Erik Fligel

MICROFACIES
_OF CARBONATE




1.1
1.2

21
2.1.1
212

213
2.2

2.3
231
2.3.2
2321
2322
24
24.1
24.11
2412
2413
24.1.5
24.16
2.4.1.7
2418
242

2421
2422
243

2431
2432
2433
2434
244

2441

2442
2443
245

2451
2452
2453
2454

Contents

New Perspectives in Microfacies. . . ..... .. ... ... ... ... ... ...
The Microfacies Concept .. ... ...t e
New Perspectives ... ... i i i e

Carbonate Depositional Environments ..........................
Introduction .. ....... . . i e

The ‘Sorby Principle’: Limestones are Predominantly Biogenic

Sediments . . ... e
Modern Carbonates: Obligatory Reading ............... ... ... ...
Carbonate Sediments Originate on Land and inthe Sea . ..............
Classification of Marine Environments . ................ . ..c0aeon..
Boundary Levels . ....... . i it e e e
Vertical and Horizontal Zonations . .............. .0t iunrnnnnn.
Vertical Zonations . ... ... it e e e

Review of Modern Carbonate Depositional Environments ... ..........
Non-Marine Carbonate Environments .. ......... ... ... coiiaaaa...
Pedogenic Carbonates, Paleosols, and Caliche/Calcretes .. ............
Palustrine Carbonates. .. ... ...t
Cave Carbonates, Speleothemsand Karst ..........................
Glacial Carbonates . . ... ... . it it e e
Travertine, Calcareous Tufa and Calcareous Sinter . . ... ..............
Lacustrine Carbonates: Lakes ............ ...
Fluvial Carbonates . ........ ... .. i s
Transitional Marginal-Marine Environments; Shorelines and

Peritidal Sediments. ........ . ...
Beach (Foreshore), Barriers and Coastal Lagoons. ...................
Peritidal Envirpnments . . ........ ... . i
Shallow-Marine Sedimentary Environments: ‘Shallow” and ‘Deep’. .. ...
Pericontinental vs Epicontinental Shallow Seas .....................
Carbonate Shelves, Ramps and Platforms ..........................
Shelf Margins . .. oo .o e e e e
Reefs. ... e,
Tropical and Non-Tropical Carbonates: Different in Composition,
Controls and Significance ........... .. .. .. . o i i
Latitudinal Zonation and Diagnostic Criteria of Tropical and Non-Tropical
Carbonates . ..o e e
Tropical and Subtropical Shallow-Marine Carbonates ................
Non-Tropical Shelf and Reef Carbonates ..........................
Deep-Marine Environments . .. .......ooo i
SOl o . . oottt e e
Sedimentation Processes ... ... ... ... i e
Pelagic Sedimentation . ...........cvrriririinn i iiananns,
Resedimentation (* Allochthonous Carbonates’™) . ....................

24
24
24
25
26
26
28
29

30

31
34
37
46
46
47
47
49



2455
2456
2457
24.6

31
3.1.1
3.1.1.1
31.12

3.1.1.3
3.1.14
312
31.2.1
3.1.22
3123
32
321
322
323
3231
3232
3233
324
325

4.1
4.1.1
4.12
4.1.3
414
4.1.5
4.1.6
4.2
421
422
423
4.24
4241
4242
425
4.2.6

4279
4.2.8
4281
4282
4.3
4.3.1
432

Carbonaie Plankton and Carbonate Qozes .. ........ ... .. ooennt.
Preservation Potential and Dissolution Levels. .. ... ... ... ... .,
Carbonate Slopes, Periplatform Carbonates and Caronate Aprons . .. ...
Seepand Vent Carbonates ............ ... ... coiiiiiiiin...

Microfacies Analysis

Methods . ... ... ... i i e
FieldWork and Sampling . ... ... oot
Field Observations . ... ... oottt it e e
Lithology, Texture and Rock Colors .......... ... .. ... oL,

Bedding and Stratification, Sedimentary Structures and

Diagenetic Features . ... ... . . i e
Fossils and Biogenic Structures . ... ... .ot
Field Logs and Compositional Logs ................. .. ... ...

How Many Samples? .. ... ... e
Practical Advice for Microfacies Sampling ........................
T.aboratory Work: Techniques . ......... .. ..o i i,
Slices, Peelsand Thin Sections . ... .ottt eee s
Casts, Etching and Staining . ........ ... ... ... ..o i i,
MO COPY -« o vt ettt et e e e e
Petrographic Microscopy .. ...
Stereoscan MiCTOSCODY . ... ottt ettt i e
Fluorescence, Cathodoluminescence and Fluid Inclusion Microscopy . . . .
Mineralogy and Geochemistry . . ... ... ... oo
Trace Elements and Stable Isotope Analysis ........... ... . .0coo..

