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Preface to the Second Edition

A second editon of this book - yes or no - or not yet?
Are changes necessary or would it be enough if minor
errors in the text were corrected?

So I asked for help and I got answers from friends
and colleagues. I wish to thank W.Ch. Dullo (Kiel), A.
Freiwald (Erlangen), H.-G. Herbig (Cologne), W. Piller
(Graz), W. Schlager (Amsterdam), R. J. Stanton (Thousand
Oaks, USA) for their excellent and friendly advice.

They were in agreement that not enough has changed
in the scientific field of ‘Microfacies of Carbonate Rocks’
since 2004 when the first edition was published for a
new edition to be necessary, but they all believed that
an update of the references on the CD going with the
volume would be useful.

Therefore, the reference section has been updated
to April 2009. Most of the new references are since
2002, but a few are earlier. The reference file now
contains more than 16,000 references. In connection
with the keywords used throughout the book these
references can help the reader locate special subjects
or overviews of interest.

When Erik wrote this book during his last years,
his primary goal was to provide students and all those
interested in and working with microfacies a helpful
und useful resource that contained many plates and
figures.

Most of the pictures in this book were collected
during Erik Fliigel’s scientific work, some are from
papers that were published in the journal Facies, then
published by the Institute of Paleontology (now Geo-
zentrum Nordbayem), University Erlangen-Niimberg, and
last not least, some were graciously provided by col-
leagues.

The author had hoped to include an additional
chapter with plates that would provide the reader with
an expanded range of information about microfacies.
This task has been accomplished by A. Munnecke
(Erlangen). Chapter 20 contains plates and figures that
have been used successfully in the Course on Micro-
facies held every year or two at the University in
Erlangen.

I wish to thank all of my colleagues at the institute
in Erlangen, and especially A. Munnecke for the
compilation of Chapter 20.

Ch. Schulbert was most helpful in solving software
problems with the text and CD.

I thank Ch. Bendall (Springer Verlag Heidelberg)
for overseeing the printing of this new edition.

Erlangen, June 2009
Erentraud Fliigel-Kahler
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The objective of this book is to provide a synthesis of
the methods used in microfacies studies of carbonate
rocks and to show how the application of microfacies
studies has contributed to new developments in car-
bonate geology. In contrast with other textbooks on car-
bonate sedimentology this book focuses on those com-
positional and textural constituents of carbonates that
reflect the depositional and diagenetic history and de-
termine the practical usefulness of carbonate rocks.

The chapters are written in such a way, that each
one can be used as text in upper level undergraduate
and graduate courses. The topics of the book also ap-
ply to research workers and exploration geologists,
looking for current information on developments in the
use of microfacies analysis.

Since microfacies studies are based on thin sections,
instructive plates showing thin-section photographs ac-
companied by thorough and detailed explanations form
a central part of this book. All plates in the book con-
tain a short summary of the topic. An —> sign leads the
reader to the figures on the plate. The description of
the microphotographs are printed in a smaller type. Care
has been taken to add arrows and/or letters (usually the
initials of the subject) so that the maximum informa-
tion can be extracted from the figures.

Rather than being a revised version of ‘Microfacies
Analysis of Limestones’ (Fliigel 1982) ‘Microfacies of
Carbonate Rocks’ is a new book, based on a new con-
cept and offering practical advice on the description
and interpretation of microfacies data as well as the
application of these data to basin analysis. Microfacies
analysis has the advantages over traditional sedimen-
tological approaches of being interdisciplinary, and in-
tegrating sedimentological, paleontological and geo-
chemical aspects.

‘Microfacies of Carbonate Rocks’:
 analyses both the depositional and the diagenetic his-

tory of carbonate rocks,

* describes carbonate sedimentation in various ma-
rine and non-marine environments, and considers
both tropical warm-water carbonates and non-tropi-
cal cool-water carbonates,

» presents diagnostic features and highlights the sig-
nificance of microfacies criteria,

e stresses the biological controls of carbonate sedi-
mentation and provides an overview on the most
common fossils found in thin sections of limestones,

» discusses the relationships between diagenetic pro-
cesses, porosity and dolomitization,

e demonstrates the importance of microfacies for es-
tablishing and evaluating sequence stratigraphic
frameworks and depositional models,

e underlines the potential of microfacies in differenti-
ating paleoclimate changes and tracing platform-ba-
sin relationships, and

* demonstrates the value of microfacies analysis in
evaluating reservoir rocks and limestone resources,
as well as its usefulness in archaeological prov-
enance studies.

Structure of the Book

Microfacies of Carbonate Rocks starts with and in-
troductory chaper (Chap.1) and an overview of mod-
ern carbonate deposition (Chap. 2) followed by 17 chap-
ters that have been grouped into 3 major parts.
Microfacies Analysis (Chap. 3 to Chap. 10) summa-
rizes the methods used in microfacies studies followed
by discussions on descriptive modes and the implica-
tions of qualitative and quantitative thin-section crite-
ria.

Microfacies Interpretation (Chap. 11 to Chap. 16)
demonstrates the significance of microfacies studies
in evaluating paleoenvironment and depositional sys-
tems and, finally,

Practical Use of Microfacies (Chap. 17 to Chap. 19)
demonstrates the importance of applied microfacies
studies in geological exploration for hydrocarbons and
ores, provides examples of the relationships between
carbonate rock resources and their facies and physical
properties, and also illustrates the value of microfacies
studies to archaeologists.

Important references are listed at the end of chap-
ters or sections under the heading ‘Basics’. The code
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numbers K... are keywords leading to references on
specific fields of interest (see CD), e.g. K021 (cold-
water carbonates), K078 (micrite), or K200 (hydrocar-
bon reservoir rocks).

The book is also accompanied by a CD containing
e an alphabetical list of about 16,000 references
(updated in this version up to April 2009) on carbonate
rocks (see also Appendix) as word document,
and
 visual comparison charts for percentage estimation.

Synopsis of the Book's Contents

Chapter 1: New Perspectives in Microfacies. Micro-
facies studies, which were originally restricted to the
scale of thin sections, provide an invaluable source of
information on the depositional constraints and envi-
ronmental controls of carbonates, as well as on the prop-
erties of carbonate rocks. Microfacies studies assist in
understanding sequence stratigraphic patterns and are
of economic importance both in reservoir studies and
in the evaluation of limestone resources.

Chapter 2: Modern Depositional Environments. Knowl-
edge of modern carbonates is a prerequisite for under-
standing ancient carbonate rocks. Modern carbonates
are formed both on land and in the sea, in shallow- and
in deep marine settings, and in tropical and non-tropi-
cal regions, but the present is only part a key to the
Past.

Microfacies Analysis

Chapter 3: Methodology. Which methods can be used
in the field? Which sampling strategy should be ap-
plied and how many samples are required? Which labo-
ratory techniques are useful in microfacies analysis?
Which other techniques should be combined with
microfacies studies?

Chapter 4: Microfacies Data: Matrix and Grains. This
chapter offers practical advice on how to handle micro-
facies data, and deals with how to describe and inter-
pret thin-section characteristics. Matrix types and grain
categories are discussed with regard to their diagnostic
criteria, origin and significance.

Chapter 5: Microfacies Data: Fabrics. Typical deposi-
tional and diagenetic fabrics in limestones reflect the
history of the rock. Microfacies criteria indicating
breaks and changes in sedimentation (discontinuity sur-
faces) are of specific interest in refining sequence strati-
graphic boundaries. Variously sized fissures, micro-
cracks and breccias can be used in deciphering syn-
and post-depositional destructive processes.
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Chapter 6: Quantitative Microfacies Analysis. Whilst
previous chapters focused on qualitative criteria this
chapter deals with quantitative data including grain size
analysis, frequency analysis and multivariate studies.
Constituent analysis and the distribution patterns of spe-
cific grain types are valuable tools in the reconstruc-
tion of paleoenvironmental controls and depositional
settings.

Chapter 7: Diagenesis, Porosity and Dolomitization.
Understanding diagenetic processes and their products
is of high economic importance. The diagenetic micro-
facies of a rock reflects changes in the course of its
lithification history. The main topics discussed in this
chapter are porosity types, carbonate cements, diage-
netic textures including compaction and pressure solu-
tion, and dolomitization/dedolomitization and dolomite
textures. The last part of the chapter deals with thin-
section criteria for metamorphic carbonates and
marbles.

Chapter 8: Classification — chosing a name for your
sample. A classification is simply a tool for organizing
information, and should not be the only source of con-
clusions. Whilst a name based on texture and compo-
sition can not replace a well-defined microfacies type,
rock names are essential for the categorization of
samples. Textural classifications proposed by Dunham
and by Folk have proven to be the most practical. Spe-
cific concepts must be adhered to in the naming of reef
limestones, non-marine carbonates, recrystallized car-
bonates rocks and mixed siliciclastic-carbonate rocks.

Chapter 9: Limestones are Biological Sediments. In
contrast to siliciclastic rocks, both the formation and
the destruction of most limestones is directly or indi-
rectly influenced and controlled by biological pro-
cesses. This chapter stresses the biological controls on
carbonate sedimentation. Microbes, encrusting organ-
isms, and macro- and microborers can yield useful in-
formation on paleoenvironment, depositional con-
straints and carbonate production.

Chapter 10: Fossils in Thin Sections. It Is Not That
Difficult. The recognition of fossils in thin sections is
not so difficult once the diagnostic criteria for the main
groups have been understood, particularly for algae and
foraminifera, sessile invertebrates, and organisms with
shells. This chapter provides an overview of the most
common fossils found in thin sections of limestones.
The text concentrates on identification criteria, envi-
ronmental and temporal distribution, and on the sig-
nificance of the fossils. Numerous instructive plates
are included to aid in the recognition and differentia-
tion skeletal grains in thin sections.
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Microfacies Interpretation

Chapter 11: Summarizing Microfacies Criteria: Micro-
facies Types. How can microfacies data be combined
in sensitive and practicable microfacies types? Which
criteria should be used, which grain types are of par-
ticular importance and, how many microfacies types
are reliable? The creation of microfacies types is illus-
trated by means of examples.

Chapter 12: Recognizing Paleoenvironmental Condi-
tions. Carbonate sediments are particularly sensitive
to environmental changes. Microfacies and organisms
are excellent paleoenvironmental proxies as they re-
flect hydrodynamic conditions, the impact of storms,
substrate conditions, light, oxygenation, seawater tem-
perature and salinity. Significant differences between
the compositions of skeletal grain associations for
warm-water and cold-water carbonates provide a use-
ful tool for estimating paleoclimatic changes. How deep
was the sea? Microfacies studies provide an answer.

Chapter 13: Integrated Facies Analysis. Understand-
ing the formation and diagenesis of carbonate rocks
requires the combination of microfacies with mineral-
ogical and geochemical data. The chapter deals with
acid-insoluble residues and authigenic minerals in car-
bonate rocks, discusses the value of minor elements
and stable isotopes in tracing the depositional and di-
agenetic history of limestones, and deals with the po-
tential of organic matter in carbonate rocks for facies
analysis.

Chapter 14: Depositional Models, Facies Zones and
Standard Microfacies. Microfacies are essential for de-
fining depositional models and recognizing facies
zones. Facies models assist in understanding deposi-
tional history. Changes in sedimentological and bio-
logical criteria across shelf-slope-basin transects form
the basis of generalized models for carbonate platforms,
ramps and shelves. Facies belts are reflected by their
biotic zonation patterns and the distribution of Stan-
dard Microfacies Types (SMF Types). The latter are
virtual categories that summarize microfacies with iden-
tical criteria. Which criteria are used in differentiating
the SMF Types of platform and ramp carbonates? What
are the problems involved in the SMF concept? Re-
vised and refined SMF types are a meaningful tool in
tracing facies belts, but must be used with care. Com-
mon microfacies of carbonate ramps (Ramp Micro-
facies Types) show only partial correspondence to the
SMF Types of rimmed platforms.

Chapter 15: Basin Analysis: Recognizing Depositional
Settings. Which diagnostic criteria characterize lime-
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stones of different carbonate systems? Case studies for
non-marine and marine carbonate rocks demonstrate
how to translate microfacies into ancient depositional
settings. Non-marine settings can be successfully re-
constructed for pedogenic carbonates, paleokarst de-
posits and ancient speleothems, travertine deposits, and
lacustrine carbonates, these can be characterized by spe-
cific microfacies types. Marine settings can be differ-
entiated into peritidal carbonates, platforms and ramps,
platform-slope-basin transects, and pelagic deep-ma-
rine carbonates. Grain Composition Logs are particu-
larly effective in tracing platform-basin relations.

Chapter 16: Recognizing Depositional Constraints and
Processes. Selected case studies are used to demon-
strate the value of microfacies data in interpreting depo-
sitional controls.

e How can microfacies be used in sequence stratigra-
phy? Cyclic depositional patterns and sequence strati-
graphic constraints are documented by microfacies data
that assist in recognizing sequence boundaries, para-
sequences, high-frequency sea-level changes, and sys-
tems tracts.

e Which criteria characterize reef limestones? Major
reef types differ in biota, matrix, sediment, and cements.
Which methods should be employed in reconstructing
former platforms and reefs that are only recorded by
eroded relicts deposited on slopes and in basins? Clast
analysis can solve this puzzle.

e Which criteria define ancient cold-water carbonates?
Ancient cool-water shelf and reef carbonates are typi-
fied by specific biotic, compositional and diagenetic
features.

e Which facies criteria are diagnostic of ancient vent-
and seep carbonates? Case studies provide answers.

e How to handle mixed carbonate-siliciclastic sedi-
ments and interpret limestone-marl successions?

e Constraints on carbonate deposition exhibit secular
variations, which are discussed in the last section.

Practical Use of Microfacies

Chapter 17: Reservoir Rocks and Host Rocks. Carbon-
ates are the most important reservoir rocks for hydro-
carbons as well as forming important host rocks for
ores. Limestones and dolomites contain more than 50%
of the world’s oil and gas reserves. Reservoir potential
differs for carbonates formed in different depositional
settings and depends on the interplay of depositional
processes and diagenetic history. The microfacies of
cores and cuttings assist in the translation of lithological
data into petrophysical information. Facies-based out-
crop-analogue studies indicate the scale of porosity and
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permeability variations within carbonate bodies. Micro-
facies analysis also assists in the genetic interpretation
of carbonate-hosted base metal deposits controlled by
specific facies patterns.

Chapter 18: Carbonate Resources, Facies Control and
Rock Properties. Carbonate rocks are important raw
materials for chemical and construction industries and
are high on the list of extracted mineral resources, both
in terms of quantity and of value. Both exploration and
exploitation can be enhanced by taking into account
the relationships between depositional and diagenetic
facies that control technologically relevant chemical
and physical parameters, as well as the weathering and
decay properties of carbonate rocks. Conservation and
preservation of works of art and building stones should
start with thin-section studies of the textural and di-
agenetic criteria that describe the porosity and perme-
ability of the material.

Chapter 19: Archaeometry. Microfacies analysis, com-
bined with geochemical data has considerable poten-
tial in provenance analysis of archaeological materi-
als. Thin sections reveal the source of building stones
and of material used for mosaics and works of arts.
The microfacies of temper grains in ancient pottery
helps in understanding the source and production ar-
eas for ceramics. Last but not least, microfacies stud-
ies can throw new light at the love affair between
Antony and Cleopatra....
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Plate going with the preface: Looking onto a vertically cut and polished slab of a Late Triassic reef limestone
from Adnet, near Salzburg, Austria.

The spectacular colors and patterns in polished limestone surfaces provide information about the origin of limestone
— both its mode of accumulation and the subsequent diagenetic processes that have strongly influenced its final
appearance. The limestone tells about the animals and plants which formed it and may still be preserved in it,
about the depositional environment when the sediment forming the limestone was accumulating, and also about
periods of non-deposition and loss of sediment.

