stratigraphic and the geographic points of view (Bonnot-Courtois
1981). The vertical distribution of the REEs displays a very homogeneous pattern in
most sediments deposited from early Cretaceous to Quaternary. When normalized
to continental shales, the curves appear rather flat. The REE are devoid of both
enrichment in heavy elements (HREE) and depletion in Ce. Only a slight enrich-
ment in light elements (LREE) is usually recorded. All these characters suggest a
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Tetrahedra Octahedra Interlayers
Samples Si Al | Al Fe* Mg Ti | Na K Mg Ca
Senegal Basin, Kafoutine
N, 620, Maastrichtian 312 088 1.00 050 030 0.02 062 042 - 033
N, 1190, Santonian 322 078 131 044 023 002 032 030 - 020

Cape Verde Basin, DSDP 367

19-1-100, late Cretaccous 3.74 026 123 043 044 002 0.03 0.17 - 0.06
22-6-91, late Albian 331 0.69 1.07 069 032 002 005 040 005 0.07
23-2-46, Albian 357 043 147 038 0.18 0.02 0.04 0.i16 0.08 0.04
Mormoiron Basin, SE France

Al-Fe smectite (Wyoming) 3.92 0.08 121 040 030 003 ? 021 - 0.16
West African Soils (parent rock)

M-5D (gneiss w/amphibole) 3.67 0.33 1.07 0.58 0.47 0.03 ?

GB 92 (granite) 338 0.62 1.43 049 021 006 ?

LIV-2-3 (Eocene clay) 361 039 1.37 046 024 0.05 ? )
Godola (granite) ) 330 0.70 129 0.68 0.19 0.05 ? 0.09 ? 0.01

Table 1. Structural formulae of smectites from clay to calcareous sediments of the late Cretaceous of
tropical northeastern Atlantic. Comparison with Paleogene detrital Al—Fe smectite (Wyoming) of
the Mormoiron Basin, SE France, and with smectites from recent West African soils. (In Chamley
1989)

strong continental influence and the absence of noticeable impact of volcanic ac-
tivity or seawater influence on smectite formation.

Smectites of diverse grain sizes from Cenomanian and Paleocene sediments of
the North Alantic Ocean were studied by Clauer et al. (1990) for their Rb-Sr compo-
sitions. For instance, Paleocene oozes at DSDP (Deep Sea Drilling Project) site 386,
southeast of Bermuda, display ¥Sr/*Sr ratios of 0.70860+0.00040 for the 0.2
0.4 pm fraction, and of 0.70899+0.00043 for the <0.2 pm fraction. These values are
much higher than those characteristic of Paleocene marine depositional environ-
ments (0.70783%0.00028), but slightly lower than those typical of pure detrital ori-
gin. The apparent ages indicated by Rb-Sr isochrones range between 167+5 and
200+6.10° years, instead of 56+3.10° years which corresponds to the Paleocene
stage. These results indicate that Atlantic smectites were dominantly inherited
from old, presumably terrigenous parent-rocks and were only slightly modified by
early-diagenetic changes.

In the Atlantic sediments, smectite is often accompanied by clinoptilolite and
opal CT (cristobalite-tridymite series), which suggests a mineral paragenesis de-
veloped through diagenetic processes. In fact, the distribution of the three mineral
groups is largely independent. If clinoptilolite- and/or opal-rich sediments fre-
quently contain abundant smectite, smectite-rich sediments are often devoid of
clinoptilolite and opal CT. Clinoptilolite and opal develop mainly in late Cretaceous
to Paleogene sediments (Stonecipher 1976), while smectite-rich deposits occur
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from late Jurassic to late Paleogene. In addition, the smectite composition and
relative abundance do not depend on the presence or absence of zeolite or opal.

Volcanic glass is seldom recognized in significant amounts in late Jurassic to
Cenozoic sediments of the Atlantic domain, where smectite is abundant. It is some-
what intriguing that marine sediments whose abundant smectite is attributed by
some authors to diagenetic transformation of volcanic glass are virtually devoid of
obvious volcanic remains. Most authors supporting the hypothesis of a volcanic
origin for smectite in common sediments imply that initial volcanic glass has been
altered and destroyed through smectite formation. A complete lack of glass is nev-
ertheless difficult to understand, knowing that the potential alteration of volcanic
material greatly differs with size, shape, porosity and composition, and that non-
altered volcanic debris usually still exist in deposits rich in unquestionably volca-
nogenic smectite. In addition, the sediments blanketing the oceanic basalt crust
generally reveal a decrease in smectite abundance relatively to illite, chlorite, and
kaolinite (e.g. Robert 1987). Albian sediments deposited close to the North Ameri-
can continent contain abundant smectite, whereas contemporary deposits located
close to the Atlantic ridge and in the volcanically active Cape Verde basin are de-
pleted in this mineral (Chamley and Debrabant 1984).

In summary,the characters and distribution of most late Mesozoic-to-Ceno-
zoic Atlantic smectites appear to depend little or not at all on burial depth, lithology,
associated minerals and volcanic activity. On the contrary, these characters and the
distribution are largely compatible with land-derived minerals, suggesting that
smectite is only little controlled by post-sedimentary processes and notably gener-
ated on the landmasses adjacent to the Atlantic Ocean; this differs from the some-
what theoretical approaches proposed in the literature (e.g. Thiry and Jacquin
1993). Smectite-bearing formations eroded on landmasses may have been very di-
verse and may comprise various weathering profiles, including those developing at
the expense of volcanic rocks (e.g. Kimblin 1992).

3.23 Smectite and Sea-Level Changes

Recent data on Jurassic-to-Paleogene deposits from Atlantic and Western Tethyan
Oceans show that the highest amounts of the smectite group frequently character-
ize geological periods marked by either long-term or short-term high sea-level
stages (e.g. Chamley et al. 1990; Debrabant et al. 1992; Deconinck 1992). Such a
relationship is demonstrated during periods and at locations as diversified as the
Jurassic sediments drilled in the northern Paris Basin (Fig. 8), the Cretaceous-
Paleogene deposits cropping out in central Italy near Gubbio, and the Cretaceous
series deposited in the Moroccan Atlas Gulf.

The main periods of high sea-level stages result notably from an increase in the
oceanic spreading and subduction rates, as well as in thermal fluxes from astheno-
sphere to lithosphere, and correlate with warm, often humid, climates on landmass-
es.Such conditions prevailed during late Jurassic to Paleogene times and may have
determined the increase in smectite abundance in marine sediments during four
distinct processes:
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Fig. 8. Smectitefillite ratio (17/10 A, X-ray diffraction of glycolated samples) in the Liassic to Oxford-
ian series of borehole ANDRA A 901, north of Paris Basin (after Debrabant et al. 1992). Comparison
with the long-term eustatic curve. (After Haq et al. 1988)

1. The pedogenic formation and reworking towards the ocean of Al-Fe beidel-
lites was enhanced when the climate was warm and the sea level high, since the
chemical weathering expanded laterally and vertically and the erosion mainly
affected the soil blankets. The preservation of detrital smectites in marine
sediments is supported by the lack of noticeable change after the deposition
(see above).

2. The smectitization of volcanic products, a mechanism widely quoted in the
literature, increased when the volcanic activity due to active spreading in-
creased. Nevertheless, the scarcity of volcanic debris and of volcanic clay min-
eral shapes and chemistry in common marine sediments, as well as the lack of
mineralogical gradient around the oceanic ridges, weaken the reliability of
such an explanation (see above).

3. Theincrease in hydrothermal fluxes contemporary with the expansion of ridg-
es determined an increased supply of the ions necessary for the smectite
growth (Si,Fe, Ca, etc.). Such a hypothesis is supported by a combined increase
in both Mn and smectites in some sediments deposited during high Mesozoic
sea-level stages (Accarie et al. 1989). However, the smectites formed in recent
hydrothermal environments present morphological and geochemical patterns
different from those of common Mesozoic-to-Paleogene beidellites (e.g. Bua-
tier et al. 1989).

4. Early diagenetic processes in open-sea sediments were favored when the ter-
rigenous ion output increased due to active chemical weathering, and the ex-
changes between particles and interstitial fluids or seawater were enhanced by
increased temperature of bottom water masses. Unfortunately, there is a lack of
present-day equivalents to Mesozoic conditions, and most clay minerals in
recent Atlantic-type deposits are hardly sensitive to early diagenetic influence.
In summary, there is a convergence in the four geodynamical mechanisms able

to favor the development of beidellite minerals in common late Mesozoic-early

Cenozoic sediments, despite the fact that it is difficult to quantify each of these

mechanisms. The detrital supply constitutes the best-documented process and the

in situ smectitization of volcanic products constitutes the less documented influ-
ence at our present state of knowledge. Whatever the precise causes, early diagenet-
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ic processes were enhanced by ionic output from terrigenous or/and oceanic
sources, as well as by the warm temperature of water masses, which are dominantly
controlled by climatic factors. Al-Fe smectites appear to represent specific miner-
als possibly formed at the surface of the Earth in both the continental and the
marine environments, during fast spreading high sea-level and warm-climate stag-
es. Under surficial conditions, they represent reliable markers of processes driven
by internal geodynamic constraints (Chamley et al. 1990).

33 Diagenesis with Increasing Burial Depth

Knowledge of clay behavior after burial has increased greatly in the last few years,
mainly because of the development of high resolution electron microscope and
microprobe techniques and of in situ borehole measurements:

1. Thesuccessive steps in the decrease in expandability of smectite minerals and
in the formation of illite species represent a reliable and easy marker of depth
effect that can be observed on X-ray diffraction diagrams (Fig. 9). Illitization
appears to result mainly from micro-environmental, chemical exchanges in-
volving the K and Al released by the degradation of smectite and also of coars-
er-sized feldspars.
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Modifications affecting the clay minerals usually occur at burial depths ex-
ceeding 2 km and appear to be less progressive than was formerly thought. In
series marked by normal geothermal gradients (about 30 °C/km), the major
ordering processes develop at between 2.5 and 3.5 km and do not progress
much beyond 5-6 km.

The residence time at a given temperature in a buried series appears to be
more important than the absolute, instantaneous temperature values. Borehole
experiments show that some deeply buried sediments are less affected by clay
diagenetic changes than shallower sediments of the same lithology and age
subjected to comparable temperatures. This points to the deminant control of
kinetics relative to chemical conditions.

The physical reorganization of clay particles and aggregates subjected to pro-
gressive compaction during early diagenesis, is followed by a physico-chemi-
cal reorganization during late diagenesis. Both types of modifications con-
verge to determine a subparallel to parallel orientation of clay particles and clay
layers.

Some classical concepts on burial diagenesis of clay should be modified in view of
recent results (see Chamley 1989):

1.

Chlorite does not usually result from the transformation of smectite in a Mg
environment. Diagenetic chlorite is often not abundant (less than 10% in Gulf
Coast sediments) and is of a Fe type; Mg chlorite develops commonly only
during metamorphism. Common diagenetic chlorites could be by-products of
illitization resulting from significant dissolution and recrystallization.
Kaolinite is not progressively altered to chlorite or illite with increased depth;
it is either stable, growing, or simply destroyed, according to the chemical
environment.

True regular mixed layers such as allevardite (illite/smectite) or corrensite
(chlorite/smectite) do not frequently form as transitional minerals during the
burial history of smectite. Regular mixed layers are only rarely identified in
sediments buried at less than 4-6 km and often appear to be related to specific
lithologies.

The concept of mixed layering during the illitization process appears ques-
tionable in view of high-resolution electron microscope data. Mixed-layer
spacings occur only locally on ultra-thin clay sections cut normal to the layer
planes. Many observations indicate the existence of packets of single clay min-
erals (smectite, illite, chlorite, kaolinite) rather than random or regular layer
alternations (e.g. Ahn and Peacor 1986, 1987). This raises the question of the
actual significance of X-ray diffraction patterns attributed to random or or-
dered mixed-layer minerals. Some authors have thought that they result from
inter-particle instead of intra-particle effects, suggesting that illitization at
depth results from dissolution-recrystallization processes (Nadeau et al. 1984).
Other authors describe the coexistence of smectite and illite packets, the latter
increasing at depth and intergrowing through transformation of the former
(Ahn and Peacor1986).
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5. Diagenetic processes do not depend on the absolute age of the buried series.
Some very old sediments contain very diverse clay assemblages similar to
those of recent detrital deposits,and late Tertiary series may have experienced
pervasive diagenetic changes. More important than geologic age and lithostat-
ic pressure are the geothermal gradient and residence time at a diagenetically
active temperature. Notice that some thick sedimentary piles deposited rapid-
ly may lack appreciable diagenetic clay change despite an overburden of about
5 km, as recorded in the Pliocene-Pleistocene mudstones accumulated on
both sides of the permanently uplifted Central Range of Taiwan island (Cham-
leyetal. 1993).

The mechanisms of clay evolution during burial diagenesis largely differ ac-
cording to lithology, fluid nature and pressure, and geothermal gradient. The major
control appears to be the sediment permeability, which determines the water/rock
ratio and the importance ofion exchanges. In most sediments, chemical migrations
occur only over short distances (i.e. less than a few meters). In almost closed sys-
tems such as compacted argillaceous series, illitization results chiefly from trans-
formation of adjacent detrital smectite, while chlorite and kaolinite may form lo-
cally in small amounts along processes involving dissolution and precipitation. In
more open systems, allowed by coarser lithology or high interstitial water flows,
diagenetic illite forms newly after dissolution of smectite and K feldspars. All inter-
mediate situations may exist.

The diagenetic history of buried clay series closely parallels that of organic
matter, which has led to extensive investigations of the mineral characteristics and
evolution in relation to oil generation, migration, accumulation, preservation and
exploitation. Abundance of smectite in initial sediments favors the production of
hydrocarbons because this mineral is able to adsorb abundant organic compounds,
to release large amounts of water which may act as a carrier, to increase the perme-
ability through its degradation, and to act as a catalyst. The major stage of smectite-
-illite ordering during clay diagenesis often occurs fairly shortly before oil genera-
tion and migration, indicating close organic-inorganic interactions.

34 Other Diagenetic Constraints

Lateral clay diagenetic changes in mountain belt areas reflect the attenuate effects
of metamorphism linked to orogeny. Particularly well documented in the western
Alpine range, the clay mineral modifications recorded in Cretaceous deposits out-
cropping from outer to inner parts of mountain chains roughly parallel the modi-
fications observed vertically at increasing burial depths. Clay mineral suites tend to
be enriched in illite and chlorite, the latter being often dominant (e.g. Levert and
Ferry 1988; Fig. 10). Overburden of sedimentary formations by tectonic nappes
may also induce mineral modifications similar to those resulting from progressive
burial. Less permeable and chemically confined sediments may resist the diagenet-
ic constraints induced by depth of burial or tectonics. This is the case of the lime-
stone-marl alternations subjected to vertical or lateral diagenesis, in which the
marly interbeds are preserved much better and longer than calcareous beds
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Fig. 10, Percentage distribution of chlorite in Kimmeridgian isochronous limestone—marl alterna-
tions from the Vocontian basin, southeastern France. (After Levert and Ferry 1988) FA Aygues fault; FE
Eygalayes fault; FM Ménée fault; BA brachyanticlines

(Deconinck 1987). Another case of resistance to thermodynamic changes concerns
smectites, which may be preserved locally and display enhanced crystallinity in
alkaline, often magnesian environments of late diagenetic-early metamorphic
zones.

Highly permeable sediments favor horizontal circulation of groundwaters and
induce specific diagenetic changes that interfere strongly with burial effects. This
is especially the case for coarse to medium-sized sandstones, the major constitu-
ents of which are detrital and may have been modified or complemented by varia-
ble amounts of various secondary minerals. Clay minerals are the.species most
often formed diagenetically in permeable sandstones. They mainly comprise kao-
linite, illite and chlorite, along with mixed layers and other minerals. The habits,
mineral suites and chemical compositions of diagenetic clays in sandstones display
great diversity (massive or hexagonal crystals,blades, rims and cements; e.g. Hug-
gett 1984). Diagenetic clay minerals in permeable sedimentary rocks are actively
studied from environmental, textural and kinetic points of view because their for-
mation or inhibition dramatically affects hydrocarbon reservoir properties. Occu-
pancy of pore spaces by clay decreases the rock permeability, which is of great
importance if diagenetic processes occur in an early phase. Infilling of sandstones
by oil or gas prevents further argillization, whereas migration of saline waters fa-
vors late diagenetic illitization.

Volcaniclastic sediments are particularly sensitive to diagenetic modifications
because of their usually high permeability, the high reactivity of their amorphous
constituents to chemical exchanges, and their frequent association with hydrother-
mal exhalations. A mineral sequence commonly encountered at increasing depth
comprises smectite and zeolites of the clinoptilolite, heulandite and analcite type,
successively. Analcite also constitutes local accumulations (analcimolites) derived
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from early diagenetic alteration of fine vitric ash in alkaline lacustrine deposits
and, subsequently, possibly altered into various clay minerals. Bentonites are thin,
widespread beds of clay-rich sediments that derive chiefly from early diagenetic
subaqueous alteration of fine volcanic ash. Bentonites are characterized by either
smectite (bentonites s.s. or S-bentonites), kaolinite (K-bentonites or tonsteins), or
illite (I-bentonites). Smectite-rich bentonites are particularly frequent and result
mostly from alkaline, submarine alteration (e.g. Fisher and Schmincke 1984;
Deconinck et al. 1991).

4 Preservation and Destruction of the Paleoenvironmental
Record of Marine Sedimentary Clay

4.1 Paleoclimate

Clay minerals preferentially form through weathering and pedogenesis at the sur-
face of the earth. The widespread, easy and nearly continuous erosion of soft
pedogenic blankets results in dominant participation of soil-derived clay minerals
in the formation of recent and past sediments. As clay minerals apparently experi-
ence none or only slight diagenetic modifications in most oceanic sedimentary
series buried to less than 2-3 km and devoid of significant volcano-hydrothermal
impact, they may be useful markers of past continental climates. The correlations
observed in the variation of mineral, biogenic and isotopic markers demonstrate
the usefulness of detrital clays in reconstructing past climate successions in Meso-
Cenozoic sediments. Clay minerals basically express the intensity of weathering,
especially that of hydrolysis, in landmasses adjacent to sedimentary basins. Pedog-
enic minerals fundamentally integrate the combined effects of temperature and
precipitation and sometimes provide additional data on seasonal rainfalls or
drainage conditions. Furthermore, clay mineral records sometimes provide useful
information on indirect climatic changes such as those affecting marine currents,
sea level stands and ice blankets on land or sea.