Microfacies Data: Matrix and Grains ..........................
Fine-Grained Carbonate Matrix: Micrite, Microspar, Calcisiltite . . .. ...
MG o i e e e e e
Modes of Formation of Micrite and Other Fine-Grained Matrix Types . ..
T Tl o] o P
Caleisiltite. . ... ..o e e
Practical Aids in Describing and Interpreting Fine-Grained Limestones . .
Significance of Fine-Grained Carbonates .........................
Carbonate Grains ........... it e

ONCOIAS . . .ttt e e e e e
Rhodoids and Macroids . ......... it i eanns
Lo T -

Pisoids and Vadoids — Simply ‘Larger Ooids’ or Carbonate Grains

ontheir OWN? ... ... .. e
Aggregate Grains: Grapestones, Lumps and Other Composite Grains . ...
Resediments: Intra-, Extra- and Lithoclasts — Insiders and Foreigners . .. .
Intraclasts: Origin and Facies-Diagnostic Types ....................
Extraclasts: Strange Foreigners ............ .. .. .. oot
Morphometry of Carbonate Grains . .............................
Intentions and Methods . ... ... ... .. . i
Significance of Morphometric Data for Carbonate Grains ............

Contents

49
49
50
51

53
53
33
53

55
59
60
61
62
62
63
64
64
65
66
66
66
67
70
70

73
73
74
80
94
95
98
98
100
101
110
118
121
124
137
142

157
163
166
167
172
173
174
175



Contents X1

5 Microfacies Data: Fabrics .. ......... ... ... ... ... . ... ..... 177
51 Depositional and Diagenetic Fabrics . ... .. ... .. .. ... ... ..., 177
5.1.1 Geopetal Fabrics. . ... ... e 177
5.1.2 Biofabrics and Grain Orientation . . ..............iiii ... 181
5.1.3 Bedding and Lamination Fabrics . ... ... ... ... . .. ... . .. 184
514 Burrowing and Bioturbation Fabrics . ................... .00 185
5.15 Birdseyes, Fenestral Fabrics and Stromatactis . .. .................... 190
5.1.5.1 Birdseyes . ... 192
5.1.5.2 Fenestral Fabrics .. ..... ... . .. .. . . . i i 192
5153 Stromatactis . ... e 193
5154 Significance of Birdseyes, Fenestral Fabrics and Stromatactis . ......... 197
5.16 Nodular Fabrics ...... ... .o i 198
5.2 Discontinuity Surfaces: From Microfacies to Sequence Stratigraphy . , . ., . 203
5.2.1 Classification of Discontinuities ......... ... .. ... ... ... .. ... ... 203
522 Major Criteria of Discontinuities . ... ....... ..o, 203
523 Microfacies Criteria and Significance of Exposure Surfaces............ 205
524 Microfacies Criteria and Significance of Condensation Surfaces and

Hardgrounds. . ...... .. i e 206
5.2.4.1 Hardgrounds . .. ... ... i i i e e e e e e 206
5242 Condensation Surfaces and Condensed Sections . . ... ................ 211
5.2.5 Discontinuities and Sequence Stratigraphy .............. ... ... .... 215
53 Syn- and Postdepositional Features: Fissures, Veins, Breccias ., ........ 216
5.3.1 Sediment-Filled Fissures: Neptunian Dikes and Fissure Fills .. .. ... .. .. 217
5311 Origin, Development and Filling of Sedimentary Fissures ............. 217
5312 Microfacies Analysis of Neptunian Dikes ... ....................... 221
5313 Case Studies of Neptunian Dikes in Carbonates ..................... 221
53.14 Significance of Sediment-Filled Fissures. ... ............... ... .... 223
532 Microfractures and Veins (Calcite Veins). .. ....... ... et 223
5321 Origin and Classification of Calcite Veins . . . ....................... 224
5322 Descriptive Criteria of Calcite-Filled Microfractures . ................ 225
5323 Significance of Microfractures in Carbonate Rocks . ................. 225
533 Carbonate Breccias and Conglomerates. .. ......................... 228
53.3.1 Terminology . . ..o o e 228
5332 How to Describe Carbonate Breccias?. . ........ .. ... o o oot 229
5333 Carbonate Breccia Types: Origin, Classification, Criteria.............. 233
5334 Carbonate Conglomerates ............ ... iiiiiiiinnennenn. 239
5.3.3.5 Significance of Carbonate Breccias and Conglomerates .. ............. 242
6 Quantitative Microfacies Analysis .............................. 243
6.1 Grain-Size Analysis .. .. ..o e e 243
6.1.1 Grain-Size Analysis: Methodsand Aims . .......................... 244
6.1.1.1 Measuring Grain Sizes and Describing Size Distributions ............. 244
6.1.1.2 Approaches to the Environmental Interpretation of Grain-Size Data .. ... 246
6.1.1.3 Grain-Size Analysis in Thin Sections. . ............................ 247
6.1.2 Grain-Size Studies of Modern and Ancient Carbonates. . .............. 248
6.1.2.1 Grain-Size Studies of Modern Carbonate Sediments. . ................ 248
6.1.2.2 Application of Grain-Size Analyses to Carbonate Rocks .............. 251
6.1.2.3 Significance of Grain-Size Studies of Carbonate Rocks .. ............. 253
6.2 Frequency Analysis of Microfacies Data . .......................... 254
6.2.1 Methods of Frequency Analyses ........... ... .. .. .. .. ..., 254
6.2.1.1 COUMtINE . . oot 254
6.2.1.2 Estimating. . . ... .. e e e 257