Many questions about a limestone can be answered in the field by studying it on the outcrop or on a cut or
even polished quarry wall. For example, are the bush-like corals in the lowermost part of the picture in growth
position or do the small rims of reddish infill indicate that the corals have been transported and overturned
before final deposition? Is the smooth horizontal upper surface of the coral knobs due to strong erosion? Many
of the thin-branched corals in the center of the picture seem to be broken and most are overturned; were they
transported or did they grow here or near-by? What do we know about the influence of storms or of an unstable
sea floor that may be part of the answer to this question? What can we tell from this slab about percolating fluids
that destroyed all or most internal structures of the corals? What is the significance of reddish clay that fills
cavities, broken shells and, in the upper part of the picture, complete shells? Is the blackish-gray, irregular line
that crosses the picture an indication of a time of non-deposition? The light gray sediment at the top of the
picture indicates a completely different environment with rare corals and less common debris.

Many questions can be posed and answered from the study of the quarry wall as here illustrated by the
polished slab in the Geozentrum Nordbayern (Paleobiology), Erlangen, but many questions remain unanswered
by analysis at this scale. This slab illustrates the bridge between outcrop and thin-section scale, contributes
essential and unique data about the depositional environment, sedimentation, and the processes that transformed
the sediment into limestone.

Late Triassic (Norian) limestone form the Tropf-Steinbruch in Adnet near Hallein (Salzburg, Austria). Width of picture is 1 m.
Photo courtesy of Ch. Schulbert
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1 New Perspectives in Microfacies

A rapid evolution in our understanding of carbonate
rocks was triggered in the mid- to late 50°s by the dis-
covery of carbonate reservoirs in various parts of the
world, followed by intensive research of recent car-
bonates. Modern and ancient carbonate environments,
diagenetic processes and facies models were studied
between about 1955 and 1965. During the late 60’s and
the 70’s microfacies became an essential part of facies
analysis and paleoenvironmental interpretation of lime-
stones. The increasing importance of limestones and
dolomites as reservoir rocks and the use of thin-sec-
tion fossils in subdividing carbonate platforms gave
substantial impetus to the progress of microfacies re-
search. The 1980’s were characterized by an increased
application of geochemical techniques with the object
of developing predictive models for carbonate diagen-
esis and porosity. The subsequent period of time has
seen the rapid development of sequence stratigraphy
which now plays a major role in the characterization
of the geometry and reservoir potential of carbonate
rocks.

1.1 The Microfacies Concept

As originally defined by Brown (1943) and again
independently by Cuvillier (1952) the term ‘micro-
facies’ referred only to petrographic and paleontologi-
cal criteria studied in thin-sections. Today, however,
microfacies is regarded as the total of all sedimento-
logical and paleontological data which can be de-
scribed and classified from thin sections, peels, pol-
ished slabs or rock samples.

Field geology, including mapping and profiling, is a
prerequisite for successful microfacies analysis. The
importance of combined field work and thin-section
studies was already emphasized in the earliest thin-sec-
tion based investigations of carbonate rocks directed
towards genetic interpretations of limestones (Peters
1863; Giimbel 1873; Sorby 1879; Hantken 1884). The
practical application of thin-section criteria of lime-
stones was demonstrated by Udden and Waite as early

E. Fliigel, Microfacies of Carbonate Rocks, 2nd ed.,

as 1927 by the use of microscopic features of lime-
stones for oil exploration in Texas.

Hovelaque and Kilian (1900) published the first il-
lustrated volume of thin-section photographs of car-
bonates. This approach was continued by the ‘Interna-
tional Sedimentary Petrographical Series’ initiated by
Cuvillier at the Third International World Petroleum
Conference in Paris in 1951. The volumes published
within this series as well as other comprehensive mono-
graphs containing numerous plates with thin-section
photographs (see Sect. 10.4) contributed substantially
to the rapid adoption of the microfacies approach.

During the past decades microfacies has become an
established part of the study of carbonate rocks. How-
ever, many authors use microfacies criteria in describ-
ing and classifying limestones but fail to explore the
significance of these criteria for the interpretation of
depositional and diagenetic histories of carbonate rocks.
Part 2 and 3 of this book demonstrate the great poten-
tial of microfacies studies in basin analysis and applied
carbonate geology.

1.2 New Perspectives

New perspectives in the study and application of
microfacies have resulted from the application of new
techniques, from the availability of new comparative
data on modern and ancient carbonates, from new data
concerning the origin and distribution patterns of car-
bonate grains and the dominant biological control on
carbonate sedimentation, from new concepts on defin-
ing facies models, and from new ideas concerning the
course of carbonate sedimentation through geological
time.

New techniques. Whilst microscopy is essential in
the study of carbonate rocks there are many additional
techniques which should also be utilized to maximize
the information offered by microfacies analysis (Tucker
1988). Cathodoluminescence microscopy, fluid inclu-
sion microscopy, scanning electron microscopy as well

DOI 10.1007/978-3-642-03796-2_1, © Springer-Verlag Berlin Heidelberg 2010
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Fig. 1.1. Limestones as paleoclimatic proxies. Shelf limestones formed in tropical warm-water and in non-tropical cool-
water environments differ in the association of specific grain types (see Sect. 12.2). The sample is a skeletal grainstone
consisting predominantly of bryozoans (B) and benthic foraminifera (F). Gastropods (G) are rare. Black grains are mainly
red algae. The skeletons of many bryozoan fragments have lost their structure due to the attacks of microborers and have
been transformed into microcrystalline grains. The sediment is only poorly lithified as shown by the high open porosity.
Marine carbonate cement occurs as thin rims of fibrous calcite crystals (arrows). The grain association as well as the weak
cementation are characteristic of cool-water carbonates. The sample comes from Oligocene deposits of Leg 133 of the Ocean
Drilling Program which dealt with the geological evolution of the Great Barrier Reef Province off northeastern Australia.

Courtesy of T. Brachert (Mainz).

as stable isotope geochemistry have become common
tools in sedimentological studies (Chap. 3). Chemical
analysis and X-ray techniques are well-established rou-
tine methods used to determine major, minor and trace
element concentrations and the composition of carbon-
ate rocks. The combination of these techniques with
microfacies studies offers new possibilities for the in-
terpretation of diagenetic pathways of carbonates
(Chap. 7).

Quantification of thin-section criteria, based on com-
puter-assisted frequency analysis and using multivari-
ate methods, has become an essential prerequisite for
the categorization of microfacies types, the evaluation
of the sedimentary budget of basin fills and for com-
puter simulations having the potential to constrain quan-
titative sedimentary models (see Sect. 6.3.2).

Lacustrine and terrestrial carbonates. Despite the
increasing economic importance of non-marine sedi-
ments, many students interested in microfacies are
somewhat hesitant in applying microfacies analysis to

non-marine carbonate rocks. This attitude may reflect
classification problems related to the poverty in char-
acteristic non-marine microfacies types as compared
with the wealth of types known from marine environ-
ments. This hesitancy is, however, only partly justi-
fied: there exist succinct and informative reviews of
modern and ancient fresh and saltwater lake deposits,
travertines and pedogenic carbonates (see Sect. 2.4.1
and Sect. 15.1 to Sect. 15.4). Ancient calcretes, char-
acterized by a set of distinctive microfacies criteria, are
very important indicators of subaerial exposure and are
potentially very useful for defining the nature of se-
quence boundaries and recognizing changes in paleo-
climate. The same is true for paleokarst which is easily
recognized from microfacies features.

New comparative data of modern and ancient sedi-
ments. Modern carbonate depositional systems only
partly reflect the wide range of settings and environ-
ments established during the earth’s history because
biological, geological and chemical controls have
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Fig. 1.2. Limestones as potential reservoir rocks. The sample has been impregnated with blue-dye-resin that fills open pores
between and within skeletal grains (miliolid foraminifera, MF; bryozoans, B). Primary inter- and intra-particle porosity has
been somewhat reduced by syntaxial overgrowth cements (O) on echinoderm fragments, dogtooth and granular cements
within foraminiferal shells. Highly porous limestones may be good reservoir rocks depending on their permeability, and the
geometry and distribution of pores. Tertiary: Paris Basin, France.

changed with time. Modern carbonates, however, dem-
onstrate how organisms are involved in carbonate pro-
duction and which physical, biological and chemical
processes may be recorded in ancient carbonate rocks.
Current microfacies interpretations are strongly influ-
enced by new data both on shallow- and deep-marine
sedimentation (see Chap. 2).

Carbonate platforms and ramps. Facies interpreta-
tions for ancient shallow-marine carbonates have been
heavily dependent on comparisons with sedimentation
patterns of the Great Bahama Bank, the Florida shelf
and parts of the Persian Gulf. Whilst ‘platform carbon-
ates’ have previously been regarded as the normal type
of shallow-marine sedimentation, case studies of an-
cient shallow-marine carbonates together with the in-
vestigation of modern examples now indicate that gen-
tly sloping carbonate ramps were also of major impor-
tance during the Phanerozoic. Ramps and platforms dif-
fer in their geometry, depositional depths and the dis-
tribution patterns of facies zones: microfacies reflect
these differences (Sect. 14.3). Platform and ramp car-
bonates are controlled by variations in biogenic pro-
duction as well as by fluctuations in both sea level and
in accommodation and sedimentation rates. Microfacies

may reflect short-term environmental changes and high-
frequency sea-level fluctuations as well as long-term
patterns in the formation of carbonate buildups (Sect.
15.6). Platform-basin relations are recorded in alloch-
thonous carbonates formed in shallow-water environ-
ments and deposited on the slope and within the basins
(Sect. 15.7.5). The reconstruction of ‘vanished’ shal-
low-marine depositional environments is a very prom-
ising tool for microfacies studies (Sect. 16.3).

Warm-water, temperate-water and cold-water car-
bonates. The paradigm of a predominantly warm-wa-
ter origin for ‘sun-born’ shallow-marine carbonates has
become obsolete as a result of current investigations
of temperate, boreal, subarctic and even polar shelf car-
bonates (Sect. 2.4.4.3; Sect. 16.4). High-latitude ma-
rine carbonate production, cold-water organic reefs,
deep-marine seep and vent communities (Sect. 16.5)
as well as high bioclastic sedimentation rates in cold
ocean waters are factors which need to be considered
in the environmental interpretation of ancient carbon-
ates. Increasing numbers of ancient examples of these
types of carbonates are being recognized.

The ability to distinguish ancient ‘tropical” warm-
water, and ‘non-tropical’ temperate and cold-water car-



bonates and to recognize ‘warm-mode’ and ‘cold-mode’
paleolatitudes are improving rapidly.

Carbonate grains. Increasingly new more informa-
tion is available concerning the biological and non-bio-
logical controls on the origin of carbonate grains, the
site of deposition of carbonate grains, and on the dis-
tribution and dominance of grain types during the Phan-
erozoic. Characteristic grain type associations and the
specific composition of grain types (e.g. ooids, oncoids,
pisoids) provide hints on paleolatitudes and environ-

A First Glance at a Thin Section

Bioerosion. The biological destruction of carbonate
substrates by borers, raspers and crushers is currently
being intensively studied. Important objectives of these
studies, which are also significant in microfacies analy-
sis, are the application of boring morphology and bor-
ing patterns for paleobathymetric reconstructions and
the estimation of the quantitative contribution of bio-
eroders for the marine carbonate budget (Sect. 9.3).

Microbial carbonates: Carbonate deposits produced
or localized by microbial communities are known from

mental controls for both marine and non-marine car-
bonate deposition (Sect. 4.2; Sect. 12.2).

marine, marginal-marine, freshwater and terrestrial
environments. The role of bacteria and cyanobacteria

Plate 1 A First Glance at a Thin Section

The plate exhibits a thin section of a Mesozoic limestone from the Austrian Alps. Although the first appearance
may be puzzling, a thorough investigation of the microfacies criteria reveals an amazing history for this rock.

1 The thin section shows fossils and dark-colored areas. The fossils correspond to organisms once living in a reef and
contributing to the formation of a reef limestone. The dark-colored areas represent various types of fine-grained sediment.
The reef limestone contains calcareous sponges, serpulid worms (SW), tube-like microproblematica (Microtubus, M),
and bivalves. Sponges and encrusting Microtubus and serpulids formed an organic framework. The sediment within the
framework (S1) consists of tiny, densely packed microcrystalline particles (peloids) and some ostracods and foraminifera.
Both elements can only be seen under greater magnification. The sponges are represented by non-chambered inozoans
(IS), chambered sphinctozoans (SS) and chaetetid sponges (CS). Microtubus occurs encrusted on and within sponges, and
is concentrated near the periphery of the framework, but the outermost part is a microbial crust (MC) formed by bacteri-
ally induced carbonate precipitation. The surface of the microbial crust outlines a distinct relief. The eye-catching large
bivalve shell (BI) was heavily attacked by boring organisms including boring bivalves (BB) and microborers drilling tiny
holes (MB). The bivalves are infilled with dark calcareous sediment (S2) different in composition from the sediment
within the organic reef framework. The conspicuous circular section might represent a pelagic fossil (H, Heterastridium).
The reddish fine-grained sediment (S3) yields densely packed skeletal grains including sponge spicules and pelagic shell
debris as well as some radiolarians and pelagic ostracods.

This sediment and the reef limestones are covered by a thin Fe/Mn crust (arrows) forming small microbial
microstromatolites. The overlying sediment S4 contains (white) skeletal elements of crinoids, mostly parts of arms asso-
ciated with pelagic shell debris. Radiolarians, small ammonites and pelagic algal cysts are too small to be visible on the
plate.

Interpretation: Microtubus indicates a Late Triassic (Norian to Rhaetian) age for the reef limestone. The composition of
the reef-building assemblage characterizes reefs formed in protected low-energy settings. Environmental change is indi-
cated by the peripheral microbial crust covering the reef fabric. The reef limestone and the microbial crust were transected
by a fissure that remained open for some time as indicated by the calcite tapestry. Later on the fissure was infilled by the
open-marine pelagic sediment S3. The Fe/Mn crust covering both the surface of the microbial crust and the fissure fill
marks a discontinuity surface corresponding to a hardground and indicating a gap in the sedimentary record. The microfacies
of sediment S4 reflects the renewed onset of pelagic sedimentation. The sediments S3 and S4 are Liassic in age. The time
hidden in the pelagic sedimentary record, however, can not be determined from the thin-section data.

Solution took place within the reef limestone as shown by solution voids (V) within the originally aragonitic sponges.
In contrast primary calcitic fossils, e.g. Microtubus, are well preserved. These voids and the cement type of the calcite
tapestry within the fissure point to freshwater diagenesis, an interpretation that also is supported by stable isotope data.
The small-scale microfacies data of the thin section reflect the large-scale developments in sedimentation at the Triassic-
Jurassic boundary in the Northern Calcareous Alps: Platform and reef development — platform destruction related to
subaerial exposure and drowning — transition to open-marine pelagic sedimentation.

The sample comes from the Troptbruch quarry in Adnet near Salzburg, Austria, where Rhaetian reef limestones (Fig.
8.2) are overlain by Early Jurassic carbonates. See also the polished palte of this outcrop on page XXIII.

The story behind this thin section is rather difficult, but the following chapters will answer to all of your questions
and give the information needed.
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in the precipitation of fine-grained carbonate and in
the formation of microbialites is becoming increasingly
well understood. Laboratory experiments simulating
bacterially-controlled carbonate precipitation, the rec-
ognition of bacterially constructed carbonate crystals
and grains and the study of modern biofilms combine
to indicate the importance of microbes in the forma-
tion of many items included within the list of micro-
facies criteria (e.g. micrite, peloids, ooids, oncoids, mi-
crite envelopes, stromatactis, carbonate crusts; Sect.
9.1). Combined studies of microfacies and geobio-
chemical data are necessary in order to understand con-
structive microbial controls (e.g. biogenic crusts and
mud mounds), destructive processes (e.g. boring mi-
crobes) and carbonate cementation.