Paleoclimatic reconstruction from clay mineral data can be done for different
geological periods (in Chamley 1989). The middle to late Quaternary alternation of
glacial and interglacial periods generally correlates with alternately dominant phys-
ical and chemical alterations of clay assemblages. At temperate latitudes, cold ma-
rine periods indicated by microfauna or oxygen isotopic data, usually correspond
to sedimentary levels enriched in well-crystallized illite, chlorite and smectite, and
in feldspars, which indicates an increasing supply of rock-derived minerals and,
therefore, an average cold and dry climate onland. By contrast, periods character-
ized by warm marine water often correspond to enhanced amounts of kaolinite,
poorly crystallized expandable minerals (smectite, random mixed layers) mainly
reworked from weathering profiles. These variations thus express the dominant
supply to the sea of materials alternately eroded from rocky substrates and from
currently forming soils.
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Cenozoic sedimentary series frequently display a step-by-step increase in
slightly weathered and rock-derived minerals, namely illite, chlorite, random
mixed layers and feldspars, at the expense of pedogenic Al-Fe smectite and often
kaolinite (in Chamley 1989). This general trend, whose accelerating and slackening
stages roughly parallel the cooling and warming periods indicated by climatic
markers such as oxygen isotopes, is particularly well documented in the Atlantic
range characterized by stable margins and little tectonic instability (Fig. 11). This
general clay mineral change is attributed to the irregular transition from non-
glacial to glacial conditions at the earth’s surface. The development of ice caps since
the late Eocene and the correlative latitudinal climate differentiation resulted in a

Fig. 11. A—B Clay stratigraphy in Cenozoic sediments. A At DSDP Site 366 on the Sierra Leone Rise,
north-equatorial eastern Atlantic (after Robert 1982). B At DSDP Site 400 in the north Biscay Bay,
northeastern Atlantic. (After Debrabant et al. 1979)
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decrease in chemical weathering in the course of time and an increase in physical
alteration. Other modifications affected the marine circulation, which may also
have been expressed by suspended clay mineral assemblages (e.g. Robert and
Chamley1991).

Pre-Cenozoic series offer a wide field for paleoclimate research based on clay
data, and this area is still little investigated. Cretaceous times often correlate with
smectite-rich clays which mainly result from erosion of thick pedogenic blankets
developed under high temperature and seasonal variations in humidity. On the
other hand, Jurassic sediments usually display large amounts of kaolinite in clay
fractions, suggesting warm conditions combined with constant annual humidity.
Both Jurassic and Cretaceous stages appear to be characterized by little variation in
climatic conditions over time, at various latitudes. The differentiation in soil devel-
opment is noticeable only from late Cretaceous and especially from Paleogene
time. Paleoclimate reconstructions from clay stratigraphic data may be used in
series as old as the late Precambrian, especially in regions where there were no
significant postsedimentary overburden and tectonic structuration and where
clay-rich sediments were actively and regularly deposited at the periphery of vari-
ously weathered landmasses (in Chamley 1989).

4.2 Past Continental Sources, Paleocirculations and Tectonics

Many examples are available in the literature on the use of clay assemblages as
indicators of detrital sources in recent and ancient sediments from various depo-
sitional environments. Progress has still to be made on the precise identification of
terrigenous origins, since a given clay-mineral group may result from different
sources in a single region. For instance, smectites in recent sediments of the north-
ern Indian Ocean may derive from common soils developed under a hydrolyzing
climate on the Asian continent, from soils and rocks cropping out in Australia or
East Africa, from the subaerial alteration of volcanic rocks (Indonesia), from al-
tered submarine volcaniclastites or basalts, or from in situ growth (Bouquillon et al.
1989). The combination of mineralogical, micro-morphological and micro-chem-
ical data helps greatly in reconstructing recent and past sources.

Extensive investigations also report the use of clay suites as paleocurrent
markers. Reliable studies exist on the Quaternary and late Tertiary periods, for
which advected minerals may serve as indicators of the different superimposed
water masses, of their variations in volume and reaction relative to climate changes,
of the respective influence of wind and water circulation, or of the existence of
marine barriers such as divergence zones (e.g. Debrabant et al. 1993). Further inves-
tigations now concern older Cenozoic periods. For instance, Early Paleogene de-
positsat DSDP and ODP (Ocean Drilling Program) sites of the Atlantic and south-
ern Oceans are characterized by increased amounts of palygorskite (and/or
sepiolite) at low latitudes and of kaolinite at high latitudes principally (Robert and
Chamley 1991). Good correlation of clay mineral and oxygen isotope data indicates
a dominant control of climate. Results suggest that the global warming which cul-
minated near the Paleocene~Eocene boundary favored evaporation and formation
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of fibrous clays in low latitude coastal areas, while ascendance of warm air resulted
in precipitation and kaolinite genesis in continental hinterlands. Enhanced pole-
ward transfers of heat involving surface marine currents and atmospheric circula-
tion warmed high latitude areas which also experienced high precipitation leading
to kaolinite genesis (Fig. 12).

Tectonic phases generally determine important and long-lasting modifica-
tions of detrital clay assemblages, which differ from most effects induced by chang-
es in climate or currents. As tectonic rejuvenation usually impedes the develop-
ment of continental soils and favors the direct removal of material eroded from
various rocky substrates, the resulting deposited clays often displaying a mineral
diversification. Because of their large dispersal properties, clays may reflect rejuve-
nation phases far away from tectonized areas in sedimentary basins never filled by
coarse terrigenous fractions. Because of their dependence on meteoric conditions,
pedogenic clays are highly sensitive to slight tectonic changes; they are able to
reflect some epeirogenic stages that determine small morphologic modifications
only, but noticeable changes in the development of surficial soils. A decrease in
epeirogenic activity tends to be followed by the development of new soils, which
may form in a few hundred years and whose erosion products accumulating in
sedimentary basins bear modified paleoenvironmental messages.

Fig. 12. Interpretation of Early Eocene weathering conditions, thermal exchanges and paleocircula-
tion in the Atlantic range, as inferred from clay mineral data. (After Robert and Chamley 1991)
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Fig. 13. Clay mineral stratigraphy and interpretation at the Pliocene—Pleistocene transition on the
eastern Mediterranean rise, lonian Sea. (In Chamley 1989)

Sedimentary clay suites reflect the tectonic events occurring on exposed land-
masses, especially the uplift movements determined by compression phases or by
the positive reaction of continental crust to subsidence in adjacent marine basins.
Clay successions may also reflect tectonic events occurring in the basins, such as
those resulting in the formation of a submarine barrier (uplift) or of a trough or
trench (downlift); in both cases, the dispersion of clays by marine currents tends to
be impeded, which often modifies the composition of detrital assemblages. For
instance, late Cenozoic sedimentary sections drilled on the Mediterranean rise and
Hellenic trench, eastern Mediterranean, display a decrease in Africa-derived paly-
gorskite and an opposite increase in Greece-derived illite and associated minerals,
close to the Pliocene-Pleistocene boundary (Fig. 13). Sedimentological, palynolog-
ical and geophysical arguments suggest that this clay mineral change results both
from an acceleration of the Peloponnesus uplift responsible for increasing erosion
in southern Greece, and from a combination of uplift of the submarine Mediterra-
nean rise and of tectonic deepening of the Hellenic trench (in Chamley 1989).

43 Progressive Obliteration of Paleoenvironmental Messages by
Diagenesis

The comparison of contemporaneous series deposited under different geodynam-
ic and diagenetic conditions allows the recognition of the respective parts of syn-
and post-sedimentary records visualized by clay mineral assemblages. For instance
a multidisciplinary approach including clay mineralogy, chemistry and morpholo-
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gy has been carried out on Cretaceous-Paleogene sediments at site Kafountine 1,
which was drilled on land in the Senegal coastal basin and at DSDP site 367 located
in the adjacent Cape Verde deep-sea basin (NE Atlantic). It allows identification of
the respective controls on the sedimentary record of diagenesis relative to margin
subsidence related to ocean opening, tectonic instability compared to climatic
changes, sources, transport and depositional conditions (Chamley et al. 1988).

The diagenetic effects are mainly determined by the temperature driven by
depth of burial, and they, therefore, occur only in the Senegal coastal basin which
experienced very high sedimentation rates (5387 m drilled at the Kafountine site,
Valanginian to Miocene). Diagenetic changes related to depth are marked by an
increase in clay grain size, increase in crystalline chlorite, vermiculite mixed layers,
Al-Mg illite, quartz and Na feldspar abundance, decrease in kaolinite, and disap-
pearance of smectite after a downward decrease in its deficit in interlayer charges.
Such changes do not exist at deep-sea site 367 (penetration 1153 m), which points to
the importance of lithostatic pressure effects compared to hydrostatic ones
(Fig. 14). The comparison of the downhole variation in the amount of illite, chlorite
and mixed layers at both sites, clearly reflects the distinct behavior of clay assem-
blages (Fig. 15). Comparisons between coastal and deep-sea mineralogical and ge-
ochemical records indicate that the deepest diagenetic level studied in the coastal
basin (5200 m) lies significantly above the top of the anchizone. Diagenetic effects
appear to be very low down to 2000 m, low down to 3500/3900 m, and stronger
below 4500 m (Fig. 16). Clay diagenetic modifications related to sediment-inter-
stitial water exchanges seem quantitatively negligible. They mainly affect the deep-
sea basin, where some clay-rich sediments show iso-mineralogical and nearly iso-
geochemical micro-morphological changes (recrystallization of flaky smectite
into lathed smectites). Pore water circulation did not significantly modify the sed-
iments in either basin, which is demonstrated by the lack of correspondence be-
tween mineralogy or geochemistry and lithology,even in the permeable Late Creta-
ceous sandstones of western Senegal.

A strong mineralogical break identified in the Cretaceous series (diminution
of the illite group, Fig. 15) suggests that tectonic activity significantly decreased
after the early-middle Cenomanian, close to the time at which the subsidence rate
and crustal thinning decreased on the West African margin (Latil-Brun and Flico-
teaux 1986). After that time, moderate sedimentation rates developed in both
coastal and deep-sea basins, which resulted in the disappearance of important
modifications of detrital sedimentary components. As a consequence, the compar-
ative study of synchronous long-range sedimentary records in both coastal and
deep-sea domains allows identification of the combined effects of internal and
surficial geodynamic modifications occurring at the continent-ocean boundary
(Fig. 16).

Fig. 14. Clay minerals schematic zonation since the early Cretaceous at Sites DSDP 367 (Cape Verde
basin) and Kafountine 1 (Senegal basin). Results are given as average values for successive time inter-
vals. (After Chamley et al. 1988)
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Fig. 15. Relative abundance of illite + chlorite + random mixed layers at sites 367 and Kafountine
during the Valanginian to Eocene time interval. (After Chamley et al. 1988)

The mineralogical modification produced by the tectonic instability prevent-
ed the easy identification by clay assemblages of other paleoenvironmental chang-
es, which are more easily recognized during the further relaxation stages. Compar-
ison of coastal and deep-sea basin records confirms the warm and rather humid
climatic conditions indicated by Cretaceous-Paleogene soil-derived detrital as-
semblages (smectite). Minor changes in climate are better recognized in the prox-
imal area (Senegal basin), suggesting drier conditions in the uppermost Cretaceous
and parts of the Paleocene-Eocene. The African provenance of the main terrige-
nous sources is confirmed by the presence of similar mineralogical and geochem-
ical assemblages at both sites. The increased distance from sources is marked by a
diminution of kaolinite supply, reduced compositional variations and stronger
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reworking from evaporitic areas of semi-closed coastal basins (palygorskite). Thus
the comparison between coastal and deep-sea sedimentary records points to close
genetic relationships in terrigenous supply and significant differences under hy-
drodynamic and topographic conditions.
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CHAPTER 14

14 Revisited Isotopic Dating Methods of
Sedimentary Minerals for Stratigraphic Purpose

NORBERT CLAUER AND SAM CHAUDHURI

1 Introduction

Cormier (1956) and Wasserburg et al. (1956) initiated many isotopic investigations
of sedimentary minerals and whole rocks for stratigraphic purposes. Since this
pioneering period, different approaches have been evaluated to identify the isotop-
ic signatures of mineral components which may set reasonably narrow limits to the
time of deposition of sediments. Many contradictory opinions have been ex-
pressed about the merits of these approaches and the significance of the various
isotopic signatures in relation to the stratigraphic ages of the studied minerals. It is
obvious from analysis of the available literature, that questionable dates were often
generated without the necessary efforts to delineate clearly the origin of the ana-
lysed materials and to evaluate the potential impact of mineral impurities on the
final dates.

Recent years have witnessed improved analytical capabilities for gentle sepa-
ration and accurate characterization of the different types of mineral phases
present in the separated size fractions, as well as emergence of new potential
through Sm-Nd isotopic analyses for definition of major periods of clay mineral
authigenesis. As a result of these recent developments, isotopic dating of clay min-
erals for stratigraphic purposes has been more promising than ever. Other non-
silicate mineral phases, such as carbonates (Faure 1982), salts (Brookins 1980;
Baadsgaard 1987), sulphates (Shanin et al. 1968; Blanco et al. 1982) and phosphates
(Kolodny and Luz 1992) have also been evaluated. For all these materials, the major
limiting factor in any successful stratigraphic dating by isotopic means remains the
information gained about the origin of the mineral components of the analysed
materials and about their post-depositional history.

Clay minerals can be of varied origins in sedimentary rocks as: (1) inherited
detrital particles; (2) neoformed crystals by ionic precipitation from a liquid; (3)
transformed precursor particles through ion exchange with the surrounding aque-
ous medium but without major changes in the structural framework; and (4) re-
crystallized crystals resulting from a simultaneous dissolution-precipitation with
structural modifications of the parent material. Knowledge derived from inde-
pendent means about the growth of clay minerals is critically needed to make
reasonably valid assumptions about the isotopic compositions of the analysed
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authigenic mineral phases. Such information can be provided by X-ray measure-
ments including determination of illite crystallinity indices and polymorphic
forms, electron microscope observations, stable isotope or trace element (REE)
geochemistry. Information about the isotopic compositions of the aqueous medi-
um in which the minerals were formed or modified by the processes outlined
above, is also of importance to calculate accurate isotopic ages. Authigenic clay
minerals in isotopic equilibrium with their immediate environment are supposed
to incorporate elements whose isotopic compositions reflect this environment. It
is clear that during authigenesis in a marine environment, any newly formed clay
mineral phase will, at least, incorporate Sr,Nd and Pb with isotopic compositions
that should match the values of co-precipitating chemical mineral phases such as
carbonates, oxides, sulphates or phosphates. Knowledge of the chemical and iso-
topic composition of the formational environment becomes very critical in the
cases of formation reactions, such as transformation and sometimes dissolution—
precipitation, which may occur in nearly closed systems. In these cases, marine
fluids may have had no significant influence on the isotopic composition of the
minerals at the time of their formation and the use of isotopic compositions of
contemporaneous chemical mineral phases of marine origin is not appropriate at
all.

Since the middle of the 1970s, many leaching experiments of clay particles
have been made and refined in order to trace and reconstruct the Sr and, later, the
Nd isotope compositions of the formational environments of these minerals (e.g.
Clauer 1976; Clauer 1982a; Ohr et al. 1991; Bros et al. 1992; Clauer et al. 1993). From
single leaching with dilute HCI to sequential leaching with distilled water, dilute
HAc and dilute HCI, and from determination of only the Sr isotope composition to
a complete chemical analysis together with Nd and Sr isotope measurements of
each leachate (Stille and Clauer 1994), the technique has proved its potential of
chemically and isotopically characterizing the formational environments in which
clay particles formed during synsedimentary conditions, or later. The reliability of
this approach will be discussed below.

Another determining parameter for isotopic dating of sediments is that, at
their time of growth,authigenic mineral components have to have nearly identical
isotopic compositions across a finite stratigraphic interval. Such spatial isotopic
homogeneity, which has to be recognized for the use of stratigraphic isotope dat-
ing, will also be evaluated here using the available studies, provided evidence can be
furnished that this isotopic uniformity occurred in a time period closely coinci-
dent with that of the deposition.

2 Some Fundamentals

The most critical step in isotopic dating of sediments is the selection of appropri-
ate materials that are either known for their synsedimentary origin or likely to have
the potential to have been able to form shortly after sedimentation. Clay sediments
are known to consist of various fractions of detrital and early-to-late diagenetic
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mineral components, and this requires extreme caution in the separation of the
clay materials from these rocks, to make sure that only the authigenic component
is dated. In this respect, classical crushing and grinding methods should be avoided
because of the possibility of creating artificially some clay-sized materials of detri-
tal origin . Liewig et al. (1987) demonstrated that a cryostatic disaggregation proce-
dure greatly minimizes the influence of artificial production of clay particles so
highly prevalent in classical disaggregation methods. Other methods of gentle dis-
aggregation have also been tested. Among other potential mineral phases suitable
for isotopic stratigraphic dating, at least carbonates and salts are known to be
sensitive to alteration and recrystallization processes which easily erase the origi-
nal isotopic signatures.

2.1 Analytical Aspects

In theory, low-temperature minerals or whole rocks may be dated by one of the
commonly used isotopic dating methods, provided the material suffered no loss or
gain of either the presumed radioactive parent or the corresponding radiogenic
daughter isotope since formation. Uncertainties about the initial isotopic condi-
tions and the post-depositional effects on the isotopic budget of a sedimentary
material are a major hindrance to stratigraphic dating by any isotopic method, as
already mentioned. Evidence has, therefore, to be produced that the analysed mate-
rials meets the criteria for isotopic dating presented hereunder.

A common method of Rb-Sr, Sm-Nd or U-Pb isotopic dating of geological
materials is the isochron method as applied to a suite of cogenetic materials that
had the same initial isotopic composition for the daughter element but various
ratios of parent to daughter elements. Historically, it was first used in Rb-Sr isotop-
ic studies of cogenetic plutonic materials, describing a linear array for the analyti-
cal data in a rectangular co-ordinate diagram with #’Sr/**Sr as the ordinate and *Rb/
#Sr as the abscissa (Nicolaysen 1961). The slope of the linear array was shown to be
a function of time and, hence, to be related to the formation period of cogenetic
materials. The intercept of the line, with the ordinate at a zero value, is the initial
isotopic composition of the considered element. One may consult Faure (1986) or
any of several other text books for further details about this method of dating, but
it should be kept in mind that linear trends for a suite of analysed materials may
also arise from mixing two mineral components of different origins, such as detri-
tal and authigenic K-bearing clay minerals. The slope of such a line cannot, conse-
quently, be an expression of the time of formation of the analysed mineral fractions.
Various critical tests are, therefore,needed to ensure that an apparent isochron is
not a mixed line. In the case of an isochron with the true indication of the time of
formation for the analysed materials, the initial isotopic composition may shed
light on the history of formation of the materials.

Comparisons between the Sr isotopic composition of carbonate phases asso-
ciated with a clay unit and of the leachable Sr from clay particles, are necessary to
evaluate accurately the size of the chemical system in which clay authigenesis took
place. Similar isotopic compositions for the marine carbonates and the clay leach-
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ates will incline towards an evolution in an open chemical system, while significant
different values are rather indicative of an authigenesis in a restricted system unre-
lated to open sea. It will be seen later that such differences may introduce more or
less pronounced biases in the calculated isotopic ages. As a general rule, it can be
suggested that clay-type rocks behave preferentially as closed chemical systems,
while sandy and silty units are more frequently open. In terms of clay genesis,
crystal growth generally needs open chemical systems, whereas transformation
often occurs in restricted rock volumes. Dissolution-precipitation is more diffi-
cult to link to a chemical volume, as it has been described in both open and closed
chemical systems.