6.2.13 Image Analysis .. ..ot 259



XII Contents

6.2.14 Constituent Ranking, Diversity and Maturity .................... ... 260
6.2.1.5 Integrated Frequency Studies of Reef Carbonates .................... 260
6.2.2 Practical AdVICe ... oottt e e 261
6.3 Multivariate Microfacies Studies . . ... ... ... .. i 262
6.3.1 Methods: Variations between Constituents and between Samples. . ...... 262
6.3.2 Significance of Multivariate Siudies: Constituent Analysis as a

Clue to Environmental Conditions and Depositional Settings. . ......... 263
7 Diagenesis, Porosity, and Dolomitization . . ....................... 267
71 Carbonate Mineralogy and Diagenetic Processes .................... 267
7.1.1 Modemn Carbonate Sediments and Ancient Carbonate Rocks . .......... 267
7.1.2 Common Carbonate Minerals ........ ... o iiiiiiiiiii s, 270
7.1.3 Diagenetic Processesand Controls ......... ... ... 271
7.1.4 From Soft Sediments to Hard Rocks .. ... ... ... ... ... .. .. 272
7.1.5 Oscillating Trends in Phanerozoic Carbonate Mineralogy ............. 272
7.1.5.1 Secular Variations. . ... ..o ot s 272
7.1.52 How to Recognize Former Aragonite and Mg-Calcite Mineralogy in

Ancient Low-Calcite Limestones? . ... ......... .. .. ... ..ot 272
7.2 Major Diagenetic Environments ......... ... .. oo, 274
7.2.1 Meteoric, Marine and Burial Diagenesis . ........ ... .o viii e, 276
7.2.1.1 Meteoric (Freshwater) Diagenesis .. .......... ... ... ... ... ... 276
7.2.1.2 Mixing Zone and Marine Vadose Environment . .. ..........cooiivin. 276
7213 Marine Diagenesis ... ....ouur i e 277
7.2.14 Burial Diagenesis . .. ...ttt e 277
722 Early and Late Diagenesis . ......... ..o, 278
7.3 Porosity of Carbonate Rocks ............ ... ... .. il 278
7.3.1 Porosity Categories, Pore Geometry and Permeability ................ 278
7.3.1.1 Basic Defimitions .. ...ovv i v et e i e e 278
7.3.1.2 Pore Geometry and Permeability .. ........ ... . ... i ann 282
7.3.1.3 Porosity Measurements and Pore Types in Thin Sections . ............. 282
732 Porosity Terminology and Classification . ............. ... oo i 283
7.3.3 Porosity in Limestones and Dolomites. .. ............. ..oty 288
7.4 Pore-Filling Processes: Cementation .. ..........c0vvvienaennaan .. 289
74.1 Controls on Carbonate Cementation ....................oiiuuen.. 292
7.4.2 Morphology and Fabrics of Cement Types ............ooiiaias. 295
7.4.2.1 L 11T R 7 = S O 295
7422 Cement Fabrics. . ... oo i e 299
7.4.3 Cement Types and Diagenetic Environments ....................... 299
744 Facies-Controlled Diagenesis. . ... ...t niniiiaerinenanas 301
744.1 Carbonate Platforms and Ramps .. .......... . ... ... it 301
7.4.4.2 TS5 £ 302
7443 Cold-Water vs. Warm-Water Diagenesis ........c.ovveiiueernnnneen., 308
7.4.5 Diagenetic Pathways and Patierns . ............... i onn. 308
7.5 Diagenetic TEXIUPES .. ...ttt e i iiaee e iiaaaa e e 310
751 Mechanical Processes: Compaction .. ..., 311
7.5.2 Chemical Processes: Pressure Solution and Stylolitization . ............ 314
7.5.3 Significance of Compaction and Pressure Solution .. .......... ... ... 321
7.6 Neomorphic Processes: Alteration and Recrystallization .............. 321
761 Recrystallized Carbonate Rocks: Whattodo? .. ..................... 321
7.6.2 How to DescribeRecrystallized Carbonate Rocks? ............ .. ..., 324
7.7 Sparite: Recrystallization Product or Carbonate Cement? . ............. 324
7.8 Dolomitization and Dedolomitization .. ........................... 325

7.8.1 Descriptive Criteria and Terminology of Dolomite Fabrics............. 328



Contents

7.8.1.1
7812
7.8.13
7.8.2
7.8.2.1
7.8.22
7823
7.8.3
7.8.3.1
7.83.2
7.8.3.3
7.9

8

8.1

8.2

8.3
8.3.1
8.3.2
8.3.2.1
8.3.2.2
8.3.2
8.3.2.1
8322
84
84.1
8.4.2
8.5

8.6

9

921
9.11
9.1.2
9.1.3
9.1.31
9.132
9.14
9.15
9.15.1
9.152
91353
9.2
9.2.1
9.22
9.23

9.3
9.3.1
932
933
9.33.1
9332

Thin-Section Description and Terminology of Dolomite Rocks .........
Dolomite Cement . . ... ... .00t e

Dolomites Associated with Evaporites. ............................
Mixing-Water and Seawater Models ..............................
Subsurface Burial Dolomites . .......... ... ...,
Dedolomitization .. ...
Textural Criteria for Recognizing Dedolomitization ..................
Origin of Dedolomite . . ........... ... ... iiiiii i,
Significance of Dedolomitization. . ................... ... ...
Metamorphic Carbonate and Marbles .............................