Carbonate sequences and cycles. The recognition
and interpretation of cyclic patterns is a major objec-
tive of modern carbonate sedimentology. Because
cyclicity is reflected by systematic changes in biota,
grain composition, texture and early diagenetic crite-
ria, microfacies studies are able to contribute to a bet-
ter understanding of short-term depositional variations
(Sect. 16.1.1). The three major prerequisites for se-
quence stratigraphy — a sound paleoenvironmental in-
terpretation, an estimate of synchronicity, and the dif-
ferentiation between regional and local effects — may
be vigorously supported by microfacies studies which
also improve the interpretation of sequence boundaries
with regard to origin, timing and location (Sect. 16.1.2).

New concepts in defining facies models. The value
of ‘models’ in facies analysis depends largely on the
significance attributed to a sedimentary model by the
author. The majority of models suggested for the dif-
ferent modes of carbonate sedimentation are based on
comparative studies between modern and ancient car-
bonates. These ‘conceptual models’ remain important
tools because they facilitate the attribution of charac-
teristic sedimentological or paleontological data to spe-
cific facies belts (Chap. 14). However, a too rigorous
use of conceptual models for one’s own facies studies
may result in significant errors if the more descriptive,
static character of the model is not critically consid-
ered.

‘Dynamic models’, concentrating on processes and
controls and computer simulations dealing with the ma-
jor controlling factors of carbonate buildups, provide a
promising platform for the discussion of potential steps
in the development of sedimentary bodies (e.g. carbon-
ate platforms), organic structures (e.g. reefs) or indi-
vidual sequences (e.g. cycles). The evaluation of com-
puter-generated facies models should be strongly de-

A First Glance at a Thin Section

pendent on microfacies and paleontological criteria be-
cause only these criteria deliver the paleoenvironmen-
tal information that can verify, refine or disprove theo-
retical concepts.

Secular changes during the Phanerozoic. There is
considerable evidence for temporal and secular fluc-
tuations in major facies types, the dominant types of
carbonate cements, the mineralogy of skeletal grains
and probably also in diagenesis and carbonate geochem-
istry. Some of these fluctuations can be explained by
global changes in biological factors (e.g. role of car-
bonate plankton, nutrients), others by global changes
in climate and oceanography. Microfacies criteria for
carbonate rocks provide evidence for changes through
time as shown by distinct differences in the composi-
tion of Phanerozoic bioclastic sands, types of calcare-
ous ooids, composition and size of oncoids, open-space
structures etc. (Sect. 16.7). The recognition of these
changes has a major impact on depositional and diage-
netic models for ancient carbonates.

Applied microfacies. Carbonate rocks contain more
than 50% of the world’s oil and gas reserves, are im-
portant hosts to ore deposits and form very important
raw materials. Depositional facies and diagenetic pat-
terns determine the physical and chemical properties
of these limestones and dolomites which control their
reservoir potential (Chap. 17) and their technological
attributes (Chap. 18). Microfacies studies assist in un-
derstanding the origin and history of these characteris-
tics.

Basics: New perspectives in microfacies
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2 Carbonate Depositional Environments

Knowing where modern carbonates occur, what they
are composed of, and what their controls are is essen-
tial for evaluating microfacies data. The objectives of
this chapter are to summarize the settings and environ-
ments in which carbonate sediments are formed and to
document which classifications are used for differenti-
ating these environments. Emphasis is placed on the
definitions of terms.

The potential of microfacies analysis in recognizing
and interpreting the environments discussed in this
chapter will be demonstrated later. If you want to know
how to describe paleoenvironmental criteria, and which
microfacies criteria can be used in deciphering the bio-
logical and depositional constraints on ancient lime-
stones, have a look at Chap. 12 and 15.

2.1 Introduction

Microfacies analysis of carbonate rocks requires a
knowledge of modern carbonates and an understand-
ing of biological and geological changes during earth
history. R.N. Ginsburg’s eloquent statement ‘carbon-
ate buildups are like Shakespeare; the plays go on -
only the actors change’ emphasizes the remarkable simi-
larities and analogues in the criteria of modern and an-
cient carbonates. The aphorism, however, ignores the
guiding role of the stage-managers who often decide
the basic mode of the play, similar to the changing geo-
logical and biological earth system parameters which
shape the appearance of carbonate buildups.

2.1.1 Carbonates are Born not Made

This simple phrase by Noel James (1979) highlights
the main theme of carbonate sedimentation and the dif-
ferences between carbonate and siliciclastic sediments.
Carbonates are ‘born’. They originate as skeletal grains
or precipitates within the depositional environment. By
contrast, terrigenous clastic sediments are formed pri-
marily by the disintegration of parent rocks and are
transported to the depositional environment.

E. Fliigel, Microfacies of Carbonate Rocks, 2nd ed.,

Shallow-marine carbonate depositional systems dif-
fer fundamentally from siliciclastic depositional sys-
tems in their intrinsic controls, i.e. the growth potential
including the ‘aggregation potential’ (the ability to grow
vertically and to track sea level) and the ‘production
potential’ (the ability to produce and export sediment).
The aggradation potential is critical for the history of
carbonate platforms and reefs, the production potential
for the progradation and retreat of platforms. These dif-
ferences are of central importance in the application of
sequence stratigraphy to carbonates (Schlager 1992).

2.1.2 The ‘Sorby Principle’: Limestones are
Predominantly Biogenic Sediments

Well over 90% or more of the carbonates found in mod-
ern marine environments are biological in origin, i.e.
the sediments are biotically induced (by an organic trig-
ger, e.g. microbial micrites) or biotically controlled
(skeletal autotrophic and heterotrophic organisms de-
termine the composition, location and timing of car-
bonate production). Some of the ‘abiotic’ carbonate pre-
cipitation (represented by marine cements) is also trig-
gered by organics or the activity of organisms. The
dominant role of organisms in the formation of lime-
stones was recognized as early as 1879 by Henry Clifton
Sorby. Studying Paleozoic, Mesozoic and Tertiary car-
bonate rocks in thin sections, he recognized the over-
whelming abundance of fossils and their importance in
the composition of carbonate sands and muds. The dis-
tribution and frequency of carbonate-producing organ-
isms depend strongly on environmental factors, such
as light, water temperature and sedimentary influx.
These controls as well as the paleoenvironmental set-
tings are reflected by microfacies criteria and paleon-
tological data.

2.1.3 Modern Carbonates: Obligatory
Reading

There is a wealth of well-written reviews and concise
updated syntheses of modern carbonate sediments (see

DOI 10.1007/978-3-642-03796-2_2, © Springer-Verlag Berlin Heidelberg 2010
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Fig. 2.1. Settings of carbonate depositional environments.

list at the end of this section). The strength of these
papers is that they outline the main criteria of recent
marine and non-marine carbonates and their major con-
trols in the context of interpreting ancient carbonate
rocks. The information included in these fundamental
texts is crucial for microfacies analyses. The ‘Micro-
facies of Carbonate Rocks’ does not intend to dupli-
cate this information, but focuses on those data which
are specifically relevant for microfacies studies.

2.2 Carbonate Sediments Originate
on Land and in the Sea

Carbonate sediments originate on land and in the sea.
They are formed in three major settings: On the conti-
nents, within the transitional area between land and sea,
and in the shallow and deep sea. Today only around
10 % of marine carbonate production takes place in
shallow seas. 90% of the modern carbonate produc-
tion is related to the deposition of calcitic plankton in
the deep sea. These proportions were very different
during most parts of the Phanerozoic.

Major depositional environments are shown in Fig.
2.1. Terrestrial and aquatic non-marine carbonates are
receiving increasingly more attention from geologists
because of their economic importance and their sig-
nificance in paleoenvironmental analyses. These car-
bonates are discussed in Sect. 15.1 to 15.4. Owing to
their very shallow-water setting, marginal-marine car-
bonates have been studied in great detail and offer a
wealth of information on coastal sedimentation pro-
cesses and diagenesis.

About 70% of microfacies studies dealing with ma-
rine carbonates concerns shallow-marine carbonates
formed on the shelf and near the shelf break. Future
research should be focused on the huge deep-marine
carbonate depositional regions on the continental slopes.

2.3 Classification of Marine
Environments

Marine environments are classified into the benthic,
for the sea bottom, and the pelagic, pertaining to the
water mass. There is no universally accepted scheme
of subdivision of marine environments which is equally
acknowledged by biologists, oceanographers and ge-
ologists. Fig. 2.2 summarizes categories that are fre-
quently used. The categories are predominantly based
on schemes proposed by Hedgpeth (1957) and Edwards
(1979), who discuss marine terminology.

2.3.1 Boundary Levels

Several levels at the sea bottom and within the water
column are commonly used in a vertical subdivision
of marginal-marine and marine environments (Box
2.1). Microfacies analysis provides the basic data for
recognizing these levels in ancient carbonate rocks (see
Chap. 12). Essential critical interfaces that control sedi-
mentary patterns and the distribution of organisms are:

(1) The lower and the upper boundaries of the tides
(control the distribution of organisms), (2) the base of
the photic zone (controls the distribution of light-de-
pendent phototrophic organisms), (3) the base of the
zone of wave abrasion (above which bottom currents
and wave action may lead to erosion and cementation),
(4) the base of the action of storms on the sea bottom,
(5) the O, minimum zone (strongly limiting life on and
in the sea bottom), (6) the thermocline (the layer of
water that is too cold for most carbonate-producing or-
ganisms), and (7) the pycnocline (the layer of water
where salinity is too high for most organisms). High
and low tide, wave base and storm wave base are used
as basic boundaries in the classification of the major shal-
low-marine environments.
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2.3.2 Vertical and Horizontal Zonations

Subdivisions of marine environments are both vertical
and horizontal:

2.3.2.1 \Vertical Zonations

Benthic depth zones: The depth of the sea bottom and
critical levels controlling the sedimentation subdivide
the benthic environments into six zones: (1) coastal sub-
littoral zone (above high tide, corresponding to the su-
pratidal zone), (2) littoral (between high and low tide,
identical with the intertidal zone), (3) sublittoral (be-
low low tide, corresponding to the major part of the

continental shelf), (4) bathyal (approximately equal to
the continental slope), (5) abyssal (corresponding to
the abyssal plains), and (6) the hadal zone (deep-sea
trenches). Modern carbonate sedimentation takes place
within the range of zone 1 to parts of zone 5.

—> Geologists are in favor of the terms supratidal,
intertidal and subtidal instead of the ecologically de-
fined terms supralittoral, littoral and sublittoral.

Pelagic depth zones: Five zones are defined by the ver-
tical distribution of floating and swimming life. These
are, in descending order, the epipelagic zone (the up-
per region of the oceans, extending to a depth of about
200 m), the mesopelagic, bathypelagic, abyssopelagic

latitudes etc.

Storm wave base: See storm wave weather base.

breakers.

the rotating earth and causing flood and ebb currents.
Wave base: See fair-weather wave base.

Box 2.1. Glossary of terms used in the subdivision of marine environments.

Fair-weather wave base (FWWB): Intersection of the wave base with submarine topography. The water depth below
which surface wave action no longer stirs and moves the sediment. The depth of the wave base varies widely,
depending on wave amplitude and fetch, bottom topography, activity of storms, orientation of shelves and ramps,

High tide: High water. The maximum height reached by each rising tide.
Low tide: Low water. The minimum height reached by each falling tide.
Mean sea level: The average height of the surface of the sea for all stages of the tide for a defined period.

Storm wave weather base (SWWB): The water depth down to which storm-generated waves and resulting bottom
currents rework bottom sediments and produce specific texture types (tempestites). The depth of the storm wave base
varies strongly and depends on shelf and shelf edge topography, storm intensity and climate zone.

Surf: a) The wave activity in the area between the shoreline and the outermost limit of breakers. b) A collective term for

Tidal range: The difference in height between consecutive high and low waters.
Tide: The periodic rise and fall of the sea resulting from the gravitational attraction of the moon and the sun acting upon
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(corresponding to oceanic environments below about
4 000 m), and hadopelagic zone.

—> Note that the boundaries of the benthic and pe-
lagic depth zones are not fixed accurately. These bound-
aries reflect the situation in modern oceans that are not
necessarily equivalent to depth zones visualized for an-
cient oceans.

2.3.2.2 Horizontal Zonations

The lateral distribution of pelagic organisms with re-
spect to their distance from the coast characterizes two
major zones of the ocean: The neritic zone is the water
that overlies the continental shelf, today generally with
water depth less than 200 m and covering about 8% of
the ocean floor. The term oceanic zone refers to the
water column beyond the shelf break, overlying the
slope and the deep-sea bottoms, generally with water
depths greater than 200 m and down to more than
10 000 m.

—> Again, keep in mind that these water depths are
not compatible with the situation in many ancient
oceans. Note that the term ‘neritic’ is often used to de-
scribe sea bottom environments below the neritic wa-
ter column, or shallow-marine environments charac-
terized by significant terrigenous influx.

Basics: Classification of carbonate environments and
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2.4 Review of Modern Carbonate
Depositional Environments

The following review is focused on the definitions, main
criteria and subdivisions of carbonate settings. The cri-
teria that help recognize these settings and the evalua-
tion of paleoenvironments in ancient carbonate rocks
are discussed in Chap. 12 and 15.

2.4.1 Non-Marine Carbonate Environments

Non-marine carbonates originate in terrestrial and
aquatic environments without marine influence. These
carbonates, formed by abiotic and/or biotic processes
differ in many aspects from marine carbonates, which
are much better known to geologists. These carbonates
are formed in terrestrial subaerially exposed settings
and in submerged aquatic settings (Fig. 2.3). The ma-
jor non-marine carbonate environments are listed in
Box 2.2.

Non-marine carbonates formed in terrestrial subaeri-
ally exposed settings comprise pedogenic carbonates,
palustrine carbonates, cave carbonates, eolian carbon-
ates and glacial carbonates.

2.4.1.1 Pedogenic Carbonates, Paleosols, and
Caliche/Calcretes

Terminology: The term pedogenic refers to soil gen-
esis. Most pedogenic carbonates are formed within soils
rich in calcium carbonate. The term paleosol describes
‘a buried soil horizon of the geologic past’ but is often
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used in a broader sense, embracing various descriptive
terms associated with horizons of subaerial exposure
(e.g. caliche). Important processes are chemical and
physical weathering of host carbonate rock, soil devel-
opment and accumulation of calcium carbonate within
the soil by evaporation of saturated porewaters driven
to the surface by capillary forces. These processes may
result in a physicochemically and microbially controlled
formation of hard crusts on the surface or in the upper
horizon of soils (duricrusts). Depending on climatic
conditions and the host substrate, the duricrusts con-
sist of carbonate (forming calcretes or dolocretes) or
other mineral phases (e.g. silica forming silcretes,
gypsum —> gypscretes, hematite and goethite —> ferri-
cretes).

The following discussion is limited to near-surface
accumulations of calcium carbonate (Low-Mg calcite)
in terrestrial, alternating wet settings, generally called
calcrete or caliche. These distinctive carbonates result

from multiple processes induced by life, climate and
exchange between mineral phases:

‘Calcrete’ was proposed for calcareous-cemented
deposits in Africa, the roots of the word caliche are
Latin, meaning lime and limestones (Reeves 1976).
Calcrete and caliche are used synonymously or sepa-
rately (calcrete in order to describe highly indurated
parts of caliche profiles).

Other names are calcareous duricrust, cornstone,
kalkar (Agarwal et al. 1992) or ‘Krustenkalk’. These
calcium-rich soil accumulations cover an estimated
20 million km? or about 13% of the total land surface
(Yaalon 1988). They are widespread in temperate (e.g.
Mediterranean), semiarid and arid climates, particularly
in tropical and subtropical latitudes (e.g. Caribbean)
with sparse rainfall and a mean annual temperature of
about 18 °C. ‘Calcicretes (syn. calcretes)’ and ‘dolo-
cretes’ can be differentiated.