Alternatively, recent years have seen considerable analytical refinement of sec-
ular variations in the Sr isotopic composition of seawater during the Phanerozoic
from analyses of fossils in marine carbonate rocks. This raised the prospect of
dating young marine sedimentary rocks by analysing Sr isotopic compositions of
carbonate or phosphate mineral phases in sedimentary rocks. Such a method of
dating rests on the facts that chemical mineral phases precipitate in strict isotopic
equilibrium with the open sea and that the secular variation curve of the marine Sr
isotopic composition has been constructed with stratigraphically well-ordered
mineral phases. Based on a curve relating the time-dependent variation in the Sr
isotopic composition of open-seawater, it requires careful evaluation of whether
the analysed mineral or rock has suffered alteration of the primary isotopic signa-
ture. In view of the high probability that diagenetic alteration is more pervasive in
old carbonate rocks than in young ones and that the trend of the isotopic variation
for very ancient seawaters is poorly defined, pre-Phanerozoic carbonate minerals
or rocks cannot be accurately dated despite an increased knowledge due to recent
studies by Derry et al. (1989), Burns et al. (1994), Kaufman et al. (1994), and Derry et
al. (in press), whereas very detailed age information may be provided for recent
sequences (Stille et al. 1994).

2.2 Mineral Phases Suitable for Isotopic Dating

Among materials that have been commonly targeted for isotopic analyses for the
purpose of stratigraphic dating, glauconites have received much attention because
of their occurrence in many sedimentary rocks and of their textural appearance
suggesting that these minerals evolved pene-contemporaneously with the deposi-
tion of the host sediment. Many different accounts of geochronological informa-
tion about these minerals have been given in Odin (1982). More recently, Clauer et
al. (1992a,b) and Stille and Clauer (1994) have elaborated on chemical and isotopic
evolution of these glauconites, as will be outlined below. Other K-bearing clay min-
erals such as illite and illite/smectite mixed layers, especially from Paleozoic and
older rocks, have also been analysed (Clauer 1974, 1976). As many of these clay
minerals are known to evolve from episodes of burial history also, their isotopic
dates can be considered to be the minimum dates for the deposition time of sedi-
ments. Since burial-related diagenetic evolution for these minerals could occur
within a few million years after deposition of the sediments, the isotopic dates may
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closely approximate the time of deposition of the rocks containing these minerals
in early Paleozoic and older rocks. A limited number of studies has also shown that
other clay minerals such as smectite and palygorskite can be useful for isotopic
dating (Clauer 1976; Clauer et al. 1990).

Smectite clays with various amounts of illite layerings have also proved useful
in some instances for stratigraphic dating by isotopic means. As such minerals
often underwent post-depositional recrystallizations, the conclusions from isotop-
ic data sets may suffer from some uncertainty unless the results are constrained by
independent lines of evidence. Such lines of evidence are based on X-ray diffrac-
tion, electron microscopy,and trace-element geochemistry. Zeolites (Bernat et al.
1970; Clauer 1982a) and siliceous cherts (Brueckner and Snyder 1979) have been
analysed, beside clay minerals, for K~Ar or Rb-Sr isotopic compositions to deter-
mine their usefulness as materials for stratigraphic dating.

Whole-rock samples were frequently examined in early Rb-Sr studies on dat-
ing sediments (e.g. Compston and Pidgeon 1962; Bofinger et al. 1968). Cordani et al.
(1978, 1985) maintained that Rb-Sr isotopic dates of whole-rock samples can pro-
vide information about the time of sedimentation; they argued that silty-to-sandy
sediments may become homogeneous in their isotopic compositions through a
combined process of continental alteration and riverine transport, while differing
in their Rb/Sr ratios. This claim has been questioned by Clauer (1982b) who argued
that whole-rock sediments mainly consisting of detrital components of various
origin are unlikely to define linear horizontal trend in a Rb-Sr isochron diagram at
the time of deposition. This argument is evident from almost all studies of modern
sediments (Clauer and Chaudhuri 1995). On the other hand, Stille and Clauer (1986)
published a Sm-Nd isochron based on dates of several shale whole-rock samples
and one clay fraction intercalated in authigenic banded iron units of the Proterozo-
ic Gunflint Formation in Canada. The Sm-Nd date was 2.0830.59 Ga with an initial
“Nd/*Nd ratio close to that of the known contemporary marine environment. On
the basis of geological considerations and independent isotopic dates on volcanic
rocks intruding into the basement of these banded iron formations, the authors
interpreted the isochron age as a reasonable approximation to the presumed dep-
osition time. The K-Ar and Rb~Sr dates obtained on the same samples were signif-
icantly lower at1.47%0.10 and 1.46+0.53 Ga, respectively, probably due to later dia-
genetic activity which altered the Rb-Sr and K-Ar systems, while leaving the
Sm-Nd system unchanged. Such a conclusion has not been reached by Négler et al.
(1992) in a similar study on pelite-type whole rocks, as they found a Sm-Nd iso-
chron age of 1.52+0.07 Ga for Ordovician rocks. The reason why these authors
could not date the early diagenesis in whole-rock samples is again due to the differ-
entlithofacies: the shales intercalated in almost pure chemical Fe units were mainly
of chemical origin, while the pelites in the second case were mainly detrital. Inter-
pretation of the line obtained by Négler et al. might be twofold: either it results from
an essentially bimodal mixing of detrital components as the data points of the
samples yield also a linear trend in a**Nd/**Nd vs 1/Nd diagram, or it represents
reworked material with a homogeneous REE reservoir and in this case the calculat-
ed age could reflect the age of provenance, as claimed by the authors. Actually, the
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Sm-Nd method seems to have some potential in whole-rock isotopic dating when
applied to rocks whose components are mainly authigenic and contain enough
REEs.

23 Influence of Particle Size and Temperature on Isotopic Dates

The fundamental aspect of retention of radiogenic isotopes, especially of radiogen-
ic ®Ar, in relation to the crystallinity and particle size of clay minerals has been
investigated in several studies. A common notion that small particle size, frequently
attendant with poor crystallinity, favours increased loss of radiogenic isotopes, has
been advocated in many circumstances when isotopic dates of clay-type material
are lower than expected. However, this notion remains largely unsupported by
evidence. For instance, Clauer et al. (1984) found that K-Ar and Rb-Sr dates were
identical for detrital <o.2 pm smectites, which means that no preferential loss of
radiogenic*Ar could be detected in these poorly crystallized clay particles relative
to radiogenic *Sr. Results of many other studies reported in the literature have
similar conclusions. Ultimately, Clauer et al. (1995) have made K-Ar isotopic deter-
minations on <0.03 pm “fundamental” illite/smectite particles of bentonites which
represent the smallest possible clay crystals. The K~Ar dates were found to be either
similar to those obtained on larger particles, or even higher, demonstrating that no
preferential loss of radiogenic *°Ar can be expected due to reduction of the grain
size.

Isotopic dates of clay minerals may also be significantly influenced by temper-
ature as enhanced temperature effect may induce preferential loss of radiogenic
isotopes, especially “°Ar relative to the non-radiogenic Ar isotopes. Odin and Bon-
homme (1982) made experiments on glauconite grains with different K contents
and they found that critical temperature for starting loss of radiogenic*Ar under
vacuum was about 250 °C for poorly crystallized grains, while it was about 300 °C
for well-crystallized ones. In nature, the temperature increase occurring with pro-
gressive burial of sedimentary sequences may or may not be high enough to alter
the budget of radiogenic isotopes in the clay fractions of the buried sediments.
Hunziker et al. (1986) reported that temperatures of about 260+30 °C are needed to
cause total Ar diffusion of illitic particles of smaller than 2 pm size (Fig. 1). The
effective temperature for such Ar losses is equivalent to that of 5-6 km burial at an
average geothermal gradient. Bath (1977) analysed the Rb-Sr isotopic systems of
clay minerals that were subjected to simulated hydrothermal interactions with
brines at temperatures between 315 and 360 °C and observed no preferential loss of
radiogenic¥Sr relative to the radioactive ¥Rb.

A critical review of these results allows the conclusion that temperature has
less diffusional effect on Rb-Sr ages than on K-Ar ages of clay minerals, probably
because of structural accommodations for Sr and not for Ar. Of course,any crystal-
lization of new clay phases after sedimentation will provide lower isotopic dates for
the mixtures of both generations. Therefore, it is needed, especially when the K-Ar
method is chosen for stratigraphic dating, to take carefully into account the burial
history of the sedimentary units under consideration. Simulation programs of Ar
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diffusion out of clay structures may efficiently complete this control in helping to
examine critical situations. Knowledge of the burial histories of the sedimentary
sequences allows the evaluation of maximum temperatures and time spans during
which they were maintained at these temperatures. These parameters can be inte-
grated in diffusion codes to determine the amounts of radiogenic*°Ar loss depend-
ing on particle size, temperature and duration (Fig. 2; Zwingmann 1995).It can be
seen on this diagram that a temperature of 150 °C, which corresponds to a burial of
about 4000 m under a geothermal gradient of 35 °C/km, maintained during 50 mil-
lion years may induce a loss of about 30% of radiogenic “Ar out of <o0.2 pm clay

particles. This loss becomes almost negligible, about 1%, for <2 pm particles under
the same conditions.
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24 Concept of Isotopic Homogenization

Asoutlined in the above discussion, clay-mineral phases of a sedimentary rock are
datable only if all crystals dispersed in a rock volume were isotopically homogene-
ous for a considered isotopic system at a given moment of their evolution. This
isotopic homogeneity is a prerequisite for stratigraphic dating. Odin and Matter
(1981), for instance, summarized the criteria for glauconites that are suitable for
stratigraphic dating and presentation of these criteria will help to understand how
this isotopic homogenization may occur during sedimentation, and why it may
not. According to the authors, the glauconitization process occurs in a micro-
environment in which Fe-smectites evolve into glauconies and then into glauco-
nites by progressively incorporating K. Based on electron microprobe analyses,
Birch et al. (1976) suggested that the Fe enters the mineral structures very early in
the glauconitization process, probably independently of the K incorporation. Odin
and Dodson (1982) also proposed, on the basis of XRD results, that authigenic
glauconitic minerals probably form by crystal growth from interstitial fluids. Odin
et al. (1979) found from studies of Holocene glauconites, that the higher the K
content of the grains, the closer are their K~Ar apparent ages to the true strati-
graphic age (Fig. 3). They thought that this decrease was due to the loss of radiogen-
ic *Ar during the process of glauconitization accompanied by the uptake of K,0.
Amouric and Parron (1985) observed structural discontinuities between smectitic
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Fig. 4. Evolution of the Sr/%Sr
ratios and the §*0 values of re-
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Guinea as a function of their
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layering and glauconitic layering in the same particle and concluded that glauconi-
tization had to proceed by dissolution-precipitation.

Recent Sr,Nd and oxygen isotopic studies on present-day to Holocene glauco-
nitic faecal pellets of the Gulf of Guinea provided more insights into the glauconi-
tization process (Keppens and O’Neil 1984; Clauer et al.1992a,b). Rb-Sr and Sm-Nd
analyses were made on pellets leached with 1 N HCI to remove the non-silicate
mineral phases (carbonates, phosphates and oxides) and the adsorbed elements
which could have modified the isotopic compositions and the amounts of ele-
ments in question. The Rb-Sr dates of the glauconite residues decreased when the
amount of K,O (and that of Rb) increased, so did the K-Ar dates (Odin 1975; Odin
etal. 1979; Fig. 3). The comparison between the®Sr/**Sr ratios and the K,0 amounts
of the clay fraction from mud and from glauconitic pellets showed that there was no
significant change in the®Sr/**Sr ratio until the glauconitic pellets contained about
4.5% K,O (Fig. 4), while the K-Ar and Rb-Sr apparent ages decreased from 473 to
50 Ma and from 415 to 65 Ma,respectively. Stille and Clauer (1994) refined the leach-
ing technique by performing a sequential removal first of the adsorbed elements
with distilled water, then of the carbonates and part of the oxides with dilute HAc,
then of the oxides and part of the phosphates with dilute HCI, and finally of the
remainder of the soluble phases with another leaching using dilute HCI. They could
demonstrate that three components of different origin were involved in the glauco-
nitization process: a detrital one, a marine one and a fluvial one.

These results suggest that there is persistence of the isotopic signature of the
detrital clay fraction of the mud in the glauconitic pellets, at least at the beginning
of the process. A genetic link between the two mineral phases, as proposed by
Keppens and O’Neil (1984) on the basis of oxygen isotope data, therefore, exists and
only when the amount of K,O is above 4.5%, do the #Sr/*Sr values of the glauconitic
pellets shift toward that of the environmental seawater (Fig. 4). The glauconitiza-
tion process can be decomposed into two steps: the first could be a progressive
dissolution-crystallization of the detrital clay material of the grains, as suggested
by Odin and Matter (1981) and described by Amouric and Parron (1985), but occur-
ring in a closed environment without interference of seawater,and the second is a
crystal growth from a solution with significant influence of seawater Sr. These two
steps defined by the Sr isotopic evidence were confirmed by Nd isotopic data
(Clauer et al. 1992b; Stille and Clauer 1994). This modelled evolution explains why
only glauconies with K,O contents higher than at least 6.5% should be used for
stratigraphic dating, as they are the only ones having completed the glauconitiza-
tion process, which means that the detrital signature is progressively erased and
that isotopic equilibrium with the marine environment can be established. Anoth-
er model leading to Nd isotopic homogenization has been discussed by Stille et al.
(1993) in considering an interaction between clay mineral phases, detrital feldspar-
like components and organic matter.

Additional understanding of the mechanism of isotope homogenization of
clay minerals soon after deposition comes from a study of Clauer et al. (1990) which
focused on mineralogy, morphology, geochemistry,and Rb-Sr and oxygen isotope
geochemistry of smectite-rich size fractions of Albian-Aptian and Paleocene
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black shales. TEM observations revealed three distinct morphologies for the clay
particles: flake-type particles with diffuse, irregular and often rolled-up edges, elon-
gated lath-type particles with straight edges, and intermediate particles consisting
of the two former types. The chemical and XRD analyses showed that both the
flakes and the laths are Al-Fe smectites. Point countings have emphasized that the
lath-type particles are concentrated in the fine size fractions (<o0.2 pm) and that
the flake-type particles are concentrated in coarser fractions (1-2 pm). The au-
thors suggested that the laths were of authigenic origin and that the flakes were of
detrital origin.

Several size fractions of different black-shale samples were systematically
leached with dilute HCI (1 N) to analyse separately the Sr trapped in the silicate
structures (clays) during crystallization and the Sr adsorbed onto the particles or
trapped in soluble mineral phases (carbonates, oxides, phosphates). Depending on
the sizes of the smectite particles and, therefore, on the relative amounts of lath-
type and flake-type particles, the Rb-Sr apparent ages of the mixing lines fitted
through the data points of the untreated fractions, the leactrates and the residues
were different. The finest fractions, those enriched in lath-type particles, yielded
the lowest apparent ages but not low enough to correspond to the time of deposi-
tion. To determine the recrystallization period of the clay minerals, the authors
compared the Rb-Sr apparent ages of the different size fractions to the amounts of
lath-type particles in the different size fractions of the same sample. In extrapolat-
ing toward the end-member consisting of pure lath-type particles, the authors
obtained ages of 100-110 Ma for the Albian-Aptian samples and 50-60 Ma for the
Paleocene samples (Fig. 5). These values are close enough to the periods of deposi-
tion to consider that the recrystallization mechanism could have occurred soon
after deposition.

Fig. 5. Estimation of Rb—Sr ages of granulometric fractions in a black shale from the Atlantic Ocean
as a function of the amounts of lath-type particles. (After Clauer et al. 1990)
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Two additional results of this study are of prime importance: the initial #Sr/
8Sr ratios of the recrystallized smectites are systematically different and above that
of contemporary seawater Sr,and the oxygen and hydrogen isotope compositions
of the smectites are abnormally low for marine clay minerals. As the authors point-
ed out, this evidence requires that the recrystallization occurred in an environment
insulated from seawater. Synsedimentary isotopic homogenization of clay miner-
als may, therefore, happen soon after deposition in an environment that is insulated
from seawater. Consequently, Sr isotope measurement of a marine carbonate to
determine the isotope composition of the immediate environment of the clays has
to be checked by leaching of the clay fractions.
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Fig. 6. ¥Sr/*Sr ratios of deep-sea red clays and of the associated interstitial waters as a function of
depth. (After Clauer 1982b)
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The Rb-Sr studies of Clauer et al. (1975) and Clauer et al. (1982a) on smectites
from deep-sea red clays have shown that these minerals might have interacted with
their formation environment soon after deposition. Combination of the Rb-Sr
isotopic data of the solid material and the interstitial fluids suggested that slight
migration of radiogenic ¥Sr into the interstitial fluids may happen (Fig. 6). The
implication of these results is that one cannot take for granted that the ¥Sr/*Sr
ratio of the formation environment is always identical to that of the contemporary
seawater. In most studies, the difference between the Sr isotopic composition of the
formation environment and of the seawater is probably small and acceptable, but
this difference will systematically introduce an error by having a lower age when
the environmental Sr isotopic composition is higher than that of the marine refer-
ence. A good illustration of this is given by a Rb-Sr isotopic study on Palaeozoic
illites in which Gorokhov et al. (1994) differentiated two generations of authigenic
illites forming in environments characterized by different ¥Sr/*Sr ratios (Table 1).
The oldest generation of syngenetic illite crystallized at about 530 Ma, whereas the
youngest generation was late diagenetic and formed about 470 Ma ago. The Sr
incorporated by each generation of clays yields different®Sr/*Sr ratios, probably
reflecting changed physical and chemical conditions during crystallization. The
different initial ¥Sr/*Sr ratios were found to be higher than the contemporary
seawater ratio which was estimated to be at about 0.7091. This difference has been
considered by the authors to reflect illite formation in restricted chemical systems.
A subsequent comparison of the ages obtained by isochrons and those calculated
conventionally by using the seawater Sr, outlines more or less pronounced differ-
ences depending directly on the Sr values obtained by regression. However, it might
be noticed that if the isotopic ages of sedimentary minerals formed or modified in
environments insulated from a marine environment and calculated by using the

The sizes of the fractions are in um; the number of points is the number of analyses made for each
isochron; the calculated age and the ¥Sr/*Sr ratio were obtained by regression calculation; convent.
age stands for conventional ages which were obtained with a marine Sr ratio (=0.7091); the ages were
determined on the analytical point having the highest Rb/Sr and ¥Sr/Sr ratios.

Table 1. Rb—Sr ages of Estonian illites calculated by the isochron (after Gorokhov et al.1994) and by
the conventional technique with a contemporaneous marine ¥Sr/*Sr ratio
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marine ¥Sr/*Sr of contemporaneous carbonates (Clauer 1982b), are in general dif-
ferent from the true” ages, the differences remain ”reasonable”in considering the
analytical uncertainties.

Progressive isotopic equilibration for clay minerals with their formation envi-
ronment, as outlined in several studies presented above, suggests that leaching of
clay particles with diluted acid reagents should be routinely carried out to verify
progressive equilibration, to characterize the environment in which the clay parti-
cles grew, but also to delineate occasional late chemical exchanges between early
crystallized clay particles and lately intruded formational waters inducing signifi-
cant age alterations (e.g. Clauer and Chaudhuri 1995).