Classification — A Name for Your Sample ...................... ..
Basic Contepts . ...ttt it e
Reef Limestones and Microbial Carbonates (Autochthonous Carbonates) .
Classifications Based on Depositional Texture ......................
Prerequisites ... ... ... . e
Original and Expanded Dunham Classification......................
oM DS . oot
DisCUSSION ...t e
Original and Expanded Folk Classification .........................
COmCePtS . . . .t e
DiSCUSSION . . .ot e
Specific Classifications .............. ... ... ....... ... . ...
Diagenetic Changes in Depositional Textures .......................
Some Nonmarine Carbonates Need very Specific Names . .............
Classification of Mixed Siliciclastic-Carbonate Rocks ................
A Name for Your Samples: Some Practical Advice . ..................

Limestones are Biological Sediments .. ..... . ....................
Microbial Carbonates and Stromatolites . ....... ... .. rrinrn...

Classification of Benthic Microbial Carbonates .....................
Stromatolites are Laminated Microbialites . ........................
Occurrence and Significance of Microbialites and Stromatolites . . ... ...
Development through Time ........... ... ...
Palecenvironmental Significance of Microbial Carbonates. ... .........
Economic Importance of Stromatolites . ............... ... ...,
Biogenic Encrustations. .. .......... i e
Criteria and Constraints of Encrusters . ... .....ooviiiiinninnnn. ..
Phanerozoic Encrusters ........ ... ... . . .. .
Significance of Encrustation Patterns in Recognizing

Depositional Settings and Environmental Controls . .. ................
Bicerosion, Boring and Grazing Organisms ........................
Recent and Fossil Microborers. .. ........oovoiiin oo,
Recent and Fossil Macroborers ..................................
Micro- and Macroboring through Time ... ..... ..., ..............
Qualitative Changes in Micro- and Macroborer Groups . ..............
Quantitative Changes in the Intensity of Macroboring in Coral Reefs . . . .

XIII

328
329
330
330
330
331
332
332
333
333
334
334

339
339
340
348
348
348
349
350
356
356
361
361
361
361
361
364

369
369
369
370
370
370
371
374
377
377
379
379
379
381
384

384
386
387
388
392
392
394



X1V

934
9.4

10

10.1
10.1.1
10.1.2
10.1.3
10.2
10.2.1
10.2.1.1
10.2.1.2
10.2.1.3
10.2.1.4
10.2.1.5
10.2.1.6
10.2.1.7
10.2.1.8
10.2.1.9
1022
10.2.21
10.2.2.2
10.2.2.3
10.2.3
10.2.3.1
10232
10.2.3.3
10.2.34
1024
10.2.41
10.2.4.2
10.2.4.3
10.2.4.4
10.24.5
10246
10.2.4.7
10.2.4.8
10.2.4.9
10.2.5
10.2.6
10.2.6.1
10.2.6.2
10.3
10.4

1n

1.1
11.2
11.3

Contents
Microborer Associations are Proxies for Paleo-Water Depths . .. ........ 3%6
Practical Advice: How to Describe Microbialites and
Stromatolites, Biogenic Encrustations and Borings? . ................. 396
Fossils in Thin Section: It is Not That Difficale . ................... 399
Specifics of Thin-Section Fossils . .. .......... ... it 399
How to Determine Fossils in Thin Sections? .. ...................... 399
Which Fossils in which Time Interval? ... ........ .. .. .ot 400
Practical Advice ... v oo 401
Diagnostic Criteria of Fossils in Thin Sections ...................... 402
Cyanobacteria and Calcareous Algae . . ........ ... .. . it 404
Cyanobacteria and Calcimicrobes . ............. ... ... o il 408
Corallinacean and Peyssoneliacean Red Algae ............ ... ....... 412
Solenoporacean Red Algae. . .......... . ... ... . ... ...l 418
Ancestral Red Algae and Problematic Red Algae .................... 422
Udoteacean Green Algae and Gymnocoediacean Algae . ............... 422
Phylloid Algae ... ... et i e ee e 427
Dasyclad Green Algae ... ... ot 430
Charophyta: Fresh-Water and Brackish-Water Algae ................. 447
‘Calcispheres’and Algal Cysts. .. ..o o i i en e 452
Foraminifera and other Protozoa . ............ ... ... .. ... . iaa, 453
Foraminifera . . ... .. e e 453
Radiolaria . ... ... i i i e e 482
Calpionellids. ... .. ... i i 487
Benthic Sessile Orgamisms . ... oo v it een e ina i iiin e 491
SPOMEES .. e e 491
HYGIOZOANS . . .o ittt e e e e 508
L 1 509
BryozZoans. ... ... i e e 514
Shells .. e 518
Brachiopods .........0 i 519
BIvalVES L\ttt e 522
Gastropods .. ..o e 529
Cephalopods . ... i e e 533
Tentaculitids and Other Conical Shells (Cricoconarida; Hyolithida). . .. .. 537
Serpulids and Other Worm Tubes .......... ... it 540
Crustacean Arthropods . .. ... ... . o i 542
TrlObItES .o e e e e e 547
Echinoderms . .. ... ... . i e i e e, 548
Rare Thin-Section Fossils .. .. .. ... .. i it 558
Microproblematica . . . ...t 559
Inventory of Microproblematica .......... ... ..oy 559
Discussion of Selected Microproblematica . .............. ... ... .... 560
Biozonation of Platforms with Thin-Section Fossils .................. 570
Where to Look for Thin-Section Pictures of Fossils
and Microfacies Types. . . ... i i i e 571
Microfacies Interpretation
Summarizing Microfacies Criteria: Microfacies Types ............. 575
MET COnCEPLS .« . o oo ettt it i it e et e enns 575
How to Differentiate Meaningful Microfacies Types ................. 576