Box 2.2. Carbonates originating in non-marine environments.

Non-marine carbonates formed in terrestrial subaerially exposed settings

Pedogenic carbonates, paleosols, caliche/calcrete: Formed by the accumulation of calcium carbonate within
unconsolidated carbonate-rich soils.

Palustrine carbonates: Carbonates formed in lacustrine and transitional non-marine/marine environments originating
by short-term oscillations of the water levels and characterized by a mixture of subaerial and freshwater facies
criteria.

Cave carbonates, karst: Formed by the precipitation of calcium carbonate within caves resulting in ‘speleothems’ (e.g.
flowstones, dripstones).

Eolian carbonates: Sedimentation of fine-grained, wind-born sand-sized carbonate material (—> eolianites).

Glacial carbonates: Dissolution and recrystallization of glacially transported carbonate debris, occurs in glacial-marine
deposits.

Non-marine carbonates formed in terrestrial aquatic settings

Freshwater carbonates: Travertine, calcareous tufa, calcareous sinter: Formation of carbonate deposits at warm, hot
ore cold spring orifices in subaquatious settings (e.g. pools), by combined biotic and abiotic processes.

Lacustrine carbonates: Deposition and precipitation of calcium carbonate in lakes of different salinity (freshwater
lakes, salt lakes, playa lakes) and different settings.

Fluvial carbonates: Carbonate deposits formed in rivers, creeks and waterfalls, originating from the combined activity
of biotic and abiotic processes.




12

Important studies of pedogenic carbonates deal with
late Pleistocene and Holocene calcretes on the Baha-
mas, Florida Keys, Yucatan, Barbados, Persian Gulf,
Western Australia, and the Mediterranean (see Basics
and references with Code K030).

Calcareous paleosols typically contain a higher pro-
portion of mineral insoluble residue than the enclosing
limestone units. Two models have been developed for
explaining the mechanisms that lead to the concentra-
tion of insoluble residue: (1) Selective dissolution and
removal of calcium carbonate from carbonate host rock,
and (2) accretion of wind-driven dust at the limestone
exposure surface without major dissolution of the lime-
stones (Multer and Hoffmeister 1968). Most authors
favor the first explanation. Calcretes are defined as ‘sec-
ondary accumulations of calcium carbonate (Low- and
High-Mg calcite) in nearsurface settings, which result
from the cementation and/or replacement of host ma-
terial by the precipitation of calcium carbonate from
soil water or ground water” (Wright 1990). In addition
to the calcium carbonate derived from the host rock,
eolian input is still an important factor (Goudie 1973).

Currently, two basically different models are being
discussed with respect to the formation of calcretes.
The commonly held model, that calcretes are pedogene
structures resulting from leaching of carbonate from
the surface horizon, is questioned by the second model,
claiming that calcretes are complex sedimentary for-
mations that have undergone phases of deposition, pe-
dogenesis, and transformation of sediments during early
diagenesis heavily related to microbially influenced pro-
cesses. According to the first model, calcrete is formed
in the interior of a soil; according to the second model
calcretes are accumulations that build up by aggrada-
tion from bottom to top (Verrecchia 1996).

Classification: Calcretes are classified according
(a) to their micromorphology and hydrological setting
or (b) dolomite content (Netterberg 1978). Using mi-
cromorphological criteria, massive ‘alpha calcretes’ (ex-
hibiting a dense pseudonodular microfabric with com-
plex microcracks, microsparite and coarse-crystalline
calcite, floating sediment grains (P1. 128/6), and calcretes
exhibiting microfabrics of biogenic (particularly fun-
gal) origin, called ‘beta calcretes’, can be distinguished
(Wright 1990). The latter group is characterized by mi-
crobial coatings, calcified tubules, Microcodium, alveo-
lar septal fabrics, and needle fibre calcite (Pl. 128).

Two calcrete types are differentiated according to
their hydrologic setting:

(1) Pedogenic calcretes derived from vertically per-
colating soil water and typically occurring in the form

Caliche

of well-horizonted soil profiles. Characteristic features
are distinct profiles made up of a succession of differ-
ent horizons and specific microfacies attesting to the
presence of a vegetated soil cover. ‘Rhizogenic cal-
cretes’ produced by calcification associated with plant
roots occur in the fluvial sequences of floodplains
(Wright et al. 1995), palustrine and lake margin areas
with relatively high water-tables, on subaerially exposed
marine carbonates (Wright 1994), in carbonate dunes
(Hay and Reeder 1978) or in beachrock deposits.

(2) Non-pedogenic calcretes, derived from laterally
migrating groundwater and composed of well-indu-
rated, variably extensive sheets of mottled carbonate
(Goudie 1983). In contrast to the rather thin pedogenic
calcretes (a few meters), these calcretes may have a
thickness of more than 10 meters as shown by Austra-
lian examples. Compared with pedogenic calcretes,
non-pedogenic calcretes are characterized by the ab-
sence of rhizoconcretions, black pebbles and peloids,
and by more silica than carbonate.

Critical factors in the formation of caliche are (1) cli-
mate (a significant net annual moisture deficit in the
soil; control on dust accretion caused by dust storms),
(2) topography, (3) vegetation, (4) presence of carbon-
ate and oxalic phases, (5) carbonate content, texture,
porosity and permeability of the hosting substrate
(Thériault and Desrochers 1993), (6) action of micro-
organisms (Loisy et al. 1999) as well as (7) exposure
time (which may range between a few tens of thou-
sands, as shown by Holocene calcretes, and millions
of years as suggested by Carboniferous calcretes).

Vegetation is the main factor in rhizogenic calcretes
(Klappa 1979; Wright et al. 1995) exhibiting textures
which can be interpreted as calcification in, on or around
roots: Intracellular calcification creates Microcodium-
type microstructures. Extracellular calcification around
roots produces laminar rhizolites (Wright et al. 1988)
consisting of vertical rhizoconcretions or as calcare-
ous cementation around root mats (Pl. 20/6). Incom-
plete calcification of root mats may be responsible for
the formation of rhizogenic calcretes characterized by
peloidal and coated grain fabrics (Calvet and Julia
1983). Exposure time, substrate composition and veg-
etation control the maturity levels of calcrete profiles.
Relatively mature levels can be recognized from the
sequence of horizons forming the calcrete profiles and
by the number of calcrete microfabrics (which increase
with increasing maturity).

A number of models for pedogenic calcrete profiles
has been developed, focused on the progressive increase
in the volume of secondary calcium carbonate within
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the host material (soil, sediment or rock) via a combi-
nation of cementation, replacement and displacement
(Gile et al. 1966; Arakel 1982; Machette 1985; West et
al. 1988; Rabenhorst et al. 1990).

Diagnostic criteria of caliche and paleocaliche: see
Chap. 13 and PI. 14/6, P1. 128, and P1 141/9-10.

2.4.1.2 Palustrine Carbonates

Palustrine limestones are deposits of shallow freshwa-
ter environments exhibiting extensive evidence of pe-
dogenic modification (Pl. 48). These carbonates are
common in many ancient continental and marginal-
marine sequences. The term (derived from ‘paludal’,
meaning marshy or swampy) was first proposed while
describing late Cretaceous-Early Tertiary limestones in
southern France (Freytet 1973, 1984; Freytet and Plaziat
1982).

Palustrine carbonates were originally considered as
near-shore deposits of extremely shallow lakes with os-
cillating lake levels and densely vegetated shorelines.
Because of a very low relief on the lake bottom, fluc-
tuation in the water table should result in an interbed-
ding of lacustrine facies (characterized by the occur-
rence of specific fossils), and pedogenic facies (char-
acterized by textures which indicate a pedogenic over-
print of dried-out parts of shores).

This interpretation presents problems since many
palustrine limestones are not associated with lake de-
posits. A suitable modern analogue for a palustrine en-
vironment may be the freshwater carbonate marshes of
the interior Everglades in Florida (seasonal wetland
model: Platt and Wright 1992). Seasonal variations in
water depth and minor topographic variations across
the area could explain the association of soil and cal-
crete criteria with dissolution features (pseudo-
microkarst), and the presence of sublittoral carbonates
which were formed in perennial shallow lakes within
the wetland.

2.4.1.3 Cave Carbonates, Speleothems and Karst

Speleothems (carbonates formed in caves) are impor-
tant paleoclimatic recorders documenting short- and
long-term climatic fluctuations.

Terminology: The term karst refers to physical struc-
tures formed by dissolution from meteoric waters. It
includes ‘all of the diagenetic features — macroscopic
and microscopic, surface and subterranean — that are
produced during the chemical dissolution and associ-
ated modification of a carbonate sequence’ (Choquette
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and James 1988). Karst develops (a) at the air-lime-
stone or soil-limestone interface (‘surface karst’) and
(b) within carbonate bodies (‘subsurface karst’).

Diagnostic features: Surface karst or exokarst is
characterized by surface solution or corrosion features
comprising small-scale and large-scale criteria (micro-
karst, residual paleosols, karren, solution pans or
kamenitzas, and dolines or sinkholes). Large-scale geo-
morphological features (e.g. karst valley and karst tow-
ers) are responsible for characteristic landforms. Sub-
surface karst (see Pl. 129) is represented by caves and
vugs formed above, at and below the water table.

Caves contain (a) secondary mineral deposits (po-
rous calcareous tufa: moonmilk, and hard crystalline
sinter or speleothems) precipitated by vadose and shal-
low phreatic waters and (b) internal cave sediments and
karst breccia caused by the collapse of caves. Karst
breccias exhibit a wide variety of internal composition
depending on the site and the mode of origin (Sect.
5.3.3.3 and Sect. 15.2).

Speleothems are precipitated from thin water films
flowing over the rock and forming flowstones and drip-
stones, or in pools of water, forming ‘cave pearls’
(globoids, pisoids; vadoids: Chafetz and Butler 1980;
Peryt 1983. See Pl. 14/8). Dripstones include stalag-
mites and stalactites as well as finely curved twiglike
structures (helictites).

Carbonate sinters are made up of calcite with vari-
ous amounts of Mg, and/or aragonite, dolomite and rarer
minerals (Gonzalez and Lohmann 1988; Tietz 1988).
The mineralogical composition is often seasonally con-
trolled; it depends on the Mg/Ca ratio of the percolat-
ing pore-fluids, pCO,, and evaporative conditions
within the cave.

Speleothems exhibit diagnostic cave cements (Folk
and Assereto 1976; Kendall and Broughton 1978;
Assereto and Folk 1980) which can be used in order to
recognize ancient cave carbonates (Sect. 15.2.1). Com-
mon cement types in speleothems are length-slow and
length-fast calcites and dendritic calcite crystals.
Changes in mineralogical composition and cement
types of vadose-zone speleothems may reflect short and
long-ranging cyclic oscillations of climatic factors
(Railsback et al. 1994; Shopov et al. 1994). There is
increasing evidence for microbial contributions to the
growth and fabric of speleothems (Danielli and
Edington 1983; Jones and MacDonald 1989).

Controls: Prerequisites for the formation of extant
karst and cave systems are fluids that are undersatu-
rated with respect to the country rock, and fluid flow
transporting dissolution products (Lohmann 1988;
Dreybrodt 1990). The most important intrinsic factors
influencing karst development are the general lithol-
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ogy (including mineralogy, bulk purity, fabric and tex-
ture), stratal permeability, bedding planes, fractures as
well as the existence of confined or unconfined aqui-
fers and structural conduits. Limestones are several
orders of magnitude more soluble than dolomites in
meteoric waters. Major extrinsic factors are climate
(rainfall and evaporation, temperature), base level (el-
evation and relief, sea level or local water bodies), veg-
etation and the duration of time involved in karst-
ification. Different climatic conditions produce differ-
ent karst types (James and Choquette 1988). Karst
formed in areas of warm temperatures and high rain-
fall is characterized by the development of soils and
terra rossa, abundant sinkholes, and dissolution-collapse
breccia. In semiarid and temperate climates both karst
and calcrete may occur together, depending on alter-
nating wet and dry conditions (Esteban and Klappa
1983).

The potential of microfacies studies for the recogni-
tion of ancient speleothems and karst and the signifi-
cance of paleokarst in basin analyses is discussed in
Sect. 15.2.

2.4.1.4 Eolian Carbonates

Terminology: The term eolianite has been coined for
bioclastic wind-borne deposits that make up more than
90% of the Pleistocene deposits of Bermuda (Sayles
1931). The term is now used for eolian sands that have
been cemented by calcium carbonate in a subaerial en-
vironment.

The coalescence of dunes results in linear ridges with
large cross-bed sets which may stand a few tens of
meters above the source beach. Glacial, interglacial and
Holocene eolian carbonate dune deposits are known
from Bermuda, the Bahamas, northeast Yucatan, Cali-
fornia, the Trucial Coast, the Mediterranean (Mallor-
ca, Tunisia, Israel) and western Australia. Generally
modern eolianites are associated with coastal marine
deposits and pedogenic carbonates. Wind can transport
carbonate particles (ooids, microfossils) over wide dis-
tances (e.g. from Africa to the Caribbean).

Recognizing carbonate eolianites: Summaries of fea-
tures common among carbonate eolianites were given
by McKee and Ward (1983) and Abegg et al. (2001).
Important criteria are: (1) Grain texture - good overall
sorting, fine- to medium-grained, fenestrae, sorting dif-
ferences between laminae or beds. (2) Carbonate ce-
ments - vadose and phreatic Low-Mg calcite cements
(P1. 2/2 and PI. 31/5, 6, meniscus, pendant, needle-fi-
ber, blocky, drusy). (3) Biota - plant structures (rhizo-
concretions, calcified root systems of dune plants),

Travertine

Microcodium, ichnofossils: crustacean and insect bur-
rows, bioturbation; terrestrial gastropods. (4) Stratifi-
cation - high- to low-angle beds, see Fig. 15.1. (5) As-
sociated facies - upward-shallowing succession, shelf/
reef - beach grainstone - eolian grainstone. Grains are
ooids or bioclasts, sometimes accumulations of particu-
lar foraminiferal tests (forming the ‘miliolite’ of the
Trucial Coast, a grainstone composed predominantly of
miliolid foraminifera).

Significance: The differentiation of wind-borne cal-
carenites from grainstones formed in marine environ-
ments is important because calcareous eolianites indi-
cate carbonate shorelines, sea-level fluctuations (ara-
gonite cements in eolianites indicate a later marine
transgression; White 1995, San Salvador Island, Baha-
mas), paleoclimatic conditions and paleowind direc-
tions.

2.4.1.5 Glacial Carbonates

The dissolution and recrystallization of glacially
transported carbonate debris may result in the forma-
tion of micritic and sparitic carbonates, leading to a
chemically distinctive carbonate matrix in meltout tills
or subglacial crusts within glacial-marine deposits
(Hallet 1976; Aharon 1988; Fairchild and Spiro 1990;
Fairchild et al. 1993), which are also recorded in Pre-
cambrian and Phanerozoic glacial deposits.

Enigmatic calcite pseudomorphs, known as glen-
donites and interpreted as pseudomorphs after ikaite, a
metastable hexahydrate of calcium carbonate, were re-
ported from some modern as well as ancient glacioma-
rine environments. Ikaite occurs in morgenstern-like
and stellate aggregates, several centimeters in size, and
indicates sub-zero temperatures at the seafloor. Glen-
donites are typically found in cold-water deposits dat-
ing from the Precambrian to the Pleistocene (Suess et
al. 1982; Shearman and Smith 1985; Kemper 1987).

Non-marine carbonates formed in aquatic settings
comprise freshwater carbonates, lacustrine carbonates
and fluvial carbonates.