3 Examples of Isotopic Dating of Clay Minerals

The examples of isotopic dating of clays picked from the literature and discussed
below were chosen not only to illustrate that isotopic dating provides meaningful
stratigraphic results, but also to emphasize that an approach combining minera-
logical, morphological and multi-isotopic analyses on different size fractions of
carefully selected samples is the ultimate way to generate reliable stratigraphic
values.

3.1 Rb-Sr and K-Ar Dating

Odin and Hunziker (1982) presented Rb-Sr and K-Ar isotopic data for glauconitic
fractions from Albian and Cenomanian units in Normandy (France), providing
precise isotopic dates for these two stratigraphic units. Analysing eleven separated
and purified mineral fractions of the Albian unit, the authors found a K-Ar iso-
chron age of 98.6+2.1 Ma. They also studied 12 glauconitic samples of Cenomanian
rocks by the K-Ar and the Rb-Sr methods and obtained dates of 93.0+1.4 and
93.5+1.6 Ma, respectively. The identity between the K-Ar and the Rb-Sr ages of the
Cenomanian material is remarkable. The isotopic date of an associated carbonate
plots near the initial of the Rb-Sr isochron, and it refines the age if taken into the
calculation: the age becomes 92.9+1.4 Ma. The initial 7Sr/*Sr ratios of the different
isochrons being identical to that of the contemporary marine Sr,suggest that iso-
topic homogenization occurred in an open chemical system.

Many Rb-Sr and K-Ar studies on non-glauconitic clay minerals of sedimenta-
ry sequences of Precambrian age from western Africa have also been carried out
(Clauer 1976; Clauer et al. 1982b). The isotopic analyses for these clays provided a
succession of Rb-Sr isochron ages from 998+34 to 595+45 Ma. The very high ages
were found to be reasonable estimates for the time of deposition, as volcanic rocks
located at the bottom of these sequences were dated at 1035 Ma in the Hoggar
Mountains (Allégre and Caby 1972) and at 1090 Ma in the Senegal (Clauer, unpubl.
data). These studies did also underline discrepancies between the K-Ar and Rb-Sr
results, the K-Ar dates of the West African samples being systematically lower than
the Rb-Sr dates by 30 to 10%. This behaviour which was also found in other Pre-
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cambrian to Cambrian sediments (Clauer et al. 1993) without any explanation other
than a very discrete loss of radiogenic “ Ar, might become detectable, as suggested
by the Ar diffusion code, when the process is protracted over tens or even hundreds
of million years in shallow burial conditions.

3.2 Sm-Nd Dating

Beside the Sm-Nd dating attempt made by Stille and Clauer (1986) on shale whole-
rock samples of Proterozoic age, Bros et al. (1992) studied the Sm-Nd isotopic
systematics of several size fractions of two black-shale samples from a Lower Pro-
terozoic sedimentary sequence of southwestern Gabon. The two clay fractions
<o0.2 pm and 0.2~0.4 pm of the two samples were leached with dilute hydrochloric
acid (1 N) to analyse separately the amounts and isotopic compositions of the
mobile REE located outside the mineral structures, and those of the REE trapped in
the mineral structures (Fig. 7). The Sm~Nd results of the untreated aliquots, the
leachates and residues for the two size fractions of each of the two samples, defined
separate isochrons, one yielding a date of 2099+115 Ma with an initial *“Nd/**Nd
ratio of about 0.5107 and the other giving a date of 2036£79 Ma with an initial **Nd/
3Nd ratio of about 0.5108. The authors interpreted these lines as isochrons and the
ages as resulting from isotopic homogenizations that occurred during diagenetic
evolution, probably related to the illitization process. In comparison to the Sm-Nd
data, the K—-Ar and the Rb-Sr dates were found to be lower with values at about
1.8 Ga. As the Rb-Sr and K-Ar ages were found to be similar, the authors consid-
ered that these isotopic systems did not suffer preferential diffusion losses of the
radiogenic isotopes relative to the non-radiogenic ones, but were decoupled from
the corresponding Sm-Nd isotopic system during a late diagenetic-to-hydrother-
mal activity,as found and described by Schaltegger et al. (1994) under similar con-
ditions in Morocco.

Bros et al. (1992) also noticed that the analytical data point of an organic mat-
ter-enriched shale plotted in the region between the two isochrons defined above.
Furthermore, the data point of a pure bitumen sample, which had the highest Sm/
Nd ratio, also deviated slightly from either isochron. The line drawn through these
two data points was parallel to and between the two previous isochrons, strongly
suggesting that isotopic homogenization of the organic and inorganic materials
occurred roughly at the same period, 2.07 Ga ago. The isotopic homogeneity
among interstitial fluid (leachates), organic matter (kerogen) and clay minerals
(residues) leads evidence to the reliability of the Sm~Nd isotopic method for the
purpose of stratigraphic dating.

33 “OAr/**Ar Dating

The “Ar/*Ar technique is a recent extention of the °K/*Ar technique (Merrihue
and Turner 1966), but it was so far of limited use in studies of sedimentary rocks. It
is based on the fact that K decays to *Ar by fast-neutron irradiation in a reactor.
Among the advantages of this technique relative to the K-Ar method is the simul-
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Fig.7. Sm—Nd isochron dia-
gram containing data points for
clay fractions (squares) and
whole rocks (crosses), and a sin-
gle data point for bitumen (tri-
angle) of Francevillian sedi-
mentary rocks, Gabon. (After
Brosetal. 1992)

taneous measurement of both radioactive parent and radiogenic daughter isotopes
on the same aliquot, which avoids the uncertainty from sample heterogeneity and
allows analysis by stepwise progressive heating. However, the analytical procedure
is not without inconveniences and uncertainties including the recoil effect on the
retention of Ar. Such effects can be especially significant when the particles are
small, like clay particles, because the isotopes which are impacted by the neutrons
are moved in the lattices and can be expelled out of the mineral structure.

Kunk and Brusewitz (1987) documented the problem of the *Ar recoil effect
on an illite/smectite mixed-layer mineral placed in a quartz vial before irradiation.
They could determine the amount of recoil, which has also been mentioned by
Yanase et al.(1975), Brereton et al. (1976) and Foland et al. (1984) on glauconite-type
minerals. However, loss of ®Ar, which has been related to structural alterations
attendant on irradiation, may not be the rule for all clay minerals, since Hunziker et
al. (1986) and Reuter and Dallmeyer (1987a,b), for instance, reported cases of simi-
lar conventional K-Ar and “°Ar/*Ar ages for different size fractions of illite-type
minerals. Itis clear that the potential application of the“°Ar/*Ar technique to well-
crystallized diagenetic illite for dating purpose needs understanding of the behav-
iour of large particles (in the 10 pm range) during irradiation. More about the
potential merits of such a tool may be found in a review by Clauer and Chaudhuri
(1992), but additional studies addressing the recoil-related loss of radiogenic* Ar
by different types of clay minerals are warranted before any expectation of routine
application of the *Ar/* Ar method on sediments can materialize.

4 Isotopic Dating of Non-Clay Minerals

Salts have been studied by the various routine techniques, but the isotopic dates fo-
such materials were often lower than the stratigraphic ages (e.g. Chaudhuri and
Clauer 1992), langbeinite being the only salt phase able to yield reasonable K-Ar
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dates relative to depositional time (Oesterlé and Lippolt 1975). However, it should
be recalled that these minerals are extremely sensitive to post-formational altera-
tion related to migration of formational brines. Continuous diffusion of radiogenic
isotopes has often been invoked to explain the anomalous ages for salts, in the
knowledge that frequent dissolution-recrystallization processes would lead to
similar results.

On the other hand, marine carbonate and phosphate materials appear very
promising for geochronologic investigations. Considerable information exists
about the use of isotopic compositions of Sr in marine carbonate rocks as a tool for
stratigraphic dating. Pb isotope analyses of marine carbonate rocks have been
applied more recently to determine stratigraphic ages.

4.1 Dating by Reference to the Secular Variation of Marine Sr

Sris homogeneously distributed in the oceans because its residence time in seawa-
ter is much longer than the average time for complete mixing of these waters
(Chester 1990). Having a chemical behaviour similar to that of Ca, Sr is easily
incorporated in carbonate minerals, often by substitution, while Rb is present in
nearly negligible amounts, so that the production of radiogenic*Sr from decay of
%Rb is often negligible. Marine carbonate minerals thus inherit the Sr isotopic
signature of the ocean water at the time of formation of the minerals. By analysing
the Sr isotopic composition of palaeontologically well-dated marine fossils that
have remained largely unaltered, seawater Sr has been well recognized for varia-
tions in its isotopic composition as a function of time. This trend in the Srisotopic
variation has been used to define the stratigraphic position of a carbonate rock by
analysing its Sr isotopic composition. The idea of using the Sr isotopic composi-
tion of carbonates for dating sedimentary rocks goes to Wickman (1948) who
thought that the isotopic composition of the marine Sr increased regularly with
time. But the works of Peterman et al. (1970), of many others and later of Burke et al.
(1982), have shown that the #Sr/**Sr ratio evolves irregularly and not linearly as a
function of time. The ¥Sr/*Sr ratio of seawater depends on the mass balance be-
tween the continental and hydrothermal inputs to the oceans. The marine isotopic
composition is regulated by the mantle Sr provided through hydrothermal activity
in the oceanic crust, the continental Sr represented by riverine dissolved loads,
input from aeolian dusts, flux from groundwaters, and the diagenetic Sr from re-
crystallized carbonate minerals in the ocean basins (Veizer 1989,1992). Variations
in these fluxes due to oceanic expansion, climatic changes, continental surface
changes, etc. induced fluctuations of the marine ¥Sr/*Sr ratio.

The secular variation of the isotopic composition of marine S, illustrated in
Fig. 8, is theoretically easy to use, as it simply requires that the Sr isotopic compo-
sition of carbonates, phosphates, sulphates or oxides be matched with the value
given in the curve for the time-dependent Sr isotopic variation. However, this
method of dating has a large degree of uncertainty due to inherent weaknesses.
Among the weaknesses is the fact that the Sr trapped by the primary mineral phases
has its isotopic composition sytematically modified by recrystallization processes.
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Fig. 8. Secular variation of the marine Sr during Paleozoic time (after Burke et al. 1982). The horizon-
tal line at 0.7080 corresponds to the example discussed in the text

It should also be mentioned that the same isotopic value may belong to several
periods. Figure 8 shows that an®Sr/%Sr ratio of 0.708, for instance (line AA), indi-
cates Ordovician, Devonian, Carboniferous, Permian and even Tertiary formation
periods. Complementary information is, therefore, needed for material suitable for
dating by this method. Furthermore, calculated ages will be precise only for the
parts of the curve with very steep slopes, as in lower and middle Devonian, lower
and middle Carboniferous, middle and upper Permian, lower Triassic and upper
Tertiary times.

This method is especially well suited to dating primary phosphate minerals of
Tertiary sequences precisely. Stille et al. (1994), for instance, found phosphate min-
erals without any evidence for secondary recrystallization and yielding mean ages
between 19.1 and 17.2 Ma across a sediment a few metres thick. The use of such a
result is obvious if one knows the thickness and the sequential order of the deposi-
tion of the studied sequence.

4.2 Pb-Pb Dating of Carbonates

Carbonate rocks did not represent a common target material for isotopic dating by
the conventional methods until marine organisms were found to have concentrat-
ed U in their skeletal materials, which prompted U-Pb methods to be applied to
ancient carbonate rocks. The first evaluation of dating carbonate rocks by the U~
Pb and Pb-Pb methods was given by Doe (1970) who found such rocks to be
unsuitable for isotopic dating. About two decades later, Moorbath et al. (1987) fur-
ther explored the Pb-Pb dating of metamorphic carbonate rocks. Since then, sever-
al studies have been reported focusing on Pb-isotope analyses on marbles (Jahn
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1988; Jahn et al.1992; Taylor and Kalsbeek 1990) and non-metamorphic carbonates
(Smith and Farquhar 1989; Smith et al.1991; Jahn et al. 1990; DeWolf and Halliday
1991).

Moorbath et al. (1987) made various batch dissolutions of some of the samples
and analysed both the leachates and the residues. The isotopic data points defined
aline which inclined the authors to suggest that the isotopic date reflects the time
of a metamorphic activity which is thought to have caused an isotopic equilibrium
between the carbonate and silicate phases. By contrast, Smith and Farquhar (1989)
and Jahn et al. (1990) obtained analytical scatters by using the same procedure. To
understand the variation in the results, mineralogical results are essential, provided
that information is available about the origin and diagenetic evolution of the
rocks. The results should even be completed by petrographic observations, includ-
ing cathodoluminescence, chemical data, and oxygen and carbon isotope geo-
chemistry.

5 Conclusion

Isotopic dating for stratigraphic purpose is possible on authigenic mineral phases
as long as these components form during sedimentation and do not undergo fur-
ther changes inducing preferential gains or losses of radiogenic isotopes. Addition-
ally, late diagenetic mineral components have also to be identified and separated
from early formed. Glauconite- and 1M illite-type clay minerals, as well as palygor-
skite, are well suited if carefully separated from whole rocks, and characterized by
using independent means to identify the formational process and to trace the
chemical and isotopic compositions of the formational environment. This envi-
ronment can be chemically reconstructed by leaching clay particles and analysing
the leachates.

The Rb-Sr and Sm-Nd methods appear to be most promising. The K-Ar meth-
od is applicable to Phanerozoic materials which have not been buried to depths
inducing loss of radiogenic *°Ar; the values, in this case, are lower than those of the
Rb-Srand Sm-Nd methods, especially in studies on Proterozoic clay minerals.

Carbonate, phosphate and sulphate mineral phases formed during sedimenta-
tion time can also be dated by isotopic methods. The ¥Sr/*Sr ratios of these marine
components may, for instance, be projected on the path of the secular variation of
the isotopic composition of the marine Sr to define the time of their crystallization.
The Pb-Pb method applied to carbonate rocks or minerals seems also to have an
interesting potential,but basic work is still needed before it can be used routinely.
This is also the case for the “Ar/*Ar method in which fundamentals have to be
carefully controlled before a decision can be taken for routine use in stratigraphic
dating.



322 Revisited Isotopic Dating Methods of Sedimentary Minerals for Stratigraphic Purpose

References

Allégre CJ, Caby R (1972) Chronologie absolue du Précambrien de I'Ahaggar occidental. CR Acad Sci
Paris 275, D:2095-2098

Amouric M, Parron C(1985) Structure and growth mechanism of glauconite as seen by high resolu-
tion transmission electron microscopy. Clays Clay Min 33:473-482

Baadsgaard H (1987) Rb—Sr and K-Ca isotope systematics in minerals from potassium horizons in
the Prairie Evaporite formation, Saskatchewan, Canada. Chem Geol 66:1-15

Bath AH (1977) Experimental observation of exchange of Rb and Sr between clays and solution. 2nd
Int Symp on Water-rock interaction, Strasbourg, France, IV, 244-249

Bernat M, Bieri RH, Koide M, Griffin JJ, Goldberg ED (1970) Uranium, thorium, potassium and argon
in marine phillipsites. Geochim Cosmochim Acta 34:1053-1072

Birch GF,Willis JPRickard RS (1976) An electron microprobe study of glauconites from the continen-
tal margin off the west coast of S. Africa. Mar Geol 22:271-284

Blanco JA, Corrochano A, Montigny R, Thuizat R (1982) SurI'age du début de la sédimentation dans
le bassin tertiaire du Duero (Espagne). Attribution au Paléocéne par datation isotopique des
alunites de I'Unité inférieure. CR Acad Sci Paris 295/11:259-262

BofingerVM, CompstonW,Vernon MJ (1968) The application of acid leaching to the Rb—Sr dating of
a Middle Ordovician shale. Geochim Cosmochim Acta 32:823-833

Brereton NR,Hooker PT,Miller JA (1976) Some conventional potassium-argon and “°Ar/*Ar age stud-
ies on glauconite. Geol Mag 113:329-340

Brookins DG (1980) Geochronologic studies in the Grants mineral belt. New Mex Bur Mines Min Res
Mem 27:87-98

BrosR,Stille P, Gauthier-Lafaye F, Weber F,Clauer N (1992) Sm—Nd isotopic dating of Proterozoic clay
material. Example from Francevillian sedimentary series (Gabon). Earth Planet Sci Lett
113:207-218

Brueckner HK, Snyder WS (1979) Rb—Sr dating of chert: a potential chronological tool. Geol Soc Am
Abstr Prog 11-2, San Jose, California, p 71

Burke WH, Denison RE, Hetherington EA, Koepnick RB, Nelson HF, Otto JB (1982) Variation of seawater
87Sr/8Sr throughout Phanerozoic time. Geology 10:516-519

Burns SJ, Haudernschild U, Matter A (1994) The strontium isotopic composition of carbonates from
the late Precambrian (ca. 560-540 Ma) Hugf Group of Oman. Chem Geol Isot Geosci Sect
111:269-282

Chaudhuri S, Clauer N (1992) History of marine evaporites: constraints from radiogenicisotopes. In:
ClauerN, Chaudhuri S (eds) Isotopic signatures and sedimentary records. Lecture Notes in Earth
Sciences 43.Springer, Berlin Heidelberg New York, pp 177-198

Chester R (1990) Marine geochemistry.Unwin Hyman, London, 698 pp

Clauer N (1974) Utilisation de la méthode rubidium-strontium pour la datation d’une schistosité de
sédiments peu métamorphisés: application au Précambrien Il de la boutonniére de Bou Azzer-
El Graara (Anti-Atlas). Earth Planet Sci Lett 22:404-412

Clauer N (1976) Géochimie isotopique du strontium des milieux sédimentaires. Application a la
géochronologie de la couverture du craton ouest-africain. Sci Géol Mém (Strasb) 45:256 pp

Clauer N (1982a) Strontium isotopes of Tertiary phillipsites from the Southern Pacific: timing of the
geochemical evolution. J Sediment Petrol 52:1003-1009



References 323

Clauer N {1982b) The rubidium-strontium method applied to sediments: certitudes and uncertain-
ties.In:0din GS (ed) Numerical dating in stratigraphy.Wiley, New York, pp 245-276

Clauer N, Chaudhuri S (1992) Indirect dating of sediment-hosted ore deposits: promises and prob-
lems. In: Clauer N, Chaudhuri S (eds) Isotopic signatures and sedimentary records. Lecture Notes
in Earth Sciences 43.Springer, Berlin Heidelberg New York, pp 361-388

Clauer N, Chaudhuri 5 (1995) Clays in crustal environments.Isotopic dating and tracing. Springer,
Berlin Heidelberg New York,358 pp

Clauer N,Hoffert M, Grimaud D, Millot G (1975) Composition isotopigue du strontium d’eaux inter-
stitielles extraites de sédiments récents: un argument en faveur de I'homogénéisation iso-
topique des minéraux argileux. Geochim Cosmochim Acta 39:1579-1582

Clauer N, Hoffert M, Karpoff AM (1982a) The Rb—Srisotope system as anindex of origin and diagenet-
ic evolution of southern Pacific red clays. Geochim Cosmochim Acta 46:2659-2664

Clauer N, Caby R, Jeannette D, Trompette R (1982b) Geochronology of sedimentary and metasedi-
mentary Precambrian rocks of the West African craton. Precambrian Res 18:53-71