Making Microfacies Types. ... .. ... i i 584



Contents

12

12.1
12.1.1
12.1.1.1
121.1.2
12.1.1.3
12.1.2
12.1.2.1
12.1.2.2
12.1.2.3
12.1.3
12.1.31
12.1.3.2
12.1.4
12.1.4.1
12.1.4.2
12.1.5
12,151
12.15.2
12.1.5.3
12.1.6
12.1.6.1
12.1.6.2
12.1.7
12.1.7.1
12.1.7.2
12.1.7.3
12.1.8
12.1.8.1
12.1.8.2
12.1.8.3
12.2
1221
12.2.2
12.2.2.1
12222
12.2.2.3
12.3
12.3.1
12.3.2

13

13.1
13.1.1
13.1.2
13.1.21
13.1.2.2
13.1.2.3
13.1.24
13.2
13.2.1
13.2.2

Recognizing Paleoenvironmental Conditions ...........
Reconstructing Environmental Constraints . ..............
Hydrodynamic Controls . .............................
Hydrodynamic Energy Levels .........................
Classifying Low-Energy and High-Energy Environments . . .
Paleocurrent Data . ... ... . . o i

Storm Deposits (Tempestites) on Shelves, Ramps and Platforms ... ... ..

Impact of Tropical Storms onReefs. .. ..................
Significance of Carbonate Storm Deposits ...............
Marine Carbonate Substrates . . ..............cooiiii..

Carbonate Substrate Types and Organism-Sediment Interactions . . ... ..,

Recognizing Substrate Types .. ........................
Light ..o
Zonation and Light Conditions ........................
Recognition of Photic and Aphotic Conditions ............
Oy BeN . e e
Terminology and Classification ........................
Recognizing Paleo-Oxygenation ... ....................

Case Study: Black Shale Development on a Carbonate Platform .. ... ...

Seawater Temperature ... ...........c.c..eeuunnnnnn...
Seawater Temperature: Biotic Proxies .. .................
Geochemical Proxies of Seawater Temperatures . ..........
Salinity ... e
Biotic and Microfacies Proxies of Paleosalinity ..........,
Geochemical Proxies of Paleosalinity ...................

Microfacies Proxies for Hypersaline and Evaporitic Conditions. .. ......

Productivity and Nutrients . ...........................
NUents . . ..o e
Estimating Paleonutrient Levels. . ......................
Effects of Nutrient Excess on Reef and Platform Carbonates .

Estimating Paleoclimatic Conditions: Grain Association Analysis . .. ... .

COMCEPIS . et e

Practical Advice, Examples and State of Current Information

Distinguishing Grain Association Types .................
Examples . ... ..o
Stateofthe Art . .......... ... ... .
Assessing Water Depths ... ...........................
Hints to Paleowater Depths .. .........................

Case Study: Assessing the Water Depth of a Carbonate Ramp

Integrated FaciesAnalysis. . .........................
Non-Carbonate Constituents ..........................
Insoluble Residues (IR): Clay Minerals and Detrital Quartz . .
Authigenic Minerals.................................

Silicification of Carbonates, Authigenic Feldspar and Glauconite ... . ...

Sulfides: Pyrite ...
Sulfates: Evaporite Minerals .. ........................
Phosphates ......... ... i i
Geochemical Proxies ............... .. ... vuuiionn..
TraceElements . ... ... ... ... ... ... . ..........