2.4.1.6 Travertine, Calcareous Tufa and
Calcareous Sinter

Origin: Travertine and tufa are freshwater carbonates
formed as a result of physical and/or biochemical CO,
degassing around carbonate- and CO,-rich springs,
along streams and in pools, and often precipitated to-
gether with and on cyanobacteria, bacteria, algae (Pl.
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2/6), mosses, and higher plants (P1. 2/7) as well as on
various organic and inorganic substrate. Cyanobacte-
ria, bacteria and algae are able to trigger the precipita-
tion of calcite and aragonite forming microbial traver-
tines (Chafetz and Folk 1984; Folk et al. 1985). Milli-
meter- to centimeter-sized laminae (P1. 2/1, 2), and ar-
borescent shrub-like calcite precipitates (P1. 2/1), con-
sisting of associations of micrite aggregates and rhom-
bic spar crystals aggregates appear to be microbially
controlled (Guo and Riding 1994). Stromatolitic trav-
ertines exhibit alternating sparry and micritic laminae
which are interpreted in terms of seasonality (Chafetz
etal. 1991), climatic changes as well as changes in mi-
crobial and algal growth and sedimentation (Monty
1976).

Travertines and tufa are often associated with higher
plants (Pentecost 1990), but the ability of macrophytes
to induce the precipitation of carbonate during photo-
synthesis is regarded as controversial. Consumption of
CO, leads to carbonate precipitation in the immediate
vicinity of photosynthesizing vegetation. Both field and
laboratory studies show that the intensity of photosyn-
thesis varies from least effective in springs and water-
falls to highly effective in lakes and rivers (Merz 1992).

Morphological differentiation: Travertine deposits ex-
hibit distinctive morphologies (Chafetz and Folk 1984):

e Waterfall deposits, formed at sites of break-in slope
of streams by the growth of plants and contempo-
raneous calcification, resulting in a massive, irregu-
lar contorted tangle of cement crusts and plant
molds.

e Lake-fill accumulations, characterized by thick,
horizontally stratified and laterally extensive trav-
ertines. These are composed of thin summer layers
of (bacterial) shrubs intercalated with finely lami-
nated winter mud layers and thicker, crudely lami-
nated muds. Contorted zones composed of calcite
rays, intraclasts and pisoids, represent spring ori-
fices on the lake bottom.

e Sloping mounds, fans and cones, characterized by
structures paralleling a slope at the time of deposi-
tion.

e Terraced mounds, exhibiting a step-like morphol-
ogy.

e Warm spring waters, flowing down both sides of
fissure ridges.

Which names are appropriate? The terminology of
freshwater-carbonates is controversial because of the
mixed use of descriptive and genetic terms. This is par-
ticularly true for carbonates called fravertine (P1. 2/1,
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Fig. 2.4. Practical classification of travertines, tufa and sinter
(after Koban and Schweigert 1993).

2,3, 5), tufa (PL. 2/6, 7) or sinter (PL. 2/4) (Schweigert
1996). Travertine often is used in a rather loose man-
ner to designate hard and compact carbonate deposits;
tufa for porous deposits. Many authors use travertine
in a rather broad sense, covering all kinds of non-ma-
rine carbonates of springs, creeks, streams, pools and
lakes, as well as caves (e.g. Julia 1983; Pentecost and
Whitton 2000).

More precise definitions were offered by Riding
(1991): The term travertine is restricted to non-marine,
layered autochthonous carbonates deposited at thermal
springs and commonly exhibiting a bushy fabric (P1. 2/
1). Tufa refers to often conspicuously porous carbon-
ates, whose formation in non-marine cold-waters is
strongly controlled by aquatic plants. Calcareous sin-
ters are characterized by well-developed lamination and
lack of visible porosity. Currently there is a tendency
to restrict the term travertine to thermal deposits (Ford
and Pedley 1996; Fouke et al. 2000) formed at hot and
warm, often mineralized springs, and calcareous tufa
to settings where calcium-rich waters bubble up from
springs to the earth, cool down and precipitate calcium
carbonate, supported by photosynthesizing plants.

How to classify freshwater carbonates? Koban and
Schweigert (1993) proposed a classification which re-
flects the genetic factors responsible for the fabric of
non-marine freshwater carbonates (Fig. 2.4): The tri-
angle underlines the inferred origin, setting and visible
porosity (see Pl. 2 for examples).

Thermal travertines: Comparative studies of mod-
ern thermal spring systems (Cady and Farmer 1996;
Fouke et al. 2000) provide a basis for constructing fa-
cies frameworks which can assist in the interpretation
of ancient travertines. The spectacular carbonate-pre-
cipitating thermal springs of the Mammoth Hot Springs
in Yellowstone National Park, Wyoming, demonstrate
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Plate 2 Terrestrial Freshwater Carbonates: Travertine, Calcareous Tufa and Sinter

Travertines, tufa and calcareous sinter are excellent paleoclimatic archives (Andrews et al. 2000). These carbon-
ates and their corresponding water bodies can serve as analogues of Precambrian and Phanerozoic microbialites
and their oceans (Arp et al. 2001). Travertines of hot springs are of interest for recognizing potential microbial
signatures on Mars (Kempe and Kazmierczak 1997). Travertines are very important building stones that have
been used since antique times (Winkler 1994). Many travertines and tufa originated during interglacial phases of
the Pleistocene, but in places are still growing today.

Terrestrial carbonates produced by precipitation in freshwater occur as travertines (—>1-3, 5), calcareous tufa
(—>6,7), and calcareous sinter (—> 4). Travertine is a layered deposit of calcium carbonate with moderate to high
primary porosity, and often with a dendritic fabric. Calcareous tufa is an originally porous, laminated or massive
deposit which commonly originates at cold subaerial springs, but also forms at subaquatic springs in soda lakes
and highly alkaline salt lakes (‘tufa pinnacles’: Kempe et al. 1991; Benson 1994; Arp et al. 1998). Calcareous
sinter is characterized by well-developed lamination and the lack of visible porosity. These carbonates orignate
from degassing of CO, and HCO?" caused by changes in temperature, pressure and photosynthesis. Travertine is
often found on warm or mineralized hydrothermal waters, tufa on temperate waters. Tufa precipitation takes
place on organic substrates (higher plants, algae, mosses) in freshwater. In both types carbonate chemistry and
the temperature of the spring waters, the overall morphology of the accumulation and biologically induced
processes are major controls.

Characteristic textural criteria of freshwater limestones are (1) macroscopically visible voids (often corre-
sponding to moulds and leaves of higher plants); (2) void-filling radiating calcite (—> 3); (3) small spar-filled
cellular structures; (4) wavy and laminar layers (—> 1, 2); (3) concentric structures consisting of smooth and
wavy laminae of micrite and sparite (—> 1); (5) alternating dark and light laminae with vertical thin ‘filaments’
(—>4); (6) layers with bubble structures (—> 1); (7) shrub-like structures (—> 1); (8) ovoid to subangular peloids
with diameters from 50 to 300 um, occurring in clumps or aggregates (—> 5); (9) travertine fragments occurring
as intraclasts, and detrital grains derived from underlying or adjacent rocks; (10) pisoids (see P1. 14/1).

1 Travertine. The name travertine is derived from the Latin lapis tiburtinus, meaning ‘the stone of Tiburnium’ (now Tivoli),
a locality near Rome where these carbonate rocks have been quarried for more than two thousand years. At the ‘type
locality’, the precipitation of carbonate occurs from spring waters. The importance of inorganic or organic (bacterially-
induced) modes of precipitation is primarily controlled by water temperature and water chemistry (Chafetz and Folk
1984). In the Bagni di Tivoli locality, travertine occurs as stratified lake-fill deposits formed in shallow ponds.The traver-
tine is composed of laterally continuous and vertical repetitions of layers with micritic shrubs (S; interpreted as result of
bacterially induced precipitation) intercalated with laminated muds (—> 3). The shrubs nucleate on a substrate and grow
and branch upward, indicating a phototrophic control. The bubbles (B) at the bottom may represent lithified gas-filled
vesicles surrounded by bacterially precipitated walls or relics of chironomid insect larvae. The samples (—> 1 and 2) are
classified as travertine according to the vadose setting, microbial-induced precipitation, and medium porosity (Fig. 2.4).

2 Travertine. ‘Bacterial stromatolite’. Thin laminae aggregate into packets with large lenticular intermat cavities bulged up
by large gas bubbles (B). Note the abundant micritic clumps within the mats (arrows) interpreted as bacterial aggregates
embedded or surrounded by calcite crystals. Bagni di Tivoli near Rome.

3 Travertine. Laminated micrite layers bordering voids which are partly filled with bladed prismatic (‘dogtooth’, DC)
calcite cement. Same locality as —> 2.

4 Calcareous sinter. The layers consist of fibrous cements arranged in bundles. The low-calcite sinter originated from

carbonic acid-rich and calcium-rich mineral waters. The travertine was formed during warm interglacial periods in the

Pleistocene. The sample is classified as calcareous sinter owing to inferred inorganic precipitation, low porosity and the

vadose setting. Stuttgart-Bad Cannstatt, Germany.

Travertine. Peloids and bacterial mud reworked into intraclasts. Same locality as —> 2.

6 Recent freshwater tufa. The fabric is characterized by incrustations of oscillatoriacean cyanobacteria. The threads have a
diameter of about 10 um. Fossil Oscillatoriaceae are indicative of freshwater and brackish water environments. Schleierfille,
Ammer, southern Germany.

7 Modern freshwater tufa. Tufa deposition is controlled by a number of intervening factors including carbonate equilib-
rium, crystal nucleation, crystal morphology, and diagenesis (Ford and Pedley 1996; Merz-Preifl and Riding 1999: Jannsen
etal. 1999). Note the porous texture and the plant stem (P) surrounded by euhedral calcite crystals some of which exhibit
dark ‘centers’ (arrow) commonly interpreted as an indication of bacterial contributions to carbonate precipitation. The
sample still fits into the triangle classification (Fig. 2.4) because of its high porosity, considerable organic contributions
(—> 6) and origin in a phreatic setting. Same locality as —> 6.
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the distinctive control of travertine microfacies types
and dominating organisms (eucaryonts, photosynthetic
and chemosynthetic bacteria) by water temperatures and
pH values (Farmer 2000).

Pamukale near Denizli (southeastern Turkey) is an-
other famous locality where thermal spring waters at a
hill built, and still build, large rimstone pools of traver-
tine while flowing down in cascades about 100 m of
height difference. Because of the large surface of the
very thin layer of water, the water looses deep-source
carbon dioxide, resulting in carbonate precipitation.
The resulting white travertines have been used since
Roman times as building stones. The Turkish name
Pammukale means ‘cotton castle’ and refers to the strik-
ingly white color of the large steps.

Phytoherms: Plant-dominated freshwater calcareous
tufa, formed in river systems, are called ‘phytoherms’
(Cipriani et al. 1977; Pedley 1987, 1992) underlining
the dominant role of macrophytes and procaryote-
microphyte biofilms in the construction of carbonate
buildups (Collinson 1988). Phytoherms of river sys-
tems, capable of damming the water courses to pro-
duce chains of lakes (e.g. Plitvica region, Croatia: Emeis
et al. 1987), are characterized by rapid growth in cool,
agitated waters. Continuous water circulation is neces-
sary for bringing in nutrients and providing replenish-
ment of CaCO, for the extensive precipitation of Low-
Mg-calcite cements within organic frameworks. The
primary frameworks are provided by the in-situ growth
of erect and trailing hydrophytes and semi-aquatic mac-
rophytes. Secondary frameworks are formed by oscilla-
toriacean cyanobacteria, diatoms and insect larvae colo-
nizing exposed surfaces. The shelly fauna associated
with the phytoherms contains ostracods, gastropods,
rare bivalves and crustaceans.

The stability of these bioconstructions and also their
preservation in the fossil record is provided by a con-
comitant development of thick Low-Mg calcite calcite
cements (micrite fringes and bladed calcite spar fringes)
and by an intra-frame sediment infill. Both micritic
fringe cements and the abundant small-scaled peloids
are interpreted as the product of biological mediation
associated with a procaryote-microphyte biofilm and
the presence of organic detritus.

Significance: Travertines are important building and
decoration stones, used since antique times. High qual-
ity travertine possesses a great mechanical strength and
remarkable resistance to weathering as compared with
other building stones. Technological qualities of trav-
ertines are strongly controlled by depositional facies
and early diagenesis. Differences in technological prop-
erties of travertines and tufas are primarily caused by

Lakes

fabric-selective porosity patterns. Changes in porosity,
permeability, specific surface, and water sorption due
to the dissolution and precipitation of calcite within
pores lead to a decrease in porosity and increase in rock
hardness with time (Koch et al. 1999).

The rapid precipitation of carbonate favors the pres-
ervation of fossil faunas and floras, and of archeologi-
cal artifacts. Chronological dating of Pleistocene trav-
ertines aids greatly in the age determination of prehis-
toric archeological material (Kahlke 1984).

2.4.1.7 Lacustrine Carbonates: Lakes

Lacustrine environments differ from marine environ-
ments in the properties, kinetics, chemistry and pro-
ductivity of lake waters as well as in the sedimentation
patterns originating in hydrologically open and hydro-
logically closed lakes. Lakes are dynamic systems.
Short-term and long-term changes in climate, water
chemistry and bathymetry of lakes result in significant
variations of litho- and biofacies, and their lateral and
vertical distribution patterns.

Our review focuses on the carbonates formed in
lakes. Carbonates are only a part of lacustrine sediments,
which in addition, often include claystones, marls and
also sandstones. The review neglects the siliciclastic
sediments as well as some chemical deposits (cherts,
phosphorites).

Lacustrine carbonates are a specific type of terres-
trial carbonate deposited within a lake or at the shore-
lines of a lake. Fluctuating shorelines may result in a
pedogenic overprint of lacustrine sediments leading to
the formation of ‘palustrine carbonates’ (Sect. 2.4.1.2),
which were defined as ‘near-shore deposits of extremely
shallow lakes with oscillating lake levels and densely
vegetated shorelines’ (Freytet and Plaziat 1982). Fre-
quently, lake deposits are associated with paleosols as
well as with fluvial sediments.

Because wind-driven currents and waves often do
not affect the lake bottom, lake waters tend to become
permanently or seasonally stratified: Warmer and lighter
waters (epilimnion) overlie colder and denser waters
of the bottom zone (hypolimnion). These zones are
separated by a zone characterized by a rapid rate of
change of temperature with depth (mesolimnion). Per-
manent stratification is characteristic of tropical
oligomictic lakes with temperature stratification and of
meromictic lakes in which the bottom water has a higher
salinity than the surface water. In both cases, the bot-
tom water can become completely stagnant and be de-
pleted of nutrients and oxygen, resulting in the accu-
mulation of laminated muds rich in organic matter.
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Seasonal stratification is common in temperate cli-
mates. During the summer, surface waters are warmer
and less dense than deeper waters. Cooling of the sur-
face waters during the winter or an underflow by cool
waters caused by rivers crossing the lake will produce
surface waters of the same or higher density than that
of the bottom waters. Consequently, the lake water body
is turned over once or twice yearly and mixed (mono-
mictic or dimictic lakes; tropical and polar lakes). Both
near-surface waters and bottom waters are well-oxy-
genated, enabling a seasonal biogenic production (e.g.
algae), which may be recorded by annual varves con-
sisting of fine-grained siliciclastics, biogenic silica and
carbonate formed in the deeper parts of the lakes.

Fine-scale lamination, caused by the seasonal pre-
cipitation of carbonates or periodic influxes of sedi-
ment into lakes, is a common feature of both freshwa-
ter and saltwater lakes. Biologically induced precipita-
tion of light carbonate laminae alternating with dark
organic-rich laminae and/or detrital laminae form
varved sediments in the deeper parts of many lakes.