Clauer N, Giblin P, Lucas J (1984) Sr and Ar isotope studies of detrital smectites from the Atlantic
Ocean (DSDP, Legs 43,48, and 50).1sot Geosci 2:141-151

Clauer N, O’Neil JR, Bonnot-Courtois C, Holtzappfel T (1990) Morphological, chemical and isotopic
evidence for an early diagenetic evolution of detrital smectite in marine sediments. Clays Clay
Min 38:33-46

Clauer N, KeppensE, Stille P (1992a) Srisotopic constraints on the process of glauconitization. Ge-
ology 20:133-136

Clauer N, Stille P Keppens E, O'Neil JR (1992b) Le mécanisme de la glauconitisation: apports de la
géochimie isotopique du strontium, du néodyme et de I'oxygéne de glauconies récentes. CR
Acad Sci Paris 315/11:321-327

Clauer N, Chaudhuri S, Kralik M, Bonnot-Courtois C (1993) Effects of experimental leaching on Rb—
Srand K—Ar isotopic systems and REE contents of diageneticillite. Chem Geol 103:1-16

Clauer N, Srodon J, Francu J, Sucha W (1995) K-Ar dating of illite/smectite fundamental particles.
Euroclay Conf,19-25 Aug, Leuven, Belgium, 2 pp

Compston W, Pidgeon RT (1962) Rb-Sr dating of shales by the total-rock method.J Geophys Res
67:3493-3502

Cordani UG, Kawashita K, Thomas-Filho A (1978) Applicability of the Rb—Sr method to shales and
related rocks. Am Assoc Petrol Geol, Spec Publ 6:93-117

Cordani UG, Thomaz-Filho A, Brito-Neves BB, Kawashita K (1985) On the applicability of the Rb~Sr
method to argillaceous sedimentary rocks: some examples from Precambrian sequences of
Brazil. Giorn Geol Ser 3,547:253-280

Cormier RF (1956) Rubidium-strontium ages of glauconite and their application to the construc-
tion of a Post-Precambrian time-scale. PhD Thesis, Massachusetts Institute of Technology, Cam-
bridge, Massachusetts

Derry LA, Keto LS, Jacobsen SB, Knoll AH, Swett K (1989) Sr isotopic variations in Late Proterozoic
carbonates from Svalbard and East Greenland. Geochim Cosmochim Acta 54:2331-2339

Derry LA, Brasier MD, Corfield RM,Rozanov AYu,Zhuravlev AYu (1996) Srisotopes in Lower Cambrian
carbonates from the Siberian Craton: a paleoenvironmental record during the “Cambrian ex-
plosion”Earth Planet Sci Lett (in press)

Dewolf CPHalliday AN (1991) U-Pb dating of a remagnetized Paleozoic limestone. Geophys Res Lett
18:1445-1448



324 Revisited Isotopic Dating Methods of Sedimentary Minerals for Stratigraphic Purpose

Doe BR (1970) Evaluation of U-Th-Pb whole-rock dating on Phanerozoic sedimentary rocks. Eclog
Geol Helv 63:79-82

Faure G (1982) The marine-strontium geochronometer.In:0din GS (ed) Numerical dating in stratig-
raphy.Wiley,New York, pp 73-79

Faure G (1986) Principles of isotope geology, 2nd edn.Wiley, New York, 589 pp

Foland KA, Linder JS, Laskowski TE, Grant NK {1984) ®*Ar/*Ar dating of glauconites: measured *Ar
recoil loss from well-crystallized specimens. Chem Geol Isot Geosci Sect 2:241-264

Gorokhov IM, Clauer N, Turchenko TL, Melnikov NN, Kutyavin EP,Pirrus E, Baskakov AV (1994) Rb—Sr
systematics of Vendian-Cambrian claystones from east European platform:implications for a
multi-stage illite evolution. Chem Geol 112:71--89

Hunziker JC, Frey M, Clauer N, Dallmeyer RD, Friedrichsen H, FlehmigW, Hochstrasser K, Roggwiller
P, Schwander H (1986) The evolution of illite to muscovite: mineralogical and isotopic data
from the Glarus Alps, Switzerland. Contrib Miner Petrol 92:157-180

Jahn BM (1988) Pb—Ph dating of young marbles from Taiwan. Nature 332:429-432

Jahn BM, Bertrand-Sarfati J, Morin N, Macé J (1990) Direct dating of stromatolitic carbonates from
the Schmidtdrif Formation (Transvaal dolomite), South Africa, with implications on the age of
the Ventersdorp Supergroup. Geology 18:1211-1214

Jahn BM,ChiWR,YuiTF (1992) A Late Permian formation ofTaiwan (marbles from Chia-Li well no.1):
Pb—Ph isochron and Srisotopic evidence, and its regional and geological significance. J Geol
Soc China 35:193-218

Kaufman AJ, Jacobsen SB, Knoll AH (1994) The Vendian record of Sr- and C-isotopic variations in
seawater/implications for tectonics and paleoclimate. Earth Planet Sci Lett 120:409-430

Keppens E,O'Neil JR (1984) Oxygen isotope variations in glauconies.Terra Cognita, Speclssue:42

KolodnyY,Luz B (1992) Isotope signatures in phosphate deposits: Formation and diagenetic history.
In:Clauer N, Chaudhuri S (eds) Isotopic signatures and sedimentary records. Lecture Notes in
Earth Sciences,43.Springer, Berlin Heidelberg New York, pp 69-122

Kunk MJ, Brusewitz AM (1987) 39Ar recoil in an I/S clay from the Ordovician "Big Bentonite Bed” at
Kinnekulle, Sweden. 21st Annu Meet North-Central Section, April 1987, St Paul, Minnesota,
Geol Soc Am, Abstr with Prog, 19, p 230

Liewig N, ClauerN, Sommer F (1987) Rb—Sr and K—Ar dating of clay diagenesis in Jurassic sandstone
reservoirs, North Sea. Am Assoc Petrol Geol Bull 71:1467-1474

Moorbath S, Taylor PN, Orpen JL, Treloar PWilson JF (1987) First direct radiometric dating of Archean
stromatolitic limestone. Nature 326:865-867

NéglerT,Schafer JL,Gebauer D (1992) A Sm—Nd isochron on pelites 1 Ga in excess of their deposition-
al age and its possible significance. Geochim Cosmochim Acta 56:789-795

Nicolaysen LO (1961) Graphic interpretation of discordant age measurements on metamorphic
rocks. Ann NY Acad Sci 91:198-206

Merrihue CM, Turner G (1966) Potassium-argon dating by activation with fast neutrons.) Geophys
Res 71:2852-2857

0din GS (1975) De glauconarium, origine, aetateque. Thése Doc és-Sci, Univ Paris VI, 280 pp

Odin GS (ed) (1982) Numerical dating in stratigraphy, 2 vols.Wiley, Chichester, 1094 pp

0Odin GS, Bonhomme MG (1982) Argon behaviour in clays and glauconies during preheating exper-
iments.In:Numerical Dating in Stratigraphy.Wiley, pp 333-349

Odin GS, Dodson MH (1982) Zero isotopic age of glauconies. In: Odin GS (ed) Numerical Dating in
Stratigraphy. Wiley, pp 277-305



References 325

0din GS,Hunziker JC (1982) Radiometric dating of the Albian—Cenomanian boundary.In: Odin GS
(ed) Numerical Dating in Stratigraphy.Wiley, pp 537-556

0Odin GS, Matter A (1981) De glauconarium origine. Sedimentology 28:611-641

0din GS, Dodson MH, Hunziker JC, Kreuzer H (1979) Radiogenic argon in glauconies during their
genesis. Bull Inform Int Geol Corr Prog, Project 133,6:7-8

Oesterlé FP, Lippolt HJ (1975) Isotopische Datierung der Langbeinitbildung in der Kalisalzlager-
statte des Fuldabeckens. Kali Steinsalz 11:391-398

Ohr M, Halliday AN, Peacor DR (1991) Srand Nd isotopic evidence for punctuated clay diagenesis,
Texas Gulf Coast.Earth Planet Sci Lett 105:110-126

Peterman ZE, Hedge CE, Tourtelot HA (1970) Isotopic composition of strontiumi in seawater
throughout Phanerozoic time. Geochim Cosmochim Acta 34:105-120

Reuter A, Dallmeyer RD (1987a) “°Ar/**Ar age spectra of whole-rock and constituent grain-size frac-
tions from anchizonal slates. Chem Geol 66:73-88

Reuter A, Dallmeyer RD (1987b) “*Ar/**Ar dating of cleavage formation in tuffs during anchizonal
metamorphism. Contrib Miner Petrol 97:352-360

Schaltegger U, Stille PRais N, Piqué A, Clauer N (1994) Nd and Srisotopic dating of diagenesis and
low-grade metamorphism of argillaceous sediments. Geochim Cesmochim Acta 58:1471-
1481

Shanin LL, Ivanov IB, Shipulin FK (1968) The possible use of alunite in K~Ar geochronology. Ge-
okhimyia 1:109-111

Smith PE, Farquhar RM (1989) Direct dating of Phanerozoic sediments by the 2U-*Pb method.
Nature 341:518-521

Smith PE, Farquhar RM, Hancock RG (1991) Direct radiometric age determination of carbonate di-
agenesis using U-Pb in secondary calcite. Earth Planet Sci Lett 105:474- 491

Stille P.Clauer N (1986) Sm—Nd isochron-age and provenance of the argillites of the Gunflint Iron
Formation in Ontario, Canada. Geochim Cosmochim Acta 50:1141-1146

Stille P, Clauer N (1994) The process of glauconitization. Chemical and isotopic evidence. Contrib
Mineral Petrol 117:253-262

Stille P, Gauthier-Lafaye F, Bros R (1993) The Nd isotope system as a tool for petroleum research and
exploration. Geochim Cosmochim Acta 5:4521-4525

Stille P,Riggs S,Clauer N, Crowson R, Ames D, Snyder SW (1994) Sedimentation through one Miocene
depositional cycle based on Srand Nd isotopic analysis of phosphorite peloids: North Carolina
continental shelf (Part 1). Mar Geol 117:253-273

Taylor PN, Kalsbeek F (1990) Dating the metamorphism of Precambrian marbles; examples from
Proterozoic mobile belts in Greenland. Chem Geol 86:21-28

Veizer J (1989) Strontium isotopes in seawaterthroﬁgh time.AnnuRev Earth Planet Sci 17:141- 167

Veizer J (1992) Depositional and diagenetic history of limestones: Stable and radiogenicisotopes.In:
ClauerN, Chaudhuri S (eds) Isotopic signatures and sedimentary records. Lecture Notes in Earth
Sciences,43.Springer, Berlin Heidelberg New York,pp 1348

Wasserburg GJ, Hayden R, Jensen KJ (1956) Ar*-K* dating of igneous rocks and sediments. Geochim
Cosmochim Acta 10:153-165

Wickman FE (1948) Isotope ratios — a clue to the age of certain marine sediments. J Geol 56:61- 66

YanaseY,Wampler JM,Dooley RE (1975) Recoil-induced loss of **Ar from glauconite and other min-
erals.Trans Am Geophys Union 56:472



326 Revisited Isotopic Dating Methods of Sedimentary Minerals for Stratigraphic Purpose

Zwingmann H (1995) Etude des conditions de mise en place des gaz naturels dans les réservoirs
gréseux de la Rotliegende (Permien) en Allemagne. Aspects minéralogiques, géochimiques et
isotopiques. Thése, Univ Strasbourg, 189 pp



CHAPTER 15

15 Concomitant Alteration of Clay Minerals and
Organic Matter During Burial Diagenesis

BERNARD KUBLER

1 Introduction

Georges Millot and his collaborators, in working on the genesis of clays during
pedogenic or sedimentological evolutions, had no choice but to deal with diagenet-
icburial alteration to explain, in ancient sediments, the mineral assemblages which
often constitute the source rocks of soils and sediments via erosion/alteration
processes. Georges Millot claimed, in a famous shortcut, that any diagenetic altera-
tion is characterized by a reduction of the number of argillaceous minerals to two
types: micas and chlorites. This diagenetic evolution could even be delineated into
stages in considering the clay mineral parageneses. On the basis of results obtained
by Burst (1959), Weaver (1958) and Grint’s «<school», Georges Millot emphasized the
importance of argillaceous minerals in petroleum prospection, as well as lithos-
tratigraphic markers in azoic series and evolution markers during burial diagene-
sis. Thus, he contributed to the creation of a scientific community providing thou-
sands of studies in many basins of different ages, across the five continents.

It became clear to Georges Millot that both syngenesis and diagenesis are only
answers to dynamic geochemical environments. The research laboratory of the
Société Nationale des Pétroles d’Aquitaine and of the French National Research
Council at Strasbourg were, therefore, completed by equipment for the analysis of
major and minor elements in sediments. The geochemical and mineralogic-crys-
tallographic data basis was then used to understand how mineral phases appear or
disappear, in relation with thermodynamic methods and chemical studies of inter-
stitial solutions or those related to diagenetic changes.

If maturation of organic matter is induced by diagenetic processes whose
stages could be progressively more constrained, both primary and secondary mi-
grations are complex processes which have not yet been fully elucidated. For sec-
ondary migration, in addition to the fundamental parameters such as porosity and
permeability, the driving factors are of diagenetic, but also of tectonic origin. In this
case, partly because of investigations of Georges Millot’s collaborators, attempts
were made to determine the periods of fluid migrations, in applying the K/Ar or
Rb/Sr methods on neoformed micas built in brine traps of oil reservoirs.

In fact, to establish clearly a relationship between maturation of hydrocarbons
and alteration of minerals during burial diagenesis, it is essential to establish clearly
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the different evolutionary steps for each organic or mineral component and to
determine precisely the specific parameters over the same rock sequences. As such
detailed and combined studies are scarce, independent criteria, such as vitrinite
reflectance, pyrochromatography, fluid inclusions or apatite fission tracks were
sought to characterize the different steps independently. The aim of the present
contribution is to reassess the maturation stages of organic matter with a tentative
comparison of the equivalent alteration stages of the argillaceous phases.

2 Maturation Stages of Organic Matter

Since the work of Weaver (1960) and since Burst (1959,1969) correlated the disap-
pearance of smectite with accumulation and migration of natural oils in sediments
of the Gulf Coast area, special attention has been given to the comparison of min-
eral alteration and maturation of organic matter. However, the concepts have
evolved a great deal, especially the significance of depth and temperature as refer-
ence variables. The analytical equipment available for organic geochemistry has
also been considerably diversified and improved. Petrographic studies of dis-
persed organic matter by fluorescence, reflectance and coloration of spores and
pollens, have completed the scope of the organic diagenetic markers. Pyrochroma-
tography, by the «<Rock-Eval» technique for instance (Espitalié et al. 1985),became
one of the most widely used tools to distinguish the different maturation stages of
organic matter,and to determine the petroleum potential of drilled sedimentary
rock units.

In a number of studies, results from studies on organic geochemistry only
proved to be powerful when combined with seismo-tectonic and seismo-strati-
graphic interpretations (Cramez-Dias and Kiibler 1982). Interpretation of the seis-
mic results improved the understanding of the ages of source rocks in terms of
sequential stratigraphy and their location in global tectonic models of various types
of basins and margins, each having its own thermal, burial, extensional, compres-
sional and hydrocabron migrational histories. All these facts have been combined
by Cramez (pers. comm.) to suggest the concept of «petroleum systems». Applica-
tion of this concept to mineral alterations would be extremely useful for under-
standing the distribution of argillaceous minerals and their diagenetic alterations.

The notion of diagenetic markers for clay minerals was a strictly static concept,
but the approach became much moré dynamic because of the need to understand
the processes governing primary migration, decompaction of undercompacted
(overpressured) zones and secondary migration, all of which processes are closely
associated with mineral alterations. During the pioneering period, the organic
markers used to establish relationships with the alteration of clays are those of the
”potential oil window”, that is to say reflectance of organic matter, pyrochromatog-
raphy and, in some cases, chemistry of adsorbed gases.
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2.1 The Oil Window

Pusey I1I (1973) grouped under the term «oil window» any economic accumulation
of petroleum occurring in an oil field at limited depths and geothermal gradients,
in a temperature range of 65.5-150 °C (Fig. 1). By extension, the same term was used
for the stage during which liquid hydrocarbons are generated and are defined by
the quantity of organic extracts normalized in organic coal contents (Le Tran et al.
1974; Fig. 2). In fact, this definition does not correspond to the real oil window,but
to a potential oil window whose definition is not exclusively based upon the quan-
tity of organic extracts but on the nature of the hydrocarbons, the parity and the
amount of the n-alkanes, the number of cycles of the cyclo-alkanes, and the number
of carbons in the aromatics (Tissot and Welte 1978; Fig. 3).

The organic geochemists decided later to divide the domain of diagenesis
defined by the geologists into three different stages: (1) a diagenetic one occurring
between the surface and the beginning of the potential oil window, also called the
immature stage; (2) a catagenetic one being the stage at which liquid hydrocarbons
are formed, also called the mature stage or potential oil window; and (3) a metage-
netic one corresponding to the stage of methane or dry gas formation, also called
the super-mature or sterile stage. The notion of the potential oil window (POW) is

Fig. 1. The concept of the oil window according to Pusey III (1973, in Kiibler 1980). Depth of the oil
window depends on temperature, in other words, on the geothermal gradient. Dates from Aquitaine
basin, Paris basin, Logbaba basin, Los Angeles basin, and central (Sahara) and western Africa have
been added to the original graphic
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Fig. 2. The concept of the oil window compared to the example of the Aquitaine basin (according to
Le Tran et al. 1974). The dasked curve is only defined by about 15 experimental points, the others
plotting inside the curved area. The production of H S is a diagenetic process which accompanies
that of the gases; it should also be found in the fluid inclusions

still a widely considered aspect in petroleum prospection. It represents one among
the six conditions required to succeed in oil exploration and which are: a source
rock, a maturation of the POW stage, a reservoir,an impermeable caprock,a tecton-
ic or stratigraphic trap, and a primary or secondary migration at the appropriate
moment.

In early research, most scientists based the POW on depth alone, i.e. on an
adequate burial to reach the required temperature range. However, the geothermal
gradient was soon taken into consideration in order to adjust depths and durations
during which the source rocks have to'be exposed to undergo the accepted temper-
atures for the POW. The empirical relationship published by Connan (1974) relates
temperature and duration based on POWs determined by the organic extracts:

log t=3014X1/T-6.498

where tis expressed in millions of years and T'in degrees Kelvin (Fig. 4).According
to this equation, whose coefficients might have different values (Connan 1974), the
start of the POW stage could be reached in 12 million years at a temperature of
120 °C, or in 400 million years at 60 °C. This approach had the merit of attracting
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attention to the fact that the quantity of energy required, also termed the «Parmen-
tier principle» (Kiibler 1980), was the cardinal variable for oil to reach the matura-
tion stage. However, application of these values to Pleisto-Pliocene and Cretaceous
sequences of the Gulf Coast area studied by Dow (1978), did not provide very
convincing results (Kiibler 1984). Since Connan’s first equation does not take into
account geodynamic aspects of basin histories, it was rapidly improved by inclu-
sion of «iso-thermo-chrono-lines» (Cornelius 1975; Fig. 5). This latter concept
takes into account the exposure time to the required temperatures. However, to
avoid their direct use, Cornelius (1975) calibrated the curves on the basis of vit-
rinite reflectance (Ro).