Xv

587
587
588
589
591
593
593
594
600
604
605
606
607
610
611
611
612
613
613
614
615
616
616
617
618
619
622
623
623
624
624
625
625
627
627
628
628
634
635
637

641
641
641
643
643
646
647
648
652
652
652



XVI Contents

1323 Significance of Trace Elements in Facies Studies of Carbonate Rocks. . .. 653
1324 Stable ISOtOPeS « . vt v e e e e i e 654
13.3 Organic Matter in Carbonate Rocks ... ....... ... ... i 656
14 Depositional Models, Facies Zones and Standard Microfacies ... . ... 657
14.1 Depositional Facies Models . ... oo 657
14.1.1 Conceptual, Dynamic and Computer Models ....................... 657
14.1.1.1 Conceptual Models. .. ... ..o o 657
14.1.1.2 Dynamic Models . ....... ... e e 658
14.1.1.3 Numerical Models . ... ...t i i e 658
14.1.2 Basic Elements of Carbonate Facies Models . .................... ... 659
14.1.2.1 Common Facies Belts. . ... ... i e 659
14.1.2.2 Common Depositional Patterns .. ......... .. 000 659
14.1.2.3 Different Depositional Settings Require Different Facies Models ....... 660
14.1.3 Facies Zones of Rimmed Carbonate Platforms: The Wilson Model ... ... 660
14.1.31 Standard Facies Zones and the Modified Wilson Model ............... 660
14.1.3.2 Discussion and Use of Standard Facies Zones....................... 661
1414 Carbonate RampModel ... ... .. ... ... i 664
14.1.5 Non-rimmed Shelves and Platforms . ........... ... ... et 667
14.1.6 Isolated Platforms and Atolls . .. ...... ... oo 667
14.1.7 Epeiric Platform Model .. ... .. .o 669
14.1.8 Epeiric RampModel ........ ... .. ... i i 669
14.2 Biotic Zonation Patterns . . .. ... oo i i 671
14.2.1 Conceptsand Methods ... ....... ... it 671
14.2.2 Case Study: Foraminiferal Distribution in Late Triassic Reefs and Platforms 676
14.3 Standard Microfacies Types (SMF) . ... ... o it 680
14.3.1 Revised Standard Microfacies Types .. ...... ... oo, 681
14.3.2 Discussion of Standard Microfacies Types ...t 712
14.3.3 Stratigraphic Microfacies Types. . . ... ..o 716
1434 Common Microfacies Types of Carbonate Ramps ................... 716
14.34.1 Microfacies Criteria of Carbonate Ramps ..............ocoinio, 716
14.3.4.2 Microfacies Types of Carbonate Ramps ............ ... ... oot 718
1435 Tracing Facies Zones with Microfacies Types. . .............. ... 718
14.3.6 Determining Standard Microfacies Types: A Practical Guide .. ......... 720
14.4 Dynamic Microfacies Types and Environmental Changes ............. 723
15 Basin Analysis: Recognizing Depositional Settings . . ... ............ 725
15.1 Pedogenic Carbonates ............oooiiiiiiiiinin i, 725
15.1.1 Microfacies Criteria of Paleocaliche .......... ... .. ... ot 726
151.2 Significance of Paleocaliche and Paleosols . .. .......... ... ... ..., 728
15.2 Paleokarst and Ancient Speleothems . ............ ... o oo 730
15.2.1 Diagnostic Criteria of Paleokarst and Paleospeleothem Structures . ... .. 731
15.2.2 Significance of Paleokarst and Cave Carbonates..................... 734
15.3 Travertine, Calcareous Tufa and Calcareous Sinter .. . ... ............. 734
154 Lacustrine and Palustrine Carbonates ... ......... ...t 737
154.1 Microfacies of Lacustrine Carbonates . ........ ... ovviaeaan .. 738
15.4.1.1 Microfacies Criteria . . ... v v r i i i i 738
154.1.2 Microfacies Types of Lacustrine Limestones. .. ........ ... .. ... ..., 740
15.4.1.3 Distribution of Lacustrine Microfacies Types . ........ ... .. ot 740
15.4.2 Palustrine Carbonates . . ... e i i e e 742
15.5 Peritidal Carbonates . . .. ... .. it e 745
15.5.1 Criteria of Peritidal Limestones . .......... ... ... . i 745

15.5.1.1 L= o) 1AL s - 745



Contents

155.1.2
15.5.1.3
15.5.2
15.6
15.6.1
1562
15.6.2.1
15.6.2.2
15.6.3
15.6.3.1

15.6.3.2
15.6.3.3

15.7
15.7.1
15.7.2
15.7.2.1
15.7.2.2
15723
15724
15.7.2.5
15.7.2.6
15.7.3
157.3.1
15732
15.7.33
15734

1574
15.7.5
15.7.5.1
15.7.5.2
15.8
15.8.1
1582
15.8.21
15.8.22
15.8.3

16

16.1
16.1.1
16.1.1.1
16.1.1.2
16.1.1.3

16.1.2

16.1.2.1
16.1.2.2
16.1.2.3

16.2

Major Facies Criteria of Peritidal Carbonates .......................
Synopsis of Diagnostic Criteria ... ................c.cooeviiinn...
Case Study: Middle Devonian Peritidal Carbonates from Poland . . . . .. ..

Carbonate Platformsand Ramps ............................
Ecological Controls on Platforms and Ramps . .................
The Response of Carbonate Platforms to Drowning .............
Microfacies Signals of Drowning History .....................

Case Study: Platform Drowning Reflected by Microfacies. . ...........
Case Studies: Platform and Ramp Carbonates. . .....................

A Late Jurassic Bahamian-Type Carbonate Piatform from the

Northern Calcareous Alps . ... ..