Open and closed lakes: Freshwater and salt lakes

Lakes are classified according to their salinity. Fresh-
water lakes usually contain <1 g/l dissolved constitu-
ents, brackish water lakes 1-5 g/1, and salt lakes >5 g/1.
The setting of lakes in hydrologically open or hydro-
logically closed basins as well as the chemistry of lake
waters is used in separating major types of lacustrine
environments (Allen and Collinson 1986):

(1) Hydrologically open lakes (freshwater lakes)
have an outlet, relatively stable shorelines and are filled
with meteoric lake waters. They are characterized by
the input of siliciclastic sediments in nearshore and off-
shore zones as well as by inorganic/biochemical and
biogenic deposition of calcareous sediments in the shal-
lower littoral zone and the deeper profundal zone. Most
freshwater lakes are fed by rainfall; the salinity, there-
fore, is low. Sedimentation patterns vary in response to
changes in depositional regimes and source areas (Calvo
et al. 1989). Hydrologically open freshwater lakes are
normally perennial and occur mainly in temperate hu-
mid climates. The subdivision of lake environments is
based on biological criteria and embraces the follow-
ing zones (Wright 1990):
¢ Littoral zone: Below the wave base, characterized

by rooted macrophytes. The eulittoral zone is the

area between the highest and lowest sea levels, the
supralittoral zone corresponds to the landward zone,
which is rarely submerged.

¢ Sublittoral zone: Still within the photic zone, colo-
nized by algae and cyanobacteria.
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e Profundal zone: Aphotic zone. Often, but not always
corresponds to the zone below the thermocline.
» Pelagial zone: Open-water, planktic zone.

Carbonates in freshwater lakes result from:

* Removal of CO, by photosynthesis of plants (mi-
crobes, algae, floating phytoplankton, macrophytes),
less commonly by changes in temperature, evapo-
ration or mixing of water masses, resulting in the
precipitation of Low-Mg calcite. Basin-wide carbon-
ate blankets are produced in larger and deeper strati-
fied lakes resulting from a seasonal change of algal
blooms and sedimentation of organic matter, diatoms
and detrital components, producing couplets of light
carbonate-rich laminae and dark organic-rich lami-
nae.

e Deposition of ‘algal sediments’, algally-coated
grains (e.g. oncoids; Pl. 12/5, P1. 131/5) and of
characean oogonia (PL. 65) in nearshore shallow parts
of the littoral zone and accumulation of carbonate
shells (e.g. gastropods, bivalves, or ostracods; PL.
130/2, 3) in deeper parts of the littoral zone, result-
ing in biogenic sedimentation. Differences in the
composition of the algal carbonates may reflect the
generally well-defined zonal distribution of vegeta-
tion.

¢ Growth of stromatolitic bioherms (P1. 131/1) or ‘al-
gal reefs’ (P1. 130/1).

e Input of allochthonous carbonate particles derived
from the drainage basin and deposited by debris
flows and turbidity currents in deeper part of the lake.

e Early diagenetic precipitation of carbonates (non-
marine carbonate cements; Chafetz et al. 1985).

Case studies: Europe: Lake Constance, Germany:
(Miiller 1971; Schifer and Stapf 1978; Dominik 1981);
Eifel, Maar Lakes, Germany (Negendank et al. 1990);
Lake Ziirich and Lake Biel, Switzerland (Kelts and Hsii
1978; Wright et al. 1980); Austria: Behbehani et al.
(1986); North America: Green Lake, New York State
(Eggleston and Dean 1976); Minnesota Lakes (Megard
1967; Murphy and Wilkinson 1980). The Green Lake
exhibits wave-resistant stromatolite bioherms, formed
by cyanobacteria and mosses trapping carbonate sedi-
ment, and subsequent cementation by precipitated cal-
cium carbonate. Lake Michigan is an impressive ex-
ample of facies differentiation in a typical northern tem-
perate hard-water lake.

(2) Hydrologically closed lakes (salt lakes) lack an
outlet. They are common in regions with semi-arid
warm and hot climates. If evaporation of the lake wa-
ter is about equal to inflow, a permanent water body is
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maintained (perennial lake). If the evaporation exceeds
inflow for a long time, salinity and the Mg/Ca ratio of
the water will increase, as Ca is depleted by early-stage
precipitates. Finally salts will be precipitated in these
shallow ‘salt lakes’ and ‘soda lakes’ which normally
fall dry, with the exception of a central pond contain-
ing highly concentrated brines (ephemeral lakes, playa
lakes: Last 1993). High and extreme salinities can origi-
nate from a separation of former parts of the sea (e.g.
separation of the Caspian Sea from the Mediterranean
Sea), prolonged evaporation of lake waters, or increased
input of dissolved salts.

Case studies: Mono Lake, Death Valley, California;
Great Salt Lake, Utah (Eardly 1966; Halley 1976); sea-
marginal ponds of the eastern Mediterranean e.g. Solar
Lake, Israel (Krumbein and Cohen 1974; Friedman
1978); sea-marginal flats in the Red Sea, Gulf of Elat
and Aqaba (Sneh and Friedman 1985); Australia: (De
Deckker 1988); Lake Clifton (Burne and Moore 1983);
Lake Thetis (Grey et al. 1990); Coorong Lagoon (Rosen
et al. 1988). One of the most intersting saline lakes is
the Dead Sea whose bottom sediments consists of pre-
cipitated aragonite, gypsum and halite, and detrital
grains (Garber et al. 1987).

Many hydrologically closed lakes are characterized
by fringes of supralittoral mudflats (commonly termed
‘playa’ or ‘inland sabkha’), sandflats in the nearshore
zone, and depositions of mixed siliciclastic-evaporitic
sediments as well as organic-rich sediments (‘oil
shales’) within the lakes. Saline minerals are precipi-
tated in perennial brines, as efflorescent crusts and salt
pans and as cements within the sediments of the mud-
flats.

Climatic changes may turn freshwater lakes into sa-
line water bodies, as exemplified by the history of the
modern Great Salt Lake, Utah, or the great lakes in the
East African rift system.

Carbonates in saltwater lakes are characterized by:

* Precipitation of High-Mg calcite and aragonite (e.g.
Dead Sea) or Low-Mg calcite and High-Mg calcite
(e.g. Lake Balaton, Hungary) because of the increase
in the Mg/Ca ratio,

e Formation of carbonate laminites, consisting of Ca-
Mg carbonates, detrital quartz, silicates and organic
layers,

¢ Ooid sands are formed in shallow, near-shore areas
of current- or wave-swept lakes, sometimes (e.g.
Great Salt Lake, Utah) associated with

e Algal bioherms, composed of mm-scale laminated
micritic aragonite or of porous carbonate,

* Loss of CO, by degassing or photosynthesis of spring
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waters on the playa surfaces cause supersaturation
with respect to calcite, resulting in the formation of
pisoids and carbonate encrustations (Risacher and
Eugster 1979),

e Hydrothermal fluids emerging from the lake bottom
may produce sinter crusts consisting of aragonite and
magnesium calcite (Lake Tanganyika, East-Central
Africa: Cohen and Thouin 1987, Stoffers and Botz
1994).

Compositional characteristics of lake carbonates

Similar to marine carbonates, lacustrine carbonates
are composed of allochthonous and autochthonous con-
stituents, the former represented by skeletal and non-
skeletal grains and fine-grained calcite mud caused by
seasonal phytoplankton blooms (‘Seekreide’: Schifer
1973), the latter by predominantly biogenic structures
(stromatolites, bioherms and ‘reefs’) formed or induced
by cyanobacteria and algae. All major grain categories
known from marine carbonates also occur in lacustrine
settings.

Biota: Differences exist in the inventory of the biota.
Common organisms are (a) calcareous algae (charo-
phycean algae, see Sect. 10.2.1.8 and Pl. 65; plank-
tonic and benthic green algae, see P1.130/1) and cyano-
bacteria, siliceous algae (diatoms), (b) gastropods and
bivalves, cf. P1. 130/2, 3, (c) ostracods (see P1. 130/2),
and (d) arthropods that are responsible for the produc-
tion of abundant peloids. Otherwise marine organisms,
e.g. foraminifera, also may occur in salt lakes. These
marine biota are transported by wind and may thrive in
lakes if environmental conditions are favorable (Lee
and Anderson 1991). Bioturbation and bioerosion are
very important processes modifying the depositional tex-
ture of lacustrine sediments (Schneider 1977, Schroder
et al. 1983).

Peloids and reworked and redeposited sedimentary
fragments (intraclasts, lithoclasts) are common constitu-
ents. Small ooids and large oncoids (P1. 131/5) are of
specific interest in microfacies studies of ancient lacus-
trine limestones because these grains may aid in the
differentiation of non-marine and marine settings.

Ooids occur in marine as well in non-marine set-
tings (P1. 13/1), they are known from low- and high-
saline environments. Ooids are not common in recent
freshwater lakes. Ooids originating in salt lakes have
been described from the Great Salt Lake, Utah (Eardley
1966; Kahle 1974; Sandberg 1975; Halley 1977; Pl.
13/2) and the Pyramid Lake, Nevada (Popp and Wilkin-
son 1983). Ooids formed in a temperate ‘marl’ lake were
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reported from Michigan (Wilkinson et al. 1980). Salt-
water and freshwater ooids exhibit differences in the
morphology, microfabrics and mineralogy of the corti-
cal layers, and in size ranges. The same is true for oolitic
carbonate particles formed in situ in hypersaline algal
mats (Friedman et al. 1973). These differences offer
the possibility of tracing the development of ancient
freshwater- and saltwater lakes (Sect. 4.2.5).

Lacustrine oncoids have been described by various
names (algal nodules, water biscuits, lake balls, lacus-
trine pisoliths) for many years (Pia 1926, 1933, Schifer
and Stapf 1978, Jones and Wilkinson 1978; P1. 12/5).
The origin of these grains is related to the activity of
algae and microbes (Sect. 4.2.4.1). Cyanobacteria are
known or assumed to be essential in the formation of
these oncoids. Modern oncoids are not restricted to
freshwater environments but also occur in brackish and
hypersaline waters. Today, oncoids are rare in tidal and
shallow subtidal marine environments. Recent marine
oncoids are non-lithified, as opposed to modern hard
freshwater oncoids that are closely similar to Paleo-
zoic and early Mesozoic marine oncoids. This may be
related to the replacement of porostromate oncoids by
spongiostromate oncoids in marine settings during the
Jurassic.

Stromatolites occur both in freshwater and salt lakes.
The stromatolites are usually domes, passively paving
the relief of the substrate and reacting to environmen-
tal controls like currents. Stromatolites of less saline
lakes are composed of calcium carbonate whose pre-
cipitation is induced by algal/bacterial activity. Trap-
ping of clastic particles, widely known from modern
stromatolites, appears to be only of secondary impor-
tance. Stromatolites of saline lakes are well-known from
hypersaline lakes in Utah, Nevada and California as
well as from the San Salvador Island, Bahamas (Mann
and Nelson 1989). The stromatolites have complicated
microstructures consisting of micrite, pellets, filament
molds and casts as well as sparry calcite.

Lacustrine stromatolites contribute to the growth of
‘algal mounds’ as demonstrated by the ‘reefs’ described
from the Great Salt Lake in Utah, which exhibit a non-
skeletal framework of algally induced aragonite pre-
cipitates, internal sediments and carbonate cements, and
cover about 100 square kilometers of the nearshore ar-
eas. The mounds extend from the shoreline down to a
depth of 4 m; they are surrounded by rippled ooid sand.
Coccoid bluegreen algae on the present-day living sur-
face are different from the filamentous algae recogniz-
able in the indurated stromatolites. The change in the
algal flora may be due to an increase in salinity. A similar
pattern is known from the famous intertidal stromato-
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lites of Shark Bay in western Australia. Spectacular
meter-sized stromatolites consisting of hydromagnes-
ite were described from the highly alkaline Salda Golu
Lake in Southern Turkey (Braithwaite and Zedef 1996).
The composite stromatolites originate from microbi-
ally induced precipitation of hydromagnesite, which is
possible because of the dissolution of magnesium and
calcium during the passage of water through ultrama-
fic rocks.

2.4.1.8 Fluvial Carbonates

Carbonate deposits originate in fluvial waters in vari-
ous settings including small creeks, large rivers or wa-
terfalls where tufa is formed. Stromatolites, oncoids and
ooids in present-day creeks and streams are usually
formed by the complex activity of algae, mosses and
microbes (Nickel 1985; Galli and Sarti 1989). Fluvial
oncoids and ooids differ in morphological and compo-
sitional criteria as well as in transport patterns (Ver-
recchia et al. 1997) from marine grains and are, there-
fore, valuable environmental indicators.
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2.4.2 Transitional Marginal-Marine
Environments: Shorelines and Peritidal
Sediments

Marginal-marine environments (deltas, beaches and
barrier-islands, estuaries, coastal lagoons and tidal flats)
occur in a narrow nearshore zone along the boundary
between continental and marine depositional realms.
The shoreline is marked by great environmental insta-
bility resulting from intensive interaction between high-
energy forces related to waves, tides, wind, and cur-
rents and constantly changing sea levels. Water energy,
sediment transport and resulting sediment structures
change across the shoreline from offshore to shoreface
and foreshore environments. Carbonate deposition takes
place in the coastal shoreline zone at the beach, in
coastal lagoons behind barriers, and within the periti-
dal zone. Sediments formed in arid and humid shore-
line environments differ in depositional patterns, com-
position and biota (Sect. 15.5).

Key areas for the understanding of modern carbon-
ate shoreline sedimentation are the Yucatan Peninsula,
Florida Bay, the Bahamas, Belize shelf, the Arabian
Gulf, and western Australia.

Excellent reviews of the environments, depositional
patterns and facies sequences in these areas are given
by Inden and Moore (1983) and Tucker (1990). Par-
ticularly handy overviews of modern peritidal carbon-
ates were presented by Shinn (1983), Hardie and Shinn
(1986), and Pratt et al. (1992).

2.4.2.1 Beach (Foreshore), Barriers and
Coastal Lagoons

The beach is strongly wave-dominated and constantly
changing. Sediments are produced by the influx from
rivers, erosion of cliffs and headlands, erosion of the
sea floor, accumulation of shells and the deposition of
unconsolidated sediment by tides. A common feature
of low-Ititude warm-water beaches is the presence of
beachrock (Scoffin and Stoddard 1983). Beachrock
originates from the rapid cementation of sand grains
and gravels by aragonite and Mg-calcite crystals grow-
ing in intergranular pores. Beachrocks are formed both
in tropical (see P1. 3/7, 8; P1. 33/3, P1. 35/1, 2) and tem-
perate environments (P1. 31/3, 4, P1. 92/2).

Transitional Marginal-Marine Sediments

Modern carbonate coastal and offshore environments
can be described by two models, the beach-barrier is-
land-lagoon model and the beach-strandplain model
(Reinson 1984, Tucker 1990). The first model devel-
ops inregions with moderate to high wave energy, rela-
tively high tidal range and high carbonate sand pro-
duction resulting in barriers and sand shoals and ridges.
The beach-strandplain model is also characterized by
high wave energy and high sand production rate, but
low tidal range. Most modern carbonate shoreface-fore-
shore-backshore environments are dominated by skel-
etal grainstones composed of skeletons of organisms
living in these environments and in small coastal patch
reefs; ooid grainstones are common in some regions.

Coastal lagoons differ in sediment production and
biota. Protected lagoons with varying salinities behind
beach barriers (islands or off-shor sand bars) are sites
for the deposition of fine-grained sediments forming
packstone through to mudstones; the biota are low-di-
versity. Open lagoons connected to the open sea via
tidal inlets and with a normal salinity contain a diverse
fauna and a variety of sediment types. Freshwater
marshes, tidal flats, brackish water and salt ponds or
sabkhas may occur adjacent to the lagoons.