Since Lopatin (1971), it has been widely accepted that vitrinite reflectance of
coals is an excellent temperature indicator integrating the geodynamics of the
basin, i.e. the burial history, the geothermal gradient and the residence time split
into successive temperature increments of 10 °C. Vitrinite reflectance increases
exponentially with temperature and linearly with time. Wapples (1981) took Lopa-
tin’s basic equations and defined a time temperature index (TTI), i.e. the sum of the
maturities acquired at each temperature interval, which he applied to the POW.
This TTI integrates the depth, the geothermal gradient, i.e. the temperatures and the
residence periods calculated from burial curves. This is a highly pragmatic ap-
proach useful at a first glance and which has, in addition, the advantage of including
the tectonic history of the sedimentary basins. In fact, basins often experience
successive extensional and compressional phases and the tectonic structures
which are objectives of the petroleum companies, are frequently displaced by tec-

Fig. 3. Diagram of the formation of hydrocarbons according to Tissot and Welte (1978). The depths
are only indicative. Catagenesis begins when liquid hydrocarbons are produced, metagenesis when
dry gases are within the methane zone
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Fig. 4. Influence of time dura-
tion on the stage at which liquid
hydrocarbons are generated
(Connan 1974). The ages are
plotted vertically on a logarith-
mic scale and the temperatures
horizontally in °C and in °K

tonic activities from maturation depths to shallower burial. Mineral alterations
would certainly gain from being compared to the TTIL.

The range of energy required for the production of liquid hydrocarbons is
different according to the nature of the kerogen. For type I kerogens (Green River
Shale of the Uinta Basin), depth and Ro (vitrinite reflectance) are higher than those
of type III (see references in Kiibler et al. 1979a). Espitalié (1986) defined these
differences on the basis of a comparison between temperatures of Rock-Eval py-
rolysis, organic extracts and Ro reflectance. If alteration of smectite is related to the
generation of liquid hydrocarbons, the kerogen type of the diagenetic host rocks
should be kept in mind. Introduction of kinetic parameters in the genetic models of
liquid hydrocarbons was suggested by Tissot (1969). Completed by Tissot et al.
(1975), this constitutes a large sector ofthe THEMIS (Doligez et al. 1986) and OPTIM
(Ungerer et al.1986) models. It would be useful for understanding the alteration of
clays to take into account fluid migration resulting from these simulations. Since
the POW depends on all mentioned parameters, claiming the importance of a given
depth or a given temperature is no longer determining, as was the case when these
comparisons were first made.

Mineral alterations, especially disappearance of smectite, only gain full signif-
icance if they are closely compared to all parameters integrating burial history,
geothermal gradient and exposure time - all of these being useful to define the
POW.



2 Maturation Stages of Organic Matter 333

Fig. 5. Diagram of the thermo-iso-chrono-lines by Cornelius (1975) integrating formation times and
temperatures as far as 150 million years. The various stages of hydrocarbon formation are correlated
with vitrinite reflectances and mineral alterations

2.2 The Vitrinite Reflectance

Vitrinite is a maceral of coals whose vitrinite reflectance (Ro) increases with coali-
fication, coal ranks or,in other terms, the maturation of the global humic matter. In
both peats and soils, during the very first alteration stage of organic matter, fungi
and bacteria amorphise the ligneous and cellulosic debris into humin which is a gel
partially transformed first into huminite and later into vitrinite. Vitrinite is, thus,an
amorphous cement, a linking phase which results from gelification of terrestrial
(continental) plants, or of aquatic plants.

Vitrinite reflectance increases from 0.2% in brown coal or lignites to more
than 5% in anthracites. This reflectance was first calibrated by Teichmiiller (1971)
for coals on the basis of volatile substances and fixed carbon, which are the routine
methods used by coal industries to evaluate the quality of coal. These calibrations
are very useful because coal ranks were only expressed in terms of volatile sub-
stances, or of fixed carbon before reflectance was applied. Because of Teichmiiller’s
curves, it is possible to translate the former values into Ro values. A detailed analy-
sis of the calibrations reveals that the result is not a curve, but rather a succession of
several areas whose centres of gravity form a generalized curve-shaped evolution
with more or less linear segments (Kiibler 1984).
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In the calibration of vitrinite reflectance vs. volatile components, the peats and
lignites form two units, probably two types of organic matter characterized by
extremely large variations of the volatiles without increase of the Ro (Fig. 6). The
Ro values of the first group are low, between 0.1 and 0.3%, and the volatiles vary
from 68 to 60%. The variation of the volatiles is larger in the second group, from 63
to 40% for a Ro between 0.38 and 0.52%. A third group includes coals with a volatile
content of 44 to 32% and a Ro between 0.5 and 1%. There are no quantifiable
relationships between volatiles and Ro for the three groups. However, when Ro
varies from 0.7 to 2.3%, the volatiles decrease from 48 to 10%, according to a linear
relationship with a rate of 0.0567% Ro pro percent of volatiles. Between 2.5 and 5%,
Ro increases significantly for a small reduction in the remaining volatiles, the gra-
dient being 0.520% Ro pro percent of volatiles.

According to the careful calibration by Teichmiiller (1971) on the basis of
measurements of some 500 coal samples, the only reliable relationship between
vitrinite reflectance and volatiles begins at a Ro of 0.7% and terminates at a Ro of
2.3% Ro. As it will be mentioned below, the limits usually set for the potential oil
window vary between 0.5-0.6% and 1.3-1.4% Ro. The POW is included, to a large
extent, in the linear domain of Teichmiiller’s calibration. The increase in reflect-
ance is attributed to the aromatic cores losing their hetero-atomics due to calorific
energy, temperature and time, which allows a «condensation» into polyaromatic
structural units (Oberlin et al. 1980) which become progressively oriented accord-
ing to the perpendicular planes along the ¢ axis of graphitoid structures. For the
groups with or without relationships between Ro and volatiles, the difference is due
to the original composition of the organic matter (Rouzaud 1984). There are as
many types of peats and lignites as there are environments governing deposits or
climates. This can certainly be addressed by the variable contents in C, H, O and N

Fig. 6. Reinterpretation of the
data of Teichmiiller (1971). The
correlation of the Ro reflect-
ance with the volatile compo-
nents on pure-dry material out-
lines several areas. From top to
bottom, the areas of water ex-
pulsion and alcohol function,
of decarboxylation, of expul-
sion of gaseous hydrocarbons,
especially between 0.6 to 2.5 Ro
and of expulsion of dry meth-
ane and probably of hydrogen,
follow each other
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in the composition of the huminites (precursor of vitrinite). In the first stages,
energy is consumed for the rupture of the alcohol and the carboxyl functions. The
orientation of the aromatic cores is weak, and the reduction of sulphur and its
precipitation into pyrite is frequent at this stage.

When Ro ranges between 0.7 and 2.3%, the increase in orientation which is a
purely mechanical process, is linearly related to the loss of volatiles which is a
chemical process. In the following step, the significant increase in orientation is
more or less proportional in linear terms to a small loss in volatiles, the mechanical
process dominating the chemical reaction. The participation of these two types of
reaction - chemical and physical - led Durand et al. (1986) to determine that there
were no pragmatic models linking reflectance, time and temperature by mathe-
matical expressions. Among the different models, that of Lopatin (1971) had such
an impact in the study of the diagenesis of coals that it is worth recalling the
procedure. In relating the equation of decrease in radioactivity which is widely
used in thermodynamics, to the decrease in the number of initial reactants (N°) in
relation to the number of reacting products (N) in following form:

In(N°/N)=kt.

Lopatin applied the Arrhenius principle to calculate k, the constant of the reac-
tion rate for a given temperature:

k=exp A(-E/RT).

Then, like Tissot (1969), Johns and Shimoyama (1972), Connan (1974), Karweil
(1975), Tissot and Welte (1978), he linked A, the frequency factor (also termed Ar-
rhenius or impact factor), to E the activation energy with the equation:

In(N°/N)=At exp(-E/RT).

Since K varies with temperature, Lopatin introduced an empirical thermal
coefficient of reaction activity,in admitting that each increase of 10 °C doubles the
reaction speed. Then, without reference to actual activation energies, he supposed
that the energy increases by 20.9 kJ (5 kcal/mol) with each temperature interval of
10 °C. This allowed him to introduce the notion of kinetics by adding a thermal
coefficient to the velocity reaction for an empirical calculation as follows:

g=k(T)/k/ T+10).

To control the whole of these considerably simplified hypotheses, Lopatin intro-
duced t, a «corrected residence time» calculated as follows:

t=gxt.



336 Concomitant Alteration of Clay Minerals and Organic Matter During Burial Diagenesis

Fig. 7. Correlation between the
time temperature index (TTI)
of Wapples (1981) and vitrinite
reflectance. The curve is not
continuous but shows a succes-
sion of segments like that of
Teichmiiller (1971)

The correlation coefficient between this corrected residence time and the
vitrinite reflectance measured on the Miinsterland coals is 0.999 (Lopatin 1971;
Fig. 7).

It should be noted that Lopatin’s correlations are only valid for a vitrinite re-
flectance 0of 1.1-5% and only for coals. It is surprising that they are not influenced by
the important change in the slope of Ro at 2.4-2.5% (Fig. 6).If one accepts Lopatin’s
demonstration, the physical process of orientation, which is responsible for the
increase in Ro (Oberlin et al. 1980; Rouzaud et al. 1984), has to be considered as the
only consequence of the chemical reactions. The good correlation between Ro and
H/C ratios found by Burnham and Sweeney (1989) confirms this process (Fig. 8).
However, the correlation using McCartney and Ergun’s equation (1967) is:

%Ro=15.64 exp[-3.6(H/C)]

and it completes the correlation by taking into account the oxygen content, espe-
cially in areas of weak reflectance:

%Ro=12 exp[-3.3(H/C)]-(O/C).

This is only valid for vitrinite reflectance above 1%, which then agrees with
Lopatin’s empirical correlations.

Even when correcting the oxygen content, the correlation is not satisfactory for
Ro values below 0.5%. This implies that, in the first maturation stages of coal, the
precursor of vitrinite loses functions other than the carboxyle or methyl functions,
which is not taken into account by the empirical equations mentioned above. In the
very early stages of the reaction, the water and alcohol functions are lost and Burn-
ham and Seeney (1989) decided to include the following four independent reac-
tions in their model:

Precursor-residual vitrinite+H O (1)
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Fig. 8. Confirmation of Burn- 20
ham and Sweeney’s (1989)
modelling by analytical data

which take into account the H/ 10¢F
C and O/C relationships in the
stages of weak reflectance. The
correlation only becomes valid
for a reflectance above 1%
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The term vitrinite used by the authors has been replaced by that of precursor
because the real precursors are humin and then huminite in the very first evolution
stages. These four simultaneous reactions, even if the third does not play a very
important role in coals, should be taken into account for the mineral alterations in
the coal seams. They determine the composition of the interstitial water and the
redox potential.

Since the published kinetic constants were insufficient, Burnham and Sweeney
(1989) adjusted the VITRIMAT model to geological dates, to results of pyrochroma-
tography and to results of mass spectrometry following pyrolysis (Burnham et al.
1989). The application to several selected examples allowed the demonstration that
the spectrum of activation energies by «species» ranges from 38 to 52 kgcal/mol for
H,O, from 42 to 54 kcal/mol for CO,,from 46 to 58 kcal/mol for CH_and from 50 to
74 kgcal/mol for CH,, for an Arrhenius factor of 1x10%/s (2x10%/s for CH, ). The low-
activation energy values of Karweil’s or Lopatin’s equations have not been con-
firmed, nor have those of Barker (1989). According to Sweeney and Burnham
(1990), such low values are not chemically realistic and result from application of
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Fig. 9. Histograms of energy activation frequency according to Burnham and Sweeney (1989; VITRI-
MAT), and Sweeney and Burnham (1990; EASY% Ro) taking into account the energies necessary to
liberate water and alcohol functions (H,0), for liberation of carboxyl functions (CO,) and hydrocar-
bons CH, and CH,. The apparent activation energies for the liberation of hydrogen are not shown

Arrhenius’reaction with a single activation energy. However, there is concordance
between the dates of Burnham and Sweeney (1989) and those of Ungerer et al.
(1986), at least for CH, and CH,. In the EASY%Ro model which is a simplified
alternative of VITRIMAT, Sweeney and Burnham (1990) chose the same spectrum
of activation energies and maintained the Arrhenius constant at 1x10* kcal/mol
(Fig. 9). Karweil (1975) obtained apparent activation energies of 35.2 kJ/mol
(8.4 kcal/mol) for two measurements of coal samples in the Ruhr, whilst this activa-
tion energy is 100.5 kJ/mol (24 kcal/mol) for the formation of benzene from peat
(Galway 1969; Lopatin 1971 in Connan 1974). According to pyrochromatography
and calibration by means of the OPTIM program (Ungerer et al. 1986), the spectrum
of energies averages 240 kJ/mol (58 kcal/mol) for Tertiary coals in the Mahakam
delta. This spectrum ranges from 217 (52) to 334 kJ/mol (80 kcal/mol) for an Arrhe-
nius factor of 10to 10%/s. The low values obtained by Karweil (1975) and Lopatin
(1971) are excluded from this spectrum which, however, does not mean that they do
not exist. The three parallel reactions H,0, CO, and CH, have not been taken into
account in these approximations.

In summary, reflectance of vitrinite has its limitations as is the case for any
other criterion applied to the zoneography of diagenesis. Even with coals, which
constitute the best lithology for reliable measurements of reflectance on well-iden-
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tified vitrinites, the authors were able to distinguish three types of vitrinite: an A
type (gel), a B type (textured) and a C type (oxidation tracks), all being chemically
different with variable degrees of reflectance (Alpern 1980; Durand et al. 1984). If
one considers the difficulties of distinction and the problem of anistrophy, it is
clear that reflectance values should not be uncritically accepted. As far as retromor-
phosis is concerned, one should no longer admit that reflectance works like a
maximum calorimeter. Heroux (pers.comm.) observed a decrease in reflectance
(and in the illite-crystallinity index) under the influence of mineralizing circula-
tions of Mississippi Valley-type fluids. Barker (1986) even proposed to discard vit-
rinite reflectance. The results illustrate, at least, the importance of fluid advection
and outline the research work necessary to understand diagenetic mineral altera-
tions.

In correlations between reflectance of coal vitrinites and mineral alterations, it
would be extremely useful to check on the thermal history, and to compare the
measured and the calculated Ro for simulation models, e.g. EASY%Ro or Basin
Mode.

23 The Dispersed Organic Matter

In studying the zoneography of coals (ranks) and that of liquid hydrocarbons,
Hood et al. (1975) extracted oil components and liquid hydrocarbons from se-
quences of carbonaceous veins in which vitrinite could be measured according to
coal petrographic techniques. From a compilation made by Teichmiiller (1971), it
was deduced that the POWs range from 0.5% to 1.3-1.4% Ro.If the comparison had
been a rigorous one, i.e. vitrinite in the coal and organic extracts in the other
lithologies, the progress of Ro would not have been regular and would have provid-
ed several gradients (Kiibler 1984). However, the limitations of such a comparison
are more important only for a more fundamental point of view,because itis rare to
observe oil-prone series interstratified with coal veins. Thus the search for vitrinite
is more often carried out on concentrates of dispersed organic matter. This not
only induces technical problems, such as how to evaluate the influence of chemical
treatments, of polishing, etc. on the dates, but above all it raises difficulties in prop-
erly characterizing the «real» vitrinite, even for well trained petrographists (Alpern
1980; Durand et al. 1986). More important is the fact that Bostick and Foster (1975),
using Timofeev and Bogoliyubova’s (1970) results, demonstrated that at identical
stages of maturation, Ro is always higher in coals than in other lithologies such as
limestone, sandstone, shale or clay. Buiskool Toxopeus (1983) compared two series
of measurements, one on coals and the other on clays, and those for the clays were
always lower and evolved more slowly with depth than those for the coals. At ap-
proximately 3000 m, the difference between the Ro of coal (=0.80) and the Ro of
clays (=0.45%) is more than 40% (Fig. 10). If one chooses vitrinite reflectance asan
indicator for maturation of organic matter or for reconstruction of the thermal
history of any basin, it is essential to identify precisely the type oflithology in which
vitrinite evolved, at least in the early stages of diagenesis. Consequently, it is no
longer possible to compare mineral evolution with that of vitrinite without this
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Fig. 10. Influence of lithology on vitrinite reflectance according to Buiskool Toxopeus (1983). At
identical stages of alteration, the shales (right) have an average weaker Ro than coals (left). The
progression of Ro with depth is slower in shales than in coals. At 3000 m, the difference reaches 40%

precision. The differential evolution between mineral and organic alterations
(Robert1985) has to be analysed in the light of these differences.

The difficulties of calibration between POW and Ro do not arise from vitrinite
alone, but also from the types of kerogens. In their compilation, Kiibler et al. (1979a)
established that the maximum of POW determined by organic extracts, oily com-
ponents and hydrocarbons, corresponds to Ro=0.8% for kerogen of type III (Hood
and Gutjahr 1972), to Ro=0.9% for kerogen of type II to III (Logbaba; Tissot and
Welte 1978), and to Ro=1% for kerogen of type I (Green River Shale; Tissot and
Welte 1978).If Ro is taken as a reference, it has to be assumed that more energy is
required to generate liquid hydrocarbons in a type I kerogen than in a type III
kerogen. This takes the same trend as the apparent activation energy spectra by
Tissot and Espitalié (1975), whose mode is at 70 kcal/mol (293 kJ/mol) for type I and
at 50 kcal/mol (210 kJ/mol) for type II. However, the mode is proportionally weaker
and the spectrum is designed more for type I1I. This means that generation begins
at Jower and ends at higher energies, which is confirmed by the T, of pyrochro-
matography (Espitalié 1986). However, vitrinite can only be used as a reference if it
is measured in the coals or possibly from concentrates of type III kerogen. It is
extremely rare and poorly defined in type I (Green River shales) and difficult to use
in some type II kerogens such as those of the Toarcian of the Paris Basin (Alpern
and Cheymol 1978). 1t is, therefore, essential for POW-Ro calibration to take into
account the kerogen types, which is of some difficulty. It is no longer possible to
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compare the results of organic geochemistry and those of petrography of the or-
ganic matter without stating the lithologies to which they belong.