A Middle Devonian Ramp from Graz, Southermn Austria..........
A Late Jurassic/Early Cretaceous Ramp from the Subsurface

of Southern Bavaria, Germany . .............c ...
Platform-Slope-Basin Transects . . . .. ... ...,
Types and Composition of Carbonate Stopes ..................
Allochthonous Slope and Basin Deposits: Diagnostic Criteria . . . . .
Submarine Rockfalls ........ ... ... ... ... .. ... ... ...
Breccias and Megabreccias . ... ... ... ... L.
Debris-Flow Deposits. . .. ....oute e
Grain-Flow Deposits ............c.cooiiiieiiiivinnn..
Turbidites .. ...
Sliding and Slumping . ... ... i it
Microfacies of Slope Carbonates: Case Studies. . ...............
Permian of Sicily: Megablocks and Base-of-Slope Carbonates. . . . .
Triassic of the Southern Alps: Allochthonous Slope Sediments . . . .
Jurassic of Morocco: Platform-Slope-Basin Transect ............
Jurassic of the Northern Calcareous Alps: Detailed Information from
Limestone Turbidites on Source and Deposition Patterns . . .. .....
Slope Stability Reflected by Texture and Microfacies. .. .........
Tracing Plaiform-Basin Transitions Using Grain Composition Logs
Conceptand Methods. .. ........ ... .. i
Case Study: Late Triassic of the Gosaukamm Region, Austria . . ...
Pelagic Deep-Marine Carbonates. . ..........................
Setting, Controls and Biota of Pelagic Limestones ..............
Examples and Case Studies of Pelagic Carbonates ..............
Microfacies of Paleozoic Basinal Carbonates ..................
Microfacies of Mesozoic Basinal Carbonates ..................
CONLOUNILES . . . .o v e et e e e

Realizing Depositional Constraints and Processes ............
Cyclic Carbonates, Microfacies and Sequence Stratigraphy ... ...,
Cyclic Carbonates ............ i,
Cyclic Carbonates: Some Basics ............................
Microfacies and Cyclic Catbonates ..........................
Case Studies: The Lofer Cycle and the Latemar Cycle

(Triassicof the AIps) ... .. .. i i,
Carbonate Sequence Stratigraphy ...........................
Sequence Analysis: Some Basics .. ..........................
Microfacies Data Applied to Sequence Stratigraphy . ............

Case Studies: Sea-Level Fluctuations and Systems Tracts Docurnented by

Microfacies . ... ..o e

XVII

746
749
752
753
753
756
756
757
759

760
768

768
769
769
771
771
772
772
773
773
779
780
780
781
784

786
786
788
788
789
793
793
795
795
796
801

803
803
803
804
805

808
815
816
518

822
830



XVIl Contents

16.2.1 Whatis a Reel? . e e 830
16.2.2 Reel TYPES « ittt i e 830
16.2.3 Reef FossilS o\ oottt 831
16.2.3.1 Reef Biota: Compositional Changes duringTime .................... 831
16.2.3.2 Reef Guilds: Ecologic Units. . .. ... it nn 831
16.2.4 How to Classify Reef Carbonates?. . .......... ... .. ... ... ... 833
16.2.5 Microfacies Approachto Reef Studies. ... ........ ... . oo, 833
16.2.5.1 Basic Constituents of Reef and Mound Carbonates. .. ................ 834
16.2.5.2 Describing Reef Carbonates: A Practical Guide .................. ... 836
16.2.6 Case Studies of Some Ancient Reefs ... ........ ... ... ... oo 836
16.2.6.1 Mud Mounds: The Early Devonian ‘Kess Kess’ Mounds in the

Anti-Atlas, Southern Morocco . .. ... it e s 838
16.2.6.2 Waulsortian Mud Mounds: Early Carboniferous (Lower Mississippian)

Muleshoe Mound, Sacramento Mountains, New Mexico, US.A ... ... .. 842
16.2.6.3 Reefs: The Capitan Reef, Permian Reef Complex, Guadalupe Mountains,

Texas and New Mexico, U.S. A ... i e 843
16.3 Fingerprinting Lost Platforms . .......c.o.oviiiiiiin i, 847
16.3.1 Methods ..ot e e 847
16.3.2 LT 11 T 1 U O 848
16.3.2.1 Case Study: Platform Facies Patterns Derived from the Microfacies of

Early Carboniferous Conglomerates (Southern Spain) ................ 848
16.3.2.2 Case Study: Reconstruction of Paleo-Escarpments from Microfacies Data 349
16.4 Recognizing Ancient Cool-Water Carbonates . .................. . ... 852
16.4.1 Microfacies Criteria of Non-Tropical Cold-Water Shelf