2.4.2.2 Peritidal Environments

Peritidal carbonates are sediments formed ‘around the
tides’ (Folk 1973, Wright 1984) and include deposits
formed in supratidal, intertidal and shallow subtidal ar-
eas (Box 2.3). The term describes sedimentation on low-
energy tidal zones, especially on tidal flats accreting
from the shorelines of land areas or around islands, and
on shelves, platforms and ramps. Hardie and Shinn
(1986) defined ten basic features characterizing tidal-
flat deposition:

(1) Carbonate tidal flats occur in settings which are
protected from open ocean waves. Protection from the
open ocean can be caused by wide shelf lagoons, damp-
ening the incoming waves (e.g. Andros tidal flats on
the Great Bahama Banks), a position behind barrier is-
lands that separates back reef lagoons from the open
ocean (e.g. Abu Dhabi, Persian Gulf), or within re-
stricted embayments (e.g. Shark Bay, Australia).

(2) The basic physiography of the tidal-flat system
is determined by the scale of the tidal ranges.

(3) Tidal flats are subdivided into three depositional-
ecological zones by the daily oscillations of the tides
(Box 2.3).

(4) Tidal flats are partly sea and partly land. They
are affected by steep gradients of environmental con-
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Box 2.3. Criteria of peritidal and subtidal zones.

depends on the relief and dip of the coasts.

biota.

Supratidal zone (supralittoral): Shore zone above normal high tide, flooded only during storms and semi-monthly
high spring tides. The zone includes marshes, mangrove forests and diverse coastal ponds of different salinity. May
become evaporitic in arid or semiarid climates. Evaporitic supratidal flats are called sabkhas. The width of this zone

Intertidal zone (littoral, eulittoral): Near-coast zone between normal high- and low-tide levels which is alternatively
flooded and exposed on a diurnal or semi-diurnal basis. Transitional area from marine to terrestrial conditions, dotted
with brackish and saline ponds and dissected by subtidal creeks. This zone exhibits a variety of biological, sedimentary
and diagenetic criteria. Because many of these criteria are preserved in the geological record, ancient intertidal
carbonates are of major importance as key markers in facies studies.

Subtidal zone (sublittoral, circalittoral): Marine zone below low-tide level, seaward of the tidal flats, extending down
to the edge of the continental shelf and underlying the neritic zone. Water depths between a few decades of meters
and 100 to 200 m. Includes low- and high-energy environments. The shallowest parts can be influenced by tidal
currents and may be briefly exposed by semi-monthly neap tides. The zone is illuminated and includes shallow and
deep subtidal subenvironments. Subdivisions are predominantly based on the distribution and composition of benthic

ditions resulting in an extreme rich variety of sedimen-
tary, early diagenetic and paleontological features re-
corded in carbonate rocks.

(5) Owing to the large number of combinations of
circulation, salinity, tides and climate, care must be
taken, to use just a single ‘model’ in describing ancient
tidal deposits.

(6) Tidal flats are wave-protected and, therefore pref-
erential sites for the accumulation of mud. Offshore
mud is transported shoreward onto tidal flat currents
and storms, and mud can also be produced on supratidal
flats.

(7) Carbonate tidal flats nucleate on a continental
mainland (Persian Gulf), isolated islands with a lagoon
(Florida Bay), and platform-margin islands (Great Ba-
hama Banks).

(8) Warm and clear waters of shallow tropical envi-
ronments are conducive to the profilific growth of al-
gal and microbial mats which influence carbonate depo-
sition by binding, trapping and precipitation in supra-
and intertidal zones.

(9) Early cementation is crucial in the preservation
of primary structures and textures.

(10) Carbonate tidal-flat facies typically occur as
stacked cycles, each ideally composed internally of an
upward succession of subtidal to intertidal to supratidal
units.

Peritidal environments exhibit a high degree of vari-
ability in relation to the tidal range, mean sea level,
topographic position and meteorological factors acting
within each zone. To overcome these problems, Gins-
burg et al. (1977) have proposed the use of an ‘expo-
sure index’ defined as the percentage of the time that a
specific area is exposed. This approach also can be ap-
plied to ancient tidal carbonates (Sect. 15.5).

Basics: Modern transitional environments

Ginsburg, R.N. (ed., 1975): Tidal deposits, a case book of
Recent examples and fossil counterparts. — 428 pp., Ber-
lin (Springer)

Hardie, L.A. (ed. 1977): Sedimentation on the modern tidal
flats of Northwest Andros Island. — John Hopkins Univer-
sity Studies in Geology, 22, 202 pp.

Hardie, L.A., Shinn, E.A. (1986): Carbonate depositional en-
vironments, modern and ancient. Part 3. Tidal flats. — Colo-
rado School of Mines Quarterly, 81, 1-74

Inden, R.F., Moore, C.H. (1983): Beach environment. — In:
Scholle, P.A., Bebout, D.G., Moore, C.H. (eds.): Carbon-
ate depositional environments. — American Asociation of
Petroleum Geolists Memoirs, 33, 211-265

Pratt, B.R., James, N.P., Cowan, C.A. (1992): Peritidal car-
bonates. — In: Walker, R.G., James, N.P. (eds.): Facies mod-
els. Response to sea level change. —303-322, Ottawa (Geo-
logical Association Canada)

Shinn, E.A. (1983): Tidal flat environments. — In: Scholle,
P.A., Bebout, D.G., Moore, C.H. (eds.): Carbonate depo-
sitional environments. — American Association of Petro-
leum Geologists Memoir, 33, 171-210

Shinn, E.A. (1986): Modern carbonate tidal flats: their di-
agnostic features. — Colorado School of Mines Quart. 81, 7-
35

Neumeier, U. (1999): Experimental modelling of beachrock
cementation under microbial influence. — Sedimentary Geol-
ogy, 126, 35-46

Wright, V.P. (1984): Peritidal carbonate facies models: a re-
view. — Geological Journal, 19, 309-325

Wright, V.P.: (1990): Peritidal carbonates. — In: Tucker, M.E.,
Wright, V.P.: Carbonate sedimentology. — 137-164, Ox-
ford (Blackwell)
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2.4.3 Shallow-Marine Sedimentary
Environments: ‘Shallow’ and ‘Deep’

Geologists reconstructing ancient depositional environ-
ments like to distinguish between marine ‘shallow-wa-
ter’ and ‘deep-water’ carbonates, but have a lot of
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Fig. 2.5. Rimmed and non-rimmed carbonate shelves
(platforms) and ramps (slightly modified after James and
Kendall 1992). Note the different position of the ‘carbonate
factories’ at the seafloor. Carbonate factories (James 1979) are
subtidal areas characterized by high carbonate production by
predominantly benthic organisms. The optimum autochthonous
carbonate production on rimmed platforms occurs near the
platform margin and behind the margin. On ramps optimum
areas of carbonate production are distributed over the entire
extension of the ramp. Rimmed and unrimmed platforms are
common in tropical and subtropical sunlit waters, today
approximately 30° N and S of the equator, where the carbonate
factory is primarily controlled by high water temperatures
favoring phototroph carbonate-secreting organisms.

Ramps are common in cool-water zones, extending
polward from the limit of the tropical factory to polar latitudes,
and characterized by the dominance of heterotroph organisms
(Sect. 16.4).

Schlager (2000) differentiated a third carbonate factory
(mud mounds), characterized by the in-situ production of
biotically induced and abiotic carbonate mud.

trouble doing so. Microfacies analysis assists in over-
coming these difficulties (see Sect. 12.3).

Common criteria used by marine geologists and bi-
ologists in distinguishing ‘shallow-marine’ from ‘deep-
marine’ environments in modern oceans are the shelf
break and the lower boundary of the well-illuminated
zone. Another important boundary level is the storm
wave weather base (see Box 2.1). Shallow seas occur
above the continental shelf and include marginal-ma-
rine and marine environments, both in pericontinental
and epicontinental settings. Deep-marine sea bottom
environments are located on the slope, at the toe-of-
slope and within basins.

Shelfs, Ramps, Platforms

‘Deep sea’ as used in marine biology to mean that
part of the marine environment that lies below the level
of effective light penetration for phytoplankton syn-
thesis in the open ocean (photic zone), and deeper than
the depth of continental shelves (corresponding approxi-
mately to > 200 m). The upper part of the deep sea
retains some light (disphotic zone). The permanently
dark region below sunlit waters is the aphotic zone
which starts in temperate waters at rather shallow depths
(about 100 m), and in tropical waters at deeper depths
(about 600 m).

2.4.3.1 Pericontinental vs Epicontinental
Shallow Seas

Most modern shallow seas cover shelves around the
margins of the continents. These pericontinental seas
differ strongly from the epicontinental (epeiric) setting
of many ancient shallow seas. Epeiric seas occupied
extensive areas of the continental interior or the conti-
nental shelf. They differ from pericontinental seas with
regard to wave and current regimes, sediment input and
sea level controls. Modern examples of epeiric shelf
seas are rare in contrast to the geological record, where
epeiric carbonate platforms and ramps were common.

2.4.3.2 Carbonate Shelves, Ramps and Plat-
forms

Carbonate depositional models developed in the 1960s
and early 1970s were strongly based on modern ana-
logues from the Bahamas, Florida, the Yucatan and the
Persian Gulf (Wilson 1975). These models describe
sedimentation patterns on shelves characterize by the
deposition of shallow-water sediments on flat platform
tops, and by significant rims marked by reefs or shoals
near the shelf break. Ahr (1973) noted that the ‘rimmed
shelf” model does not fit many ancient carbonate suc-
cessions, and that a different model was necessary, es-
pecially for the epeiric shallow-water carbonates (Irwin
1965).

The term carbonate ramp was adopted to describe a
gently sloping depositional surface which passes gradu-
ally without slope break from a shallow, high-energy
environment to a deeper, low-energy environment. A
ramp is attached to a shoreline at one end and to cor-
relative basinal beds at the other end. Fig. 2.5 exhibits
the basic differences between rimmed and unrimmed
shelves (platforms) and ramps with respect to the posi-
tion of the optimum carbonate production (carbonate
factory) and sediment transport.
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Carbonate Platforms: Broad Categories
Rimmed carbonate shelves Rimmed carbonate shelves (Ginsburg and James 1974): Shallow periconti-
\g\ nental flat-topped platforms. Outer wave-agitated edge characterized by mor-

phological rims (barrier reefs, shoals, islands) that absorb wave action and
a pronounced break of slope into deeper waters. Rimmed shelf margins
comprise accretionary, bypass and erosional margins. High-energy facies
occurs predominantly at the outer shelf margin. Widths typically a few to
about 100 km. Modern examples: Queensland Shelf off eastern Australia
with the Great Barrier Reef, South Florida Shelf, Belize Shelf, Gulf of Suez.

Non-rimmed carbonate shelves Non-rimmed carbonate shelves: Shallow platforms without a pronounced
marginal barrier. Characterized by open water circulation. The term includes
\— ‘open carbonate platforms’ as well as carbonate ramps. Widths a few to
more than 100 km. Modern examples: western Florida, Yucatan, Brazil. At-

lantic, common in cool-water settings.
Homoclinel ramps Homoclinal ramps (Read 1982): Shallow

epeiric and pericontinental platforms charac-
terized by gentle uniform depositional slopes,
passing downwards from a shallow nearshore
high-energy facies offshore into a more
muddy deeper-water facies without a marked break in slope. The angle of
slope is commonly less than 1° (of the order of a few meters per kilometer),
but steeper dips may occur. Width between 10 and > 100 km. Modern ex-
amples: Trucial Coast of the Arabian Gulf, Shark Bay of Western Australia.

Distally steepened ramps Distally steepened ramps (Read 1982): Simi-
lar to homoclinal ramps, but with a distinct in-
crease in gradient in the outer, deep ramp re-
gion. Width between 10 and 100 km. Modern
examples: Northeastern Yucatan, western
Florida.

Epeiric platforms Epeiric platforms (Shaw 1964): Very exten-
sive, flat, cratonic areas covered by shallow
T - T T . seas. Dominated by shallow subtidal-intertidal

\ low-energy facies and tidal flat cycles. The
oceanward margin can be gentle (ramp-like) or steep (shelf-like), and can
be rimmed. Width between 100 and 10 000 km. No good modern examples
of epeiric platforms exist.

Isolated platforms Isolated carbonate platforms: Isolated or detached shallow-water platforms,
offshore from continental shelves surrounded by deep water. Platform mar-
gins partly with reefs and sand shoals, platform interior with low-energy
facies and tidal flats. Most isolated platforms have steep margins and slopes
into deep and very deep water. Widths between 10 and 100 km. Modern
examples: Bahama Bank, Glovers reef/Belize.

Oceanic atolls ) . o .
Oceanic atolls: Formed on extinct, subsiding volcanoes that rise

several hundreds to thousands of meters from the deep ocean
floor. Characterized by raised reefal rims, steep outer slopes and
low coral islets encircling shallow and deep lagoons with pin-
nacle reefs. The circular or elliptical structures are surrounded
by deep water of the open sea. Atolls range in diameter between
less than 1 km to more than 130 km. Modern examples: Maldive
Islands, Indian Ocean. Common in the western and central Pa-
cific Ocean.

Drowned platforms

B Drowned carbonate platforms (Schlager 1981): Rapid sea-level
rises, strong subsidence, or drastic reduction in carbonate pro-
ductivity as result of environmental stress can cause complete
orincipient drowning of immed shelves, ramps and isolated plat-
form. Pelagic platforms are drowned fragments of an ancestor
shallow-marine platform. Modern examples: Atolls in the Pacific
and Indian Ocean, Blake Plateau north of the Bahamas.

Fig. 2.6. Carbonate platforms: Broad categories.
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Shelves and Ramps

Wright 1992).
Carbonate shelves

salinity; sluggish circulation; biota low-diverse.

Carbonate ramps

deeper zones, restricted bottom conditions may develop.

Box 2.4. Lateral classification of carbonate shelves (Wilson and Jordan 1983) and carbonate ramps (Burchette and

Inner shelf: Near-coast tide-dominated zone including peritidal and shallow subtidal environments varying and restricted

Mid-shelf: Extended shallow subtidal zone between the near-shore area and the shelf break; below fair-weather wave-
base, but above storm-wave base; mud-dominated but with grainy storm sediments; water depths between a few tens
of meters and 100 to 200 m; normal marine, but different conditions in local restricted areas; biota high-diverse.

Outer shelf: Rimmed shelves: A narrow zone near the shelf break, with shoals and reefs. Non-rimmed shelves: A wide
zone below normal storm-wave base which may be affected by intruding ocean currents.

Inner ramp: Between upper shoreface (beach or lagoonal shoreline) and fair-weather wave base; seafloor more or less
constantly affected by wave agitation; includes shoreline deposits, sand-shoals, and back-barrier peritidal sediments.

Mid-ramp: Between fair-weather wave base and storm-wave base. The bottom is frequently reworked by storm waves
and swells. Sediment composition and textures reflect proximal-distal trends.

Outer ramp: Below normal storm-wave base, down to the basin plain. Mud-dominated, but with few storm beds. In

Today the terms shelf, ramp and platform are used
in describing the setting and depositional geometry of
shallow-marine carbonates, but some confusion still
exists with regard to the definition of these terms:

Originally, the term platform described shallow-ma-
rine carbonate bodies with flat tops and steep flanks,
formed by the accumulation of sediment on the shelf
or in the ocean. Today the term often is used rather
loosely for thick, often flat-topped sequences of shal-
low-marine carbonates. Steep-sided flanks are not nec-
essarily definition criteria. Many authors regard car-
bonate platform as a very general term that includes
ramps, shelves and various types of flat-topped plat-
forms or they use the term if they cannot yet make an
assignment to any of these categories.

‘Carbonate shelf’ characterizes a carbonate deposi-
tional system which develops a constructional relief
above the sea floor and is bordered on the shoreward
side by marginal-marine or continental sediments, and
offshore by slope and basinal sediments. The transi-
tion from shallow water to basin occurs over a rela-
tively short distance and is marked by a distinct break
in the slope. In this definition the term means the same
as ‘attached platform’ a term, sometimes used for plat-
form settings starting at the coast and continuing off-
shore.