Despite these fundamental restrictions, Wapples’ (1980) Time Temperature
Index (TTI) has been widely used for reconstructing the thermal history of basins
and to define POWs. This TTI is based on Lopatin’s empirical calculations and it was
calibrated more than 400 times on Ro from throughout the world. It was also
compared to Staplin’s (1969) Thermal Alteration Index (TAI) and to other data
from organic geochemistry such as the Carbon Preference Index (CPI) of n-al-
kanes.If, as pointed out by Tissot and Welte (1984), Burnham and Sweeney (1989)
and Durand et al. (1986), this TTI is only an empirical approach and by no means a
physico-chemical approach, the activation energy for maturation of organic mat-
ter is approximately 42 kJ/mol (10 kcal/mol; Barker 1983), since the reaction is only
an initial stage and the stabilization period spans between 1 and 10 million years.
The maturation of organic matter can easily be modelled in using only the maxi-
mum temperature or in taking into account the temperature and the duration, as
proposed by Lopatin. The two models may be used to predict the palaeotempera-
tures with a similar degree of precision (Barker 1989). These remarks are impor-
tant because it is possible to explain the formation of these «early» hydrocarbonat-
ed gases with activation energies as low as 10 kcal/mol. These latter play the role of
reducing agents in the first stages of diagenesis and affect the balance of Fe** and
Fe’*. The lack of precision of the TTI for the different stages of diagenesis is not
greater than the lack of precision in the burial curve, residence periods, or that of
the definition of types of kerogen. We shall keep the TTI as a reference for compar-
ison with mineral alterations.

3 Mineral Alterations

Two major directions have been explored to identify the stages of mineral diagen-
esis: disappearance of the swelling smectite layers in the illite/smectite mixed-layer
phases and neoformation of index minerals such as regular mixed layers, pyrophyl-
lite, paragonite or phengite.

3.1 The Disappearance of Swelling Layers

The disappearance of smectite swelling layers in the illite/smectite phases relative
to burial was described long ago (Grim 1953, 1958; Powers 1959; Milne and Earley
1958; Burst 1959; Weaver 1960; Fiichtbauer and Goldschmidt 1963; Millot 1964).
When Millot (1964) published his synthesis on the Geology of Clays, the term
montmorillonite was generally used for minerals consisting only of 2:1 swelling
layers. Since then, this term has been replaced by that of smectite which, according
to recommendations by the AIPEA Commission for Terminology, covers both di-
octahedral and trioctahedral types. The disappearance of the swelling layers was
related, at a very early stage, to the search for oil (Weaver 1960). Since the 1970s,
however, many have attempted to understand the relationship between mineral
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Fig. 11. The unity rule for diage-
netic alterations. Unity of time:
deposition of an identical litho-
facies of the Wilcox Formation;
unity of place: the same forma-
tion in continuity throughout
the basin; unity of action: pro-
gressive subsidence in the Gulf
Coast. (According to Burst 1969)

alteration in argillaceous minerals with swelling layers and the processes which
may lead to economically interesting accumulations of liquid hydrocarbons. The
zone where smectite swelling layers in illite/smectite particles are modified into
illite layers is often described as the zone of thermal illitization of smectite, or the
smectite disappearance zone.

In analysing the mjneral alterations in the Eocene Wilcox Formation, Burst
(1969) detected a reduction of the swelling layers in three successive stages, taking
into account burial ranging from several hundred to more than 4000 m (Fig. 11).
These three stages were: a stage of stability without alteration, a stage of illitization
with 80 to 20% of swelling layers, and a deep stage in which the remaining swelling
layers are very slowly altered into illite (Fig. 12). For Burst, the first stable stage
corresponds to expulsion of gravity water from large pores solely by compaction.
However, alteration of the swelling layers is not progressive, as Powers (1959)
claimed, but relatively rapid at the top of the sequence and relatively progressive at
the bottom. The upper rapid illitization corresponds to the second stage of dehy-
dration and the slow reduction of the swelling layers with depth to the third stage of

Fig. 12. Diagenetic alteration in
the Gulf Coast area according to
Burst (1969). Note the stable
zone without smectite alteration
in the shallow part; the transi-
tion zone with a reduction in the
smectite amount and migration
of the major peak towards that
of the micas in the intermediate
part; the mixed-layer zone with
the XRD peaks centered on that
of the micas in the lower part
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Fig. 13. Stages of dehydration of shales according to depth. First stage characterized by removal of
porosity water; second stage with redistribution of fluids; third stage with dehydration of the smectitic
layers. (After Burst1969)

dehydration (Fig. 13). Since the water loss from this alteration is between 25 to 30%,
on the basis of a calculation of the reduction of the unit cell volume, it is tempting
to identify it as the necessary driving force for the expulsion of drops of liquid
hydrocarbons from source rocks which represents the highly controversial prima-
ry migration and to compare the depth of this mineral alteration with the depth of
oil accumulation. This comparison was so successful that it induced numerous
analyses and publications. In order to distinguish the beginning and end of the
transition zone, a crystallographic question must be addressed.

3.2 Definition of theTransition Zone

Dioctahedral smectites, such as montmorillonite or beidellite in the strict sense of
the term, are no longer considered well-defined crystalline structures such as kao-
linite, micas or chlorites, but are considered as mixed layers (Brindley 1980). The
notion of lattice electric charge can no longer be used as a distinctive criterion
since the definition of «transformation smectite» (Robert 1972) which results from
an efficient pedogenesis under a graminaceous lawn, no longer exists (Pochon
1978). The average grain size of smectites is very small with a mean at 0.2 pm (i.e.
200 nm or 2000 A). This mode is a mechanical aggregate of «micro-flakes, also
termed tactoids, or a coherent diffraction volume made up of 3, 5,7 or more layers.

The beginning of this third stage, termed diagenetic energy isopleth, increases
in the deeper zones with temperature, which appears to contradict Parmentier’s
principle. However, if one considers that in the Gulf Coast sediments, the geother-
mal gradients are extremely low in the Plio-Pleistocene and normal in the Eocene
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and the contiguous Cretaceous period, a limited depth and a low temperature
corrected over a long period agree with a greater depth and higher temperature, as
long as the duration is shorter in the latter case. This is then no longer an isopleth in
the sense defined by Burst, but a thermo-iso-chrono-line in the sense of Cornelius.
The consequence is that the reflexion at 17 A on an X-ray diagram after saturation
with ethylene glycol, can no longer be used as a criterion for the definition of
smectite. In fact, for three-layer crystallites, the reflection remains in this position
as long as at least 60% of non-swelling layers are present {Brindley and Brown
1980). The nature of the original swelling minerals which will be subjected to burial,
is not necessarily of smectite-type with 100% of swelling layers. In the palaeogeo-
thermal reconstructions of the Gulf Coast region, it is generally admitted that the
starting material already was a mixed layer with 70 to 80% of swelling layers (Freed
and Peacor 1992). This must be linked to the fact that the diverging margin of the
major palaeodelta of the Mississippi River was fed with smectites probably of bei-
dellite type or with «transformation smectites» which are products of continental
weathering. Only bentonites of volcanoclastic origin produce smectites with 100%
swelling layers in diagenetic conditions.

In addition, the methods of calculating the amount of swelling layers in mixed
layers have been improved. The 10-14 A calibration curve of Weaver (1956) for an
infinite crystallite, the 10-17.5 A calibration curve, which is highly sensitive to the
number of layers per tactoid (MacEwan et al., in Brown 1961), or that used by Burst
(1969) between [003] smectite and [002] illite XRD peaks, needed both the use of
probabilities (p) in establishing the succession of the sheets within swelling layers
(S) and non-swelling layers (I) (p(SS), p(SI), p(IS}) and the use of the «Reichweite»
(R) which, when zero, describes a series of randomly organized sheets. The R1 type
corresponds to a regular interstratification (notation: ISISIS) and R3 to a probabil-
ity that an S layer appears after three I sheets (notation: ISII). With burial, the
ordering shifts from Ro to R1 (previous allevardite stage, currently rectorite stage)
and R3 types (Kalkberg; Reynolds and Hower 1970; Perry and Hower 1970; Srodon
and Eberl 1987). Among all methods of measurement, that of Reynolds (in Moore
and Reynolds 1989) seems to be the mostappropriate (Fig. 14). The angle of diffrac-
tion, the d space of mixed sheets formed by the harmonic peaks 2 and 3 of smectites
and 1and 2 of micas is less sensitive to the number of sheets per tactoid. There is no
solution of continuity between the two end members at 100% or 0% of swelling
layers saturated with ethylene-glycol as for 1~1 composite lines. According to Rey-
nolds (in Moore and Reynolds 1989), the difference between the 1(I)-2(S) and 2(I)-
3(S) composite lines decreases with increase in swelling layers according to the
equation (Rolli 1991):

% «illiten=—-4.694 x A*+91.4504 X A-448.0472

% swelling layers=4.694 x A>~91.4504 X A+448.0472
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Fig.14. Assessment of the
amounts of swelling layers ac-
cording to Reynolds (1980) by
decomposition, and to Pearson
VII by comparison of XRD
peaks of detritic micas and
mixed layers

This method can be applied successfully to very fine <0.6 pym and <o.2 um frac-
tions, and even to smaller ones. In these fractions, the detritic micas are generally
absent and the asymmetry of the peaks [001] and [002] is nonexistant. However,
this is the case for the <2 pm fractions, but the asymmetry of the first and second
peaks is no longer an argument against the application of Reynolds’ method since,
via functions such as those of Pearson VII (Howard and Preston 1989), the individ-
ualization of the peaks of mixed layers by deconvolution has become reliable.
The range of a mineral transition can only be compared if the same method of
measurement has been applied, whether that of Burst (1969), Reynolds (1980) or
Reynolds (in Moore and Reynolds 1989). A comparison of Srodon’s results and
those of Reynolds emphasizes very minor differences in the evaluation of the
amounts of non-swelling layers (Anceau and Adatte pers. comm.). However, disap-
pearance of the XRD peak at 17 or 14 A which was believed to be typical for smec-
tites in earlier studies (Kiibler 1966; Dunoyer de Segonzac 1969; Monnier 1982) shall
be examined. The position of the diffraction angle remains at 17 A, as long as the
amount of layers is less than 60%. It is, therefore, impossible to extrapolate the
former profiles with those for which a rate of swelling layers has been actually
measured. A simulation by NEWMODE (Reynolds in Moore and Reynolds, 1989)



346 Concomitant Alteration of Clay Minerals and Organic Matter During Burial Diagenesis

Fig. 15. Decrease in the intensi-
ty of the XRD peak at 17 A by an
increase in the amount of non-
swelling layers by a modelled
«solid random solution» (R=o0;
after Reynolds 1989; NEW-
MODE)

Fig. 16. Decrease in peak inten-
sity characteristic for a two wa-
ter layering saturated in Cabya
modelled increasing of the
non-swelling layers. (After Rey-
nolds 1989; NEWMODE)

Fig. 17. Effect of Reichweite in-
crease on the shift of the 17 A
XRD peak on the increase in the
amount of non-swelling layers.
The decrease in the intensity of
the 17 A peak and its peak, mod-
elled by NEWMODE, provides
a better image of the recorded
effects
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Fig. 18. Calibration of «smectite
distribution» measured ac-
cording to the intensity of the
17 A peaks (after Monnier 1982)
and decrease in the amounts of
swelling layers according to Py-
tte and Reynolds (1989). The
17 A peak disappears for mixed
layers containing 60—50% of
swelling layers

Smecirte disappearance (right-hand axis) and 2 1 mixed layers (left-hand axis)

with decreasing amounts of swelling layers saturated with ethylene glycol, shows a
rapid decrease in the intensity of the peak at 17 A with a very small shift towards the

high angles (Fig. 15).

Comparison between simulations and experimental diffractograms leads to-
wards the conclusion that the disappearance of smectite claimed by Monnier
(1982) corresponds to less than 60% of the swelling layers. For diffractograms gen-
erated by Kiibler (1966) and Dunoyer de Segonzac (1969) of non-saturated <2 um
fractions, the simulation also showed a strong decrease and a small shift of the
peaks (Fig. 16), the limit of smectite disappearance being at about 60 to 50% of the
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Fig.19. Calibration of «smec-
tite distribution» according to
Dunoyer de Segonzac (1969),
sharpness ratio and shift of the
14 A peak with decrease in the
rate of swelling layers modelled
by Pytte and Reynolds (1989)

swelling layers. These two simulations were made using a zero «Reichweite». For a
Reichweite of 0.5, the shift of the peak is more significative and a superstructure
appears towards the low angles. This behaviour has been frequently observed and
may have led to the recognition of a trend towards an allevardite structure, now
termed rectorite (Fig. 17). On the basis of these simulations, the disappearance of
smectite seems not to be strictly indicated by the disappearance of the first peak at
17 or 14 A as claimed by the three above-mentioned authors, but rather by the
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reduction of intensity of the 10-17 A interstratification at a 50 to 60% content of
swelling layers. This disappearance corresponds to the mean point of the transition
curves as defined by the measurement of the proportion of swelling layers; the
interstratification of the non-swelling layers beginning at shallower depth and low-
er temperature,as visualized in Pytte and Reynolds’ (1989) model.

In the Linden drill hole, Monnier’s (1980) «transition zone» corresponds to a
rate of interstratification between 60 and 50% of the swelling layers (Fig. 18), when
based on a geothermal gradient of 34 °C/km, a sedimentation rate of 1.65 mm/year
and a composition of the initial mixed layer containing 80% of swelling layers. It
should be noted that the relative intensity of reflection of the mineral, which was
defined as a smectite by Monnier, decreases constantly until a-depth of 2400 m,
agreeing with the decrease in intensity predicted by the NEWMODE code. The
same control on Logbaba drilling samples confirmed «disappearance of montmo-
rillonite» for a rate of interstratification of 50% of non-swelling layers (Dunoyer de
Segonzac 1969), which has been modelled according to Pytte and Reynolds’ model

Fig.20. Compilation of the (0] T 1 T T T T T 1 0
smectite—illite transition
zones in connection with
depth: 1 Hidalgo County, tem-
peratures 69 and 81 °C: z Brazo-
ria, temperatures 89 and 116 °C
(Freed and Peacor 1989); 3
North Sea, Viking Graben
(Pearson et al 1982); 4 Gulf
Coast (Perry and Hower 1982); 5
Gulf Coast (Aronson and How-
er1976); 6 Gulf Coast (Perry and
Hower 1982); A, B and C corre-
pond to Pytte and Reynolds’
(1989) model
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Fig. 21. Smectite—illite transi-
tion according to temperature.
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(Fig. 19). This method also allows more accurate comparison with former data
based on the measurement of the first smectite peak alone, and current data inte-
grating the proportion of swelling layers.

33 Relationship betweenTransition Zone, Depth andTemperature

The impression has frequently been given that the transition zone of smectite
illitization is confined to a limited depth interval (Kisch 1987). In fact, the extent of
this zone is variable, as shown by compilation of the curves published by Perry and
Hower (1970), Aronson and Hower (1976), Pearson et al. (1982), Shoonmaker et al.
(1986) and Freed and Peacor (1989; Fig. 20). The depth interval may reach 3000 m
(Fig. 21), the start being usually between 1000 and 2000 m. It is generally accepted
that the beginning and the thickness depend upon the geothermal gradients (Sro-
don and Eberl 1987; Weaver 1989; Chamley 1989). The geothermal gradient is 25 °C/
km for curve 6 in Fig. 20, 40 °C/km in southwest Texas (Boles and Franks 1979),and
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it varies between 22 and 43 °C/km in the Frio Formation (Freed 1980). The contrast
is even more marked when the curves are reported according to temperature
(Fig. 21). The difference of gradient in the illitization of smectite is not due to the
difference in geothermal gradients for Srodon and Eberl (1979), but to age; the
duration of exposure favouring illitization. However, anomalies cannot be ex-
plained only by these two external factors. Changes in the deposit environment and
the nature of detritic clays are also partly responsible for the mentioned anomalies
(Ktibler 1984). However, the factor which appears to be of some importance is
overpressure (undercompaction).

34 Relationship Between Smectite/lllite Transition, Overpressure and
Organic Maturation

Overpressure which is also termed undercompaction, may be considered as a dy-
namic process. To occur, it needs a rate of water expulsion from rock pores to be
lower than the rate of burial. These conditions take place in basins with important
subsidence, because of intercalated clays or clay-silt whose hydraulic permeabili-
ties are approximately 107 to 107° m/s. If the pore pressure exceeds confinement
pressure or lithostatic pressure, mud volcanoes are formed. Such fluid overpres-
sures are not stable over geological periods. On the other hand, undercompacted
zones due to occurrence of permeability seals or barriers such as saliferous or
black shales are much more stable. They acquire the properties of permeability
barriers only after a given compaction which depends on the clay content, the
sedimentation rate and the geothermal gradient. For example, in the divergent
margin of the Labrador offshore, the seal only became efficient at a depth of 2500 m
when the shales reached a density of 2.1 (Cramez-Diaz and Kiibler 1982; Kiibler
1984). According to Powers (1959), who was first to note a concordance between the
transition zone and abnormal pressures, dehydration due to the smectite-illite
mineralogical transformation would appear to be one of the causes for the creation
of undercompaction. Comparison of published examples shows that abnormal
pressures and the transition zone are concordant at Karlsefni (Fig. 22), whereas
abnormal pressures precede the transition zone by about 8oo m in the Panonian
basin (Fig. 23; Francu et al. 1989), In Burst’s studies, undercompaction begins only
in the middle of the Gulf Coast transition zone (Fig. 12), while it begins at the
bottom of the transition zone in the Logbaba boreholes (Dunoyer de Segonzac
1969; Kiibler 1984; Fig. 19). In the Mahakam delta, the undercompacted zones were
found in much deeper parts of the basin than the transition zone.

If one admits, as did Powers (1967) and Burst (1969), that the fluid volume
released by mineral alteration induces undercompacted zones, since there is no
close relation between depth of mineral transition and that of undercompaction,
one should accept that the latter has probably a different origin or that the zone
decompacted as a result of tectonic movements. This hypothesis cannot be con-
firmed due to lack of elements for comparison such as deferred-well loggings or
pressure gradients. If one admits, as is often the case, that tectonic structurations
did take place after maturation of the organic matter, then it can be admitted that
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undercompacted zones, which were uplifted via these tectonic activities to shal-
lower depths, can blow up by reduction of the lithostatic confinement pressure. The
illite-smectite transition has a sealing effect for Freed and Peacor (1989), in reduc-
ing the permeability and increasing to a similar extent the fluid retention capacity.
This mechanism is well known in gritty reservoirs, where hairy or platy illites
(Sommer 1978) crystallized in the aqueous phase in relation to invasion of water in
the reservoirs, reduce the permeability to a point at which production of crude oil
is blocked. It would then appear that creation of overpressures is not a process due
to compaction or mineral alterations alone, but also to generation of gas and hydro-
carbons. It is possible to distinguish undercompacted zones which have been sub-
sequently decompacted, in considering argillaceous layers and in admitting that
creation of mixed layers has a regular tendency, since formation of rectorite is
favoured by fluid overpressures. However, comparisons are still needed to confirm
this hypothesis.

To evaluate the relationships between mineral and organic transformations,
compaction and temperature, it would be appropriate to examine a study case for
which it is possible to determine sedimentation and history and for which tectonic
activity only played an extremely minor role. The divergent margin of Labrador
offshore is probably such a case. Opening took place during Cretaceous after a
«rifting» episode, and the divergent margin was permanently active until the
present time (Cramez-Diaz and Kiibler 1982). It is, therefore, possible to follow the
initial diagenetic stages continuously from Palaeocene to Pleistocene until the
POW.The clay mineral assemblage is detrital in these margino-coastal or turbiditic
detritic sediments, as revealed by the fraction between 2 and 16 pm which consists
of well-crystallized micas and chlorite, kaolinite and mixed layers. In the <2 pm
fraction, smectite occurs until a depth of 1750 m and below, the [001] XRD peak
shifts from 14 to 11 A until 3200 m (Heroux et al. 1981). This smectite-illite transi-
tion zone is marked by a reduction in the relative intensity of the 14 & peak, as
already seen in Logbaba drillings.