and Reef LIMES{ONeS . . ... oottt it 852
16.4.2 Case Study: Early Tertiary Cool-Water Coral Reef .. .............. ... 856
16.5 Testing for Ancient Vent and Seep Carbonates ...................... 857
16.5.1 Diagnostic Criteria of Ancient Seep and Vent Carbonates. . ............ 857
16.5.2 Case Studies . . .. ... e 858
16.5.2.1 Late Eocene ‘Whiskey Creek’ Seep Carbonates of Washington State, U.S.A. 859
16.5.2.2 Early Cretaceous Seep Carbonates in the Canadian Arctic ............. 860
16.6 Mixed Carbonate-Siliciclastic Settings and Limestone/Marl Sequences. . . 862
16.6.1 Carbonate-Siliciclastic Environments .. ......... ... .. 862
16.6.1.1 Modem Carbenate-Siliciclastic Environments ...................... 862
16.6.1.2 Ancient Mixed Carbonate-Siliciclastic Environments . . ............... 864
16.6.1.3 Describing Carbonate-Siliciclastic Sediments: Practical Advice......... 364
16.6.2 Limestone-Marl Sequences: Primary or/and Diagenetic Origin? ........ 866
16.7 Secular Variations in Carbonate Depositional Patterns and Temporal Changes

in Microfacies Criteria . .. .....ooo i 868
16.7.1 Changes of Major Carbonate Depositional Environments During Time . . . 868
16.7.1.1 Phanerozoic Carbonate Platforms .. ... ... oot 869
16.7.1.2 Phanerozoic Reef Patterns . ... ... v n 870
16.7.1.3 Pelagic Carbonates . . .. ...uuuuun e 872
16.7.2 Differences in Phanerozoic Benthic Carbonate Factories .............. 873
16.7.3 Temporal Changes in Non-Skeletal and Skeletal Mineralogy .. ......... 874
16.7.4 Temporal Changes in the Abundance and Significance of Microfacies Criteria 874

Practical Use of Microfacies

17 Reservoir Rocksand Host Rocks . .......... ... ... ... .......... 877
17.1 Carbonate Hydrocarbon Reservoirs .. ... ... ... o ot 877
17.1.1 Distribution of Carbonate Reservoirs during Time .. ................. 878
17.1.2 Depositional Setting and Environmental Controls of

Carbonate ReservoiTS . . oottt it v e e am e e 878



Contents XIX

17.1.2.1 Depositional Setting . . .. ... .ot 878
17.1.2.2 Environmental Controls . . ... ... ... i 881
17.1.3 Diagenetic Controls on Carbonate Reservoirs . ...................... 881
17.1.3.1 Reservoir Properties . ... ...t 881
17.13.2 Diagenetic Controls on Reservoir Properties . . ...................... 881
17.1.4 Methods ... .. e 884
17.1.4.1 Seismic Interpretation . ...ttt e 884
17.1.4.2 Log Response . . ... e 884
17.14.3 Cores and Cutlimgs .. ...t e e e e 885
17.14.4 Reservoir-Related Outcrop Analog Studies . ........................ 885
17.1.5 Microfacies, Lithofacies and Reservoir Rock Types .. ................ 888
17.1.5.1 Reservoir Heterogeneity . ... ... ... ittt i 888
17.1.5.2 Relevant Microfacies Data . .. ......... ... ... ..., £88
15.1.5.3 Reservoir Rock Types and Facies Criteria . ................. ....... 890
17.2 Carbonate-Hosted Mineral Deposits ........ ..., .. 392
17.2.1 Ore Deposits and Carbonate Settings . . ......................00.... 892
17.2.2 Microfacies and Ore Deposits ........... ... .. i ... 893
18 Carbonate Rock Resources, Facies, Weathering, Preservation . . .. ... 895
18.1 Indusirial Use of Carbonate Rocks. ............................... 895
18.2 Exploration and Exploitation of Carbonate Rocks..................., 895
18.3 Facies and Physical-Chemical Properties of Carbonate Rocks ........ .. 896
18.4 Weathering, Decay and Preservation of Carbonate Rocks. . ............ 897
18.4.1 Weathering of Carbonate Rocks. .. ... ... ... ... ... . ... 897
18.4.2 Preservation .. ... ...ttt 899
19 Microfacies and Archaeology ......................... .. ....... 903
19.1 Questionsand Methods . ........... .. ... ... ... ... .. ... . ... 903
19.2 Building Stones . ..., ... e 903
19.2.1 Building Stones: Methods . ........... ... ... . el 903
19.2.2 Building Stones: Examples .. ... ... .. ... .. 904
19.3 Mosaic Material .. ... ... ... . e 905
19.3.1 Mosaic Material: Methods . ........... ... ... .. ... 505
19.3.2 Mosaic Material: Examples .. ... ... .. ... . .. i 906
194 Works of Art . ... o 907
19.4.1 Worksof Att: Methods . ... ... ... %07
19.4.2 Worksof Art: Example. ... ... . ... i i e 907
19.5 COTaMICS . o ottt e 910
19.5.1 Ceramics: Methods. .. .. ... . . 910
19.5.2 Ceramics: Example ... ... ... . i, 912
19.6 Marble Studies . . ... ... 913
19.7 Antony and Cleopatra: Tracing a Famous Love Affair ................ 913
Appendix

1 AnswerstoExercises .......... ... ... ... . ... 917

Looking at the Attached CD .. ................................. 919
2.1 Comparison Charts . . . ... .. . it 219
22 Using the List of References . ......... ... . ... 919
3 Permissions .. ....... ... .. .. .. . . i, 919

Index 921