The inductolog provides information about the salinity of the interstitial wa-
ters. According to the induction, the resistivity remains constant (<2 ohm m?*m),
while the speed of the «sonic» increases regularly from 160 to 110 ps/foot. These two
deferred diagraphies give a precise image of Burst’s first dehydration phase: free
water of the large pores is expelled by continuous compaction, without changing
the chemical composition of the interstitial water. It is of interest to notice that
concomitantly neither adsorbed hydrocarbon gases, nor organic extracts, nor vit-
rinite reflectance increase. Kiibler (1984) concluded from this that during the ini-
tial stage of compaction, the water and the transformation products of the organic
matter, which could have been generated by temperature increase, also return to
the ocean. Some intercalated clay-type sediments begin to act as permeability bar-
riers only at 1800 m.

This is recorded by an increase in methane, ethane and in the adsorbed gases.
In the clays, the peak at 14 A begins to shift towards 11 A and the relative smectite
content tends to decrease progressively. According to the inductolog, resistivity
increased to 5 ohm m*/m. According to the filtering capacity often attributed to



3 Mineral Alterations 355

clays, the resistivity should, on the contrary, decrease by relative enrichment of
interstitial water in cations. We can only attribute the increase in resistivity to the
increase in gases which first reach a plateau at 500 pl/I and then a second one at
nearly 1000 pl/l for methane. The organic extracts also begin to increase at 2000 m.
At 2600 m, boreholes penetrate an undercompacted zone marked by a striking
reduction in resistivity, sonic speed and density, but also by a rapid increase in the
adsorbed gases, whose total exceeds 10.000 pl/l. However, neither the progression
in organic extract, nor that of the reflectance capacity is affected by this undercom-
paction, whereas the peak at 14 A continues to shift and the relative smectite con-
tent continues to decrease. \

At Karlsefni, the undercompacted zone has no influence on the decrease in
swelling layers in the clay minerals, which confirms the results from the Mahakam
Delta Basin. Moreover, and contrary to the proposal by Rumeau and Sourisse (1972),
undercompaction does not slow down mineral transformations, or at least the
illitization of swelling layers in the case of a divergent margin, with continuous
clay-silt-gravel sedimentation from Palaeocene to present time. Interstratified ar-
gillaceous units are needed because they are sensitive to a given compaction to
become a permeability barrier by reduction of free porosity water. Overpressure is
favoured by the thermocatalytic generation of methane, ethane and their upper
equivalents. The circulation of fluids is usually restricted in undercompacted zones
and yet this has no influence on the progression of illitization in the swelling layers,
nor on that of organic extracts and vitrinite reflectance. In the Karlsefni borehole,
the proportion of about 80% of non-swelling layers is reached at the beginning of
the POW. However, kerogen being mainly continental, more than an average type III,
it is not certain that it could generate oil.

Comparison with the numerous studies of the Gulf Coast area is probably not
reasonable. In fact, many fields explored in the Gulf Coast area could testify that the
undercompacted zones were destroyed, at least in part, favouring primary and
secondary migrations as shown by Asakawa and Fujita (1979 in Kiibler 1984). None-
theless, given the current state of knowledge and the available results, it is impossi-
ble to assume a strict relationship between disappearance of smectite at the begin-
ning of the illitization zone of the swelling layers and the beginning of the oil
window. The question remains open, and the example of the Slovakian sector of the
Panonian Basin is a good illustration.

Francu et al. (1989) compared fixed and free hydrocarbon contents of Rock-
Eval pyrochromatography in the transition zone as identified by Burst, or the
smectite illitization zone, and the profile of pressures which define the undercom-
pacted zone. The kerogen is of type IIT and even of type I'V; the continental compo-
nent of the organic matter being, therefore, highly dominant with more gaseous
than oil-prone potential. The results clearly confirm that undercompaction does
not block mineral transformations, especially the illitization of swelling layers. Un-
dercompaction begins before and continues after the POW framed by reflectances
of 0.5 and 1.4%. Moreover, these values are considered by the authors as the limits of
the transition zone reaching a thickness of 1100 m despite a geothermic gradient of
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45°/km, which is relatively high but normal for a type A intra-arc subduction basin
(Cramez, pers. comm.).

35 Stability-Instability of Smectite

Temperature is not a criterion for smectite stability. It is well known that under
laboratory conditions, it is possible to heat a smectite to 700 °C without destroying
the mineral structure, nor altering the physical properties. To do so, it is just needed
to increase and decrease the temperature very slowly. This temperature of 700 °C
would correspond to the pyroxene hornfels or to the granulite metamorphic facies.
In the micritic clay massifs of the Doldenhorn nappe which contain up to 99% of
carbonates, Burkhard (1988) found extremely well crystallized smectites together
with epimetamorphic micas. These smectites suffered temperatures of 300 to
350 °C during at least 10 million years. This is an excellent example of thermal
stability. Organic matter is rare in such micrites and would be of type II. The insta-
bility of smectites is, therefore, not directly linked t6 temperature, but mainly to
chemical conditions.

Millot (1964) already described the framework for the transformation process.
For Dunoyer de Segonzac (1969), illitization of smectite is definitely dependent on
the availability of K and Al and a possible migration of Al from octahedral to
tetrahedral positions, to create the necessary charge defect for K to neutralize the
layer. In this case, the transformation process is strictly a chemical reaction and the
chemical composition of the water necessary for this transformation to take place
can be easily evaluated by thermodynamic considerations (Fritz 1981). It is, there-
fore, surprising that temperatures for both the beginning and the end of the trans-
formation of swelling layers can be defined, as it is then necessary to ensure that
temperature also influences other parameters, whose consequences are to induce
smectite transformation.

These parameters are kinetics and permeability. As far as kinetics are con-
cerned, it is clear, as for organic matter transformation, that an increase in temper-
ature increases the reaction rate. For permeability, the processes are complex.
When the compaction phase starts, gravitic water returns to the ocean without
changing in composition as in Karlsefni (Kiibler 1984), and no smectite transfor-
mation is observed. However, once the first seal appears, illitization of the swelling
layers begins. The creation of seals is due to compaction which reduces the perme-
ability of the interbedded clay or clay-silt units. In the Panonic basin, the current
pressure to form a seal is at 12 MPa (130 kg cm™), the beginning of the transition
zone bemg at 31 MPa (330 kg cm™), whereas the hydrostatic pressure should be at
18.5 MPa (200 kg cm™) for this depth. In Karlsefni, the beginning of illitization
coincides with the appearance of the first seal at 28 MPa (302 kg cm™?), whilst the
continuous undercompacted zone only begins at 34 MPa (367 kg cm™). The pres-
sures are higher in Karlsefni, because the tectonics have not raised the structures as
they have done in the Panonic basin. However, if this permeability becomes too low,
the core of the bentonite layer does not have a degree of illitization as high as that
of the rims (Altaner et al. 1984). If permeability is too high in the first dehydration
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phase, all the transformation products return to the ocean and no illitization of the
swelling layers is observed. In order for this to begin, permeability has to decrease,
but if it becomes to low, even after the Cretaceous period, illitization may be in-
complete.

4 Conclusions

In the first stages of diagenesis, mineral and organic transformations cannot be
dissociated. However, correct interpretation of their interactions requires an eval-
uation of all information usually gathered for petroleum prospection: seismic dates
to reconstruct the sedimentary and tectonic history, deferred electric or nuclear
well loggings to simulate decompacted sedimentation, chemistry of interstitial pal-
aeowaters, argillosity, gas content and desorbable gas profiles of the sediments.
Only then can petrography, geochemistry of organic matter, mineralogy of clays
and mineral geochemistry be considered to constrain the incertitudes. However,
despite the already considerable amount of available information which allows
cross-checkings, non-hydrocarbon gas profiles are still missing to help both the
organic geochemists and mineralogists.

It is also interesting to recall that the concept of fluid migration, which has
generally been admitted for along time to explain hydrocarbon accumulations of
gas and oil fields, is almost never suggested to explain the inorganic transforma-
tions of diagenetic origin. As fluid migrations depend on the shape and dynamic of
the sedimentary basins under consideration, as well as on their tectono-sedimen-
tary evolution, it might be considered that forthcoming studies on diagenesis will
also evaluate hydrodynamic aspects together with the usual parameters to end with
a definition of integrated diagenetic systems.
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A

acidic environment 199
adsorbed gases 355
aeolian influx 35
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African Rift 208
African Sahel 157
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Al-Fe smectites 236
Al-Mg smectites 236
alkalinity 270
allevardite 288, 344
allitization 3, 49
Alpine range 289
alteration morphologies 182
alterations 291

alterite formation 4
aluminous goethite 114
Amazonia 61, 73
analcimolites 290
Antarctic 279
Anti-Atlas 26

apatite 253

apatite Synthesis 250
apparent ages 312
Aquitaine Basin 224, 329
Ar diffusion 308
aragonite 33

Archean greenstone 140
Arctic 279
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arenization 5
Arrhenius 335

Arrhenius factor 338
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Atlantic 272

Atlantic domain 272
Australia 195
authigenesis 30, 269
authigenic smectites 275
Azul 116
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bacterial mediation 251
barite 208

basalt 73, 278

bauxite 49, 224
beidellite 232, 271
bentonite 283
biogenic silica 275
birnesite 120
Birrimian 121
bitumen 317

black shales 256, 272
bleached profiles 202
boehmite 49

Brazil 58, 73, 116, 133, 157
Brazilia 56

Brazilian Nordeste 159
Brazilian Sertio 157
brines 210, 211
brousse tigrée 163
brown clays 275
Bulimes macro-fauna 34
Burial 287
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C and O isotopic compositions 35

caatinga 163

calcareous accumulation 21
calcareous dust 35
calcareous epigenesis 24
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capping 193

carapace 71, 162

carbon isotopes 35
carbonates 303

CARFAP 255
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Cathedral of Strasbourg 177
Ceara 160

celadonite 277

central Italy 285
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Chad 79, 208

Chaine Nord des Chotts 41
chalcedony 205
Charentes 228

chemical mechanisms of alteration 182
chlorite 10, 271, 280

clay granules 273

clay minerals 303, 327
clay plasmation 2
claystone silicification 202
climate 270, 279
clinoptilolite 284

closed environment 312
coalification 333
columnar structure 193
confined environment 37
Congo 73, 150

contact metamorphism 278
cooling 292

corrensite 271, 278, 288
Cote d’Ivoire 119
cryptomelane 111
cryptopores 257
cryptoporosity 255
crystal growth 212, 310, 312
crystallinity 227

currents 279
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Dahomey, 72

deep-sea red clays 315
degradation 271

degree of weathering 4

delta of the Mississippi River 344
dense forest 73

deposits 125

desert areas 35

detrital Supply 269, 278
diagenesis 264, 269, 289, 295, 327
diagenetic chlorite 288

direct precipitation 251
dissolution 211

dissolution front 38
dissolution-precipitation 312
dissolution-recrystallization 251, 288
dolomite 207, 256

dry periods 39

duripans 196

dynamic equilibrium 67
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early diagenesis 283
ecology 157

ecosystems 157

electron micrographs 283
elementary crystallites 10
eluvial—illuvial systems 77
enzymes 253

eolian currents 279
epigenetic replacement 208, 214
epimetamorphic 280
equatorial forest 150
erosivity index 166
euhedral quartz 195
eustatic levels 69
“eutrophe” brown soils 70
eutrophic 69
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evaporative basins 280
evaporative conditions 30, 33, 270
Evaporite silicifications 215
evaporites 207, 209
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factor 335

Fe 273

Fe smectite 277, 280
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systems 84

ferricrete 131
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garnet spessartite 120
garnierites 126

geochemical erosion 91
geochemical melting 79
geochemical weathering 2
geothermal gradient 288, 308, 329
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gibbsite 49, 73, 113

glacial periods 291
glaebulization 33
glauconite 277, 306
glauconitization process 310
glaucony 273

goethite 49, 71
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gondites 98
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Green River 332

Green River Shale 332

greenalite 103

greenhouse effect 141

groundwater outflow 201

groundwater silicifications 200, 206, 215
Gulf Coast 328

gypsum 202
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haematite 49, 71
halmyrolysis 271

Hammada du Guir 41

hard nodules 21

hardpans 198

high-charged category 9
humid equatorial zone 71
hydraulic gradient 201
hydrogenous smectite 278
hydrogenous formation 275
Hydrolysis 3

hydrothermal 129, 276, 278
hydrothermal alteration 133
hydrothermal environment 276
hydrothermal input 275
hydrothermal origin 139
hydrothermal smectite 278

ice caps 292

Illite 9, 70, 235, 279, 306, 315
illite crystallinity indices 304
Ilitization 287

Illuviation 194, 197

In situ reorganized systems 83
incongruent dissolution 199
India 34

Indian Ocean 275, 293

insect burrows 34

interglacial periods 291
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interstitial fluids 310
ironcrusts 71, 162

isalterite 51

Iso-elemental calculations 60
Iso-elemental mass balances 53
isochrons 317

isostatic uplift 141

isotopic Dating 303

isotopic homogenization 310
isovolume mass balances 52
isovolumetric Replacement 24
Ivory Coast 56, 61, 80

Jebel Chambi 39

K

Kalkberg 344

kaolinite 8,49, 70, 224, 226, 227, 271

karstification 41

kerogen 317

kinetic parameters for models 332
komatiic 140

L

Labrador offshore 351
Lafaiete Deposit 120

Lake Chad Basin 226
laminar crusts 21
landforms 28

lateritic ores 97, 125, 127, 139
laterites 49

Lateritization 99

Latosols 161

levelled surfaces 133
lignite 226

limestone 289

limestone silicification 205

limestone-marl 289
Linden 349
lithiophorite 111
Logbaba 351
lutecite 207

M

Mahakam delta 351
Mahakam Delta Basin 355
Mali 71, 152

manganese 97
manganiferous cuirasses 101
manganite 111

marine environments 269
marl alternations 289
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maturation of organic matter 328
maturation stages 328
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mechanical erosion 70
Mediterranean Sea 271
metalliferous clay 274
metamorphism 289

Mexico 196

Mg clays 270

Mg smectites 236
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micro-aggregation 73
microcrystalline quartz 193, 195
microdomains 10
microenvironments 256
microfossils 34
microorganisms 34, 257
microprobe investigations 283
migmatites 69

mineral sequence 199
mixed layers 279, 306, 354
monosiallitization 49
montmorillonite 70
Moroccan Atlas Gulf 285
Morocco 26, 208
morphogenesis 67
Miinsterland 336
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Mysore Plateau 34
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neocalcitanes 32

New Caledonia 127
nickel 125

nickeliferous goethite 130
nickeliferous serpentine 130
Nigeria 72

nodules 21

nontronite 275, 277
North America 209
North Pacific 275

nsutite 111

nucleation 254
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odinite 273

oil window 329

Okouma 105

opal 193, 195, 202, 230
opal CT 203, 284

opalite 231

open system 35

organic acids 211

organic environments 271
organic matter 255, 289, 317
Overburden 289
overgrowths 200
overpressure 351
oxi-hydroxides 275
oxides 304

oxygen isotopes 35, 312

P

palaeolandscape 197
palaeoreliefs 195
palaeosols 197, 226
palaeovalleys 208

palagonitization 276
paleocirculations 293
Paleoclimate 291

paleoclimatic reconstructions 28, 291
paleocurrent 293
paleoenvironments 269, 291, 295
paleogeographic reconstructions 28
palygorskite 26, 231, 270, 307
Panonian Basin 355

Paraiba 163

Paris Basin 193, 224, 285, 340
past continental sources 293
pedogenesis 39, 67

pedogenic silicifications 193, 215
pedological clay 7

permeable sediments 290
petroleum systems 328
phosphates 303

physical reorganization 288
pisolites 101

planation of landforms 28, 75, 91
plaquette horizon 113

podzolic soils 161

polymorphic forms 304
population of particles 17,29
pore hypocoatings 32

porosity 205

porous network 183

position of evaporation 187
potential oil window 328
Precambrian 140

Precambrian Gold 140
productivity 257

Protore 103

Provence 229
pseudo-myceliums 21
pyrolusite 100, 111

pyrophyllite 279

Q

quartz 205, 211, 279
quartz Precipitation 212
quartz solubility 211
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quartzine 207
quartzites 193
quasi-crystal 12
queluzites 98

R

rain wash 38
ramsdellite 112
rare-earth 276
rare-earth element 276
rate of weathering 134
Rb-Sr isotope 276
Rb-Sr, Sm-Nd or U-Pb isotopic dating
305
recrystallization 213
rectorite 344
Red Sea 277
REE 317
regolith 152, 202, 224
regular mixed layers 288
Reichweite 344
residence time 288
reworking 262
rhodochrosite 100
ribbon pellicle 21
Rio Fresco formation 116
Rock-Eval pyrolysis 332

S

Sahara 71

Salt Lake 207
sandstone silicification 200
sandstones 180, 290
saponite 271, 276
saprock 129

saprolite 127
sapropels 271
savanna type 70

sea level 273, 285
Sea-Level Changes 285
seawater 278, 312

semi-arid regions 157
semi-confined 273
semiarid climates 28
Senegal 79, 160, 296
sepiolite 30, 235, 271, 277
sequential leaching 304
serpentine 279
serpentinization 126
Serra dos Carajas 116
shape — of particles 17
siallitization 3
siderolithic 225
siderolithic facies 197
silcrete 127, 193, 230
silica precipitation 207
silica solubility 210
silicified limestones 213
Sm-Nd 303
smectites 11,35, 224, 231, 236, 270,
276, 277, 278, 280, 289, 307, 354
soil covers 67
soil erosion 166
soils 69, 157,280
solonetz 76
South Africa 140
South Pacific 275
sparry calcitanes 32
stevensite 271
stilpnomelane 103
stones in monuments 177
stratigraphic dating 310

structural and textural interstratification

14
subaqueous transport 279
Subarid brown soils 76
subsidence 295
sulphate 208, 303
sulphate silicification 207
supergene weathering 3, 110, 133, 142
surficial transformation systems: 76
susceptibility index 166
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tactoid 12, 343

Taiwan 289

talc 279

Tchad 61

tectonic instability 292
tectonic variation 69
tectonics 293

Tepetates 196

tephroite 98

terrigenous input 278
time temperature index 331
Tiznit 24

todorockite 118

Togo 79

transfer of solutions 186
transformation systems 68
transport 279

tridymite 203

tropical ferruginous soils 70
Tunisia 27, 208

type of weathering 4

U

Uinta Basin 332
uplift 295

Upper Rio Negro 88
upwelling 255

\'

verdine 273

vermiculite 10, 279
vertisols 69, 226, 240
vitrinite reflectance 332
volcanic activity 275, 276
volcanic glass 285

volcanic material 280
volcaniclastic sediments 290

warming 292

water flow, 205

water table 42

water table diagenesis 39
weathering 49
weathering systems 152
West Africa 70

Wilcox Formation 342
winnowing 262

Y

yellow ferrallitic soils 73

Z

zeolites 276, 307
Ziemougoula deposits 119
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