One of the major tools of microfacies studies is the
understanding of ancient facies belts and depositional
areas related to particular marine settings (Chap. 14).
This aim requires the differentiation of well-defined
categories. Fig. 2.6 exhibits sketches and definitions
of broad categories of shallow-marine depositional set-
tings. The figure illustrates definitions used by Ahr
(1973, 1998), Ginsburg and James (1974), Schlager

(1981), Enos 1983), Wilson and Jordan (1983), Read
(1982, 1985), Harris et al. (1985), Wright and Burchette
(1998), and relies on the excellent reviews by Tucker
(1985), Tucker and Wright (1990), Jones and Des-
rochers (1992), and Burchette and Wright (1992).

Lateral subdivision of shelves and ramps

Carbonate shelves and homoclinal carbonate ramps
are laterally subdivided into at least three parts (Box 2.4).

Recognizing the various parts of ramps (Fig. 2.7) is
important for using the ‘standard microfacies’ approach
(Sect. 14.3). The differentiation of inner and mid ramp
environments can be strongly improved if the degree of
storm, wave, or tidal influence is considered. The iden-
tification of sediments, deposited in a ‘basin’ adjacent
to the outer ramp of homoclinal or distally steepened
ramps is difficult. The lack of coarse tempestites and
the absence of turbidites can be used as diagnostic cri-
teria. Sediments in shallow basins, but also in restricted
basins and outer ramp settings may be strongly biotur-
bated (and, therefore, be mistaken for lagoonal facies).
In distally steepened ramps the slope break is commonly
located around the mid- or outer ramp. The correspond-
ing ‘outer slope’ would form an appropriate additional
subdivision of ramps (Burchette and Wright 1992).

2.4.3.3 Shelf Margins

The boundary between the shelf and the continental
slope is marked by the ‘shelf break’, a point at the shelf
edge where a significant change in gradient occurs in
the outermost edge of the continental shelf (Stanley and
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Fig. 2.7. Generalized subdivision of carbonate ramps. Compare with Box 2.4.

Moore 1983). Carbonate shelf-slope breaks are station-
ary, offlap or onlap. Many carbonate shelf and ramp
margins are characterized by reefs or by sand banks
(Wilson 1974; Halley et al. 1983; James and Mountjoy
1983) which are the line source provenance of most
deep-water resedimented carbonates (Schlager and
Chermak 1979). Platform margins are subdivided into
depositional margins, by-pass margins and rimmed
margins. Depending on the geometry of the shelf mar-
gin and the declivity of the slopes, depositional and
by-pass margins and slopes can be differentiated. Depo-
sitional margins exhibit a low relief from platform to
slope and basins; by-pass margins are characterized
by a steeper relief triggering the deposition of most
platform-derived sediment on lower slopes, toe-of-
slopes and in adjacent basin plains. For the recogni-
tion of margin types with microfacies see Sect. 15.7.

2.4.3.4 Reefs

Reefs are singled out from the broad spectrum of ma-
rine environments because of the dominating role of
benthic organisms in the formation of these structures.
Modern reefs originate predominantly in shallow-ma-
rine environments,but are also formed in deeper posi-
tions on the slope and even in basins. Contradictory
long-held opinions that reefs are more or less confined
to tropical and subtropical, low-latitude warm-water
zones and the new knowledge that modern and ancient
reefs can also be formed in mid- and high-latitude tem-

perate and cold waters has been increasing (see Sect.
16.4). Reefal carbonate production is generally con-
sidered as an essential factor in the formation of car-
bonate platforms (Bosscher and Schlager 1993; Kleypas
1997), but this opinion has recently been questioned
(Kiessling et al. 2000).

Reefs and their eminent role in the development of
carbonate depositional systems are discussed in Chap.
14. Box 2.5 contains a glossary of some of the (too)
many terms used in the context of reef studies.

Basics: Modern shallow-marine carbonate environments
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Bioherm: Mound or lens-shaped reefal buildup.

limestone structures.

high on the sea floor (Dunham 1970).

and trap sediment (James and Bourque 1992).
microbial mounds, skeletal mounds and mud mounds.

relief.

biostromes (Fliigel and Kiessling 2002).

Box 2.5. Glossary of terms used in distinguishing major reef types.

Biostrome: Tabular rock body, usually a single bed of similar composition. Laterally extended, dense growth of skeletal
organisms. No depositional relief. A rigid framework may or may not be present.

Buildup: A carbonate rock mass that is thicker than laterally equivalent strata, and probably stood above the sea floor
during some or all of its depositional history. The term is often very loosely used for reefs, banks or thick massive

Ecologic reef: An ancient reef interpreted as having been built by organisms into a rigid, wave resistant, topographic

Framework reef: Built by organisms forming a rigid calcareous frame.
Microbial mound: Biogenic mounds, formed by the action of microbes which initiate carbonate precipitation, and bind

Mound: A rounded hill-like structure. In the context of reef studies used for counterparts of framework reefs. See
Mud mound: Mud-dominated carbonate buildups (Wilson 1975). Organisms are minor constituents. Syndepositional

Reef: Laterally confined biogenic structures, developing due to the growth or activity of sessile benthic organisms and
exhibiting topographic relief. This broad definition covers framework reefs, reef mounds, mud mounds as well as

Reef mound: Lenticular carbonate bodies consisting of bioclastic mud with minor accounts of organic binding (James
1980). Skeletal organisms are common, but there is no evidence for a prominent in situ skeletal framework. Lime
mud/carbonate cement and skeletal organisms are about equally important. Syndepositional relief.

Skeletal mound: Biogenic mounds made of small delicate skeletal or encrusting organisms that are thought to baffle,
trap, bind and stabilize lime mud (James and Bourque 1992).

Skeletal reef: Corresponds to framework reefs with organisms, forming a rigid calcareous framework.

Stratigraphic reef: A thick, laterally restricted mass of carbonate rock, without genetic connotations (Dunham 1970).
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2.4.4 Tropical and Non-Tropical Carbonates:
Different in Composition, Controls and
Significance

For along time modern shelf carbonates have been con-
sidered to be restricted predominantly to warm-water
tropical environments. However, extensive shelf car-
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Fig. 2.8. Map exhibiting the occurrence of selected tropical and non-tropical shelf carbonates. There are, of course, much

more records (see maps provided by Wilson 1975, Rao 1996, and James 1997). The sites shown in the figure were selected
with regard to their importance in comparative facies analyses. For numbers see Tab. 2.1. Base map after Nybakken (1993).

bonates are forming in all latitudes and at warm, cool
and cold water temperatures. Modern non-tropical car-
bonates occur in tidal flats, on shelves and platforms as
well as in the deep sea, similar to tropical shelf carbon-
ates. Tropical carbonates are relatively well understood
and are, therefore, discussed rather briefly in this chap-
ter. The following text concentrates chiefly on non-
tropical shelf and reef carbonates, because microfacies
analysis will have a high potential in the future for rec-
ognizing and evaluating ancient temperate and cool-
water limestones.

2.4.4.1 Latitudinal Zonation and Diagnostic
Criteria of Tropical and Non-Tropical Carbonates

On the basis of mean surface ocean temperatures and
overall organism distribution, three major biogeographi-
cal zones can be established whose boundaries are
roughly parallel to latitudes: Tropical, temperate and
polar (Fig. 2.8). Surface waters in the tropical zone are
warm throughout the year, but in the temperate zone
warm only in the summer.

The thermocline (a zone of rapid temperature change
between warm surface waters and cooler deeper wa-
ters) is a permanent feature of the tropical zone, occurs
seasonally in temperate waters and is absent in polar
zones since the ocean surface is covered with ice in
winter and solar radiation is low in summer.

- Warm Temperate - Tropical

Subzones are differentiated according to surface
water temperatures (and bottom water temperatures in
the polar zone) as well as the latitudinal range (Fig.
2.9). The boundaries between the zones and subzones
are transitional rather than absolute.

Some trouble exists in the precisely defining of sub-
zones and the use of the terms warm, temperate, cool
and cold, particularly in the context of facies studies.
Warm-temperate and cool-temperate subzones are
rather well-defined (Briggs 1974) in contrast to the sub-
tropical zone. Some authors consider this zone to be an
equivalent of the warm-temperate zone; others define
the subtropical one as a zone which borders the trop-
ics. Here the climate is intermediate in character be-
tween tropical and temperate, though more like the
former than the latter.

Modern shelf carbonates and reefs are not limited to
low-latitude tropical and subtropical warm-water en-
vironments, but also occur in temperate cool-water, and
even polar cold-water ‘non-tropical’ settings of mid-
to high-latitudes. Non-tropical settings can be loosely
defined as lying poleward of the present limits of her-
matypic corals reefs, or beyond the mean annual sur-
face-water isotherm of about 20 °C, today typically near
the 30° latitude. Carbonate production also takes place
along a transitional spectrum of environments between
tropical and non-tropical settings depending on ocean
circulation and upwelling patterns. The northern, cen-
tral and southern parts of the Gulf of California, Mexico,
offers a unique possibility for studying carbonate pro-

Text continued on p. 34
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Occurrence of Modern Shelf Carbonates

Table 2.1. Modern shelf carbonates (except coral reefs) in non-tropical (ct - cold-temperate, p - polar, wt - warm-temperate)
and tropical (tr) settings. The table lists sites that are particularly relevant for the understanding of ancient shelf carbonates
and the interpretation of microfacies data. Numbers refer to the numbers in the map (Fig. 2.8).

Sites Reference Remarks
ct 1 Alexander Archipelago Hoskin 1969 Skeletal sands, inner shelf
(Alaska)
ct 2 Eastern Canadian shelf: Barnhardt and Kelly 1995 Carbonate-rich sediments, sponge-
Newfoundland, Nova Scotia bryozoan mounds
p 3 Vesterisbanken, central Henrich et al. 1992; Submarine seamount; nearly year-round
Greenland Sea Henrich et al. 1995 sea ice cover; sponge-bryozoan mounds
p 4  Spitsbergen Bank Bjorlykke et al. 1978; Largest open-shelf cold-water carbonate
(Barents Sea) Freiwald 1995; platform in the Arctic region; balanid-
Southwestern Svalbard shelf | Andruleit et al. 1996; dominated carbonates; bioclastic carbonates
Henrich et al. 1997 under glaciomarine conditions
ct 5 Western Canadian shelf: Nelson and Bornhold 1983; Open-shelf carbonates; discussion of
Vancouver Island, Hecate Young and Nelson 1988; bioerosion and preservation potential
Strait Carey et al. 1995; of bioclastic cold-water deposits;
Krautter et al. 2001 siliceous sponge mounds
ct 6 Northwestern Europe: Bosence 1980; Scoffin et al. Maerl, intertidal and subtidal
Scottish shelves: Rockall 1980; Farrow and Fyfe 1988; communities; open shelves;
Bank, Orkney Islands; Scoffin 1988; Freiwald 1993; deep shelves
Ireland, Porcupine Bank; Henrich and Freiwald 1995;
English Channel; Southern Schiifer et al. 1996;
England; Northern Brittany | Light and Wilson 1998;
Peninsula, France Wehrmann 1998; Bader 2001
ct 7  Northern Norway: off Troms| Freiwald 1995, 1998; Near-shore coastal platforms and fjords;
Henrich and Freiwald 1995 coralline algal reefs; deep shelf; bio-
clastic sands produced by carbonate-
secreting organisms in kelp forests
wt 8  Mediterranean Sea: Walther 1910; ‘Coralligene’, maerl; ramp
Southern French coast; Bosence 1985; Note: On this map
Balearic Islands, Spain; Laborel 1987, the Mediterranean is indicated
Malta Island; Gulf of Naples,| Bellan-Santini et al. 1994; as cold-temperate. Many authors
southern Italy, Tyrrhenian Canals and Ballesteros 1997; consider the Mediterranean a
Sea, oft Southern Sicily Fornos and Ahr 1997; Basso 1998 | predominantly warm-temperate
region (Briggs 1974)
wt 9 Adriatic Sea, Italy: Gulf of Zuschin and Piller 1994, Mixed siliciclastic-carbonate facies; relict
Trieste; Apulian shelf Toscano and Sorgente 2002 sediments and modern shelf carbonates
wt 10 Off Algeria and Tunisia Caulet 1972; Burollet 1981 Relict and modern calcareous sands and
bioclastic carbonate mud
wt 11 Southern Gulf of California | Halfar et al. 2000 Detailed microfacies analysis !
(Mexico)
tr 12 Bermuda Island Ginsburg and Schroeder 1973; Semitropical conditions adjacent to the
Kuhn 1984; Curran and White 1995| temperate realm due to the Gulf Stream
wt 13 Off northwest Africa Rad et al. 1982 Rimmed shelf
tr 14 Belize-Yucatan, central Logan et al. 1969; Tropical ramp (Campeche Bank);
America James and Ginsburg 1979; protected shelf lagoon (Belize);
Viniegra-Osario 1981; open shelf (Yucatan)
Gischler and Lomando 1999
tr 15 Bahamas; Florida Purdy 1963; Ginsburg 1956; Isolated platform/bank (Great Bahama

Multer 1977; Schlager and
Ginsburg 1981; Ginsburg 1991;
Jones and Desrochers 1992;
Curran and White 1995;

Reid et al. 1995; Carew and
Mylroie 1995

Bank); unrimmed and rimmed shelves
(western and southern Florida), sub-
tropical setting
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Table 2.1. continued: Modern shelf carbonates
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tr 16  Caribbean Sea: Multer and Gerhard 1974; Hubbard et |Isolated platforms, shallow lagoons,
Caicos (British West Indies), al. 1981; Liddell et al. 1984, reefs, carbonate banks
Grand Cayman, Jamaica, Wanless and Dravis 1989; Tongpenyai
Nicaragua Rise, St.Croix and Jones1991; Glaser and Droxler
(U.S. Virgin Islands), 1991; Geister 1992; Triffleman et al.
Barbados 1992; Vecsei 2001
ct 17  Northeastern Brazilian Jindrich 1983; Cool-water shelf carbonates in tropical
shelf Carannante et al. 1988 regions !
tr 18  Gulf of Suez; Gulf of Friedman 1985; Reiss and Hottinger | Near-coastal sediments, reefs
Agaba/Elat 1984; Sellwood and Netherwood 1984
tr 19  Red Sea: Montaggioni et al. 1986; Piller and Rimmed shelf, sedimentation adjacent
Bay of Safaga (Egypt); Mansour 1990; Brachert and Dullo to coral reefs
Sudanian coast; Saudi 1990; Piller 1994; Schuhmacher et al.
Arabian coast 1995; Dullo et al. 1996
tr 20 Persian Gulf and Purser 1973; Loreau 1982; Arid subtropical, homoclinal ramp
Trucial Coast Friedman 1995 (Trucial Coast, Arabian Gulf), reefs,
atoll lagoons; open shelf (Persian Gulf)
tr 21 Western Indian Ocean: Masse et al. 1989; Lewis 1969; Ramps, platforms, atoll lagoons, reefs
Mayotte (Comoro Dullo et al. 1996;
Islands), La Réunion, Camoin and Davies 1998;
Seychelles Purdy and Winterer 2001
tr 22 Maldives Islands Purdy and Bertram 1993; Ciarapica and |Oceanic atolls, banks
(Indian Ocean) Paseri 1993; Aubert and Droxler 1996
te 23 South China Sea Li Desheng 1984; Some cold-water carbonates because cold
Guozhong 1998 currents reduce sea-water temperatures
tr 24 Kalimatan (Borneo) Boichard 1985 Platform
tr 25  Satonda Crater Lake, Arp et al. 1996; ‘Marine’ lake with increased alkalinity
N’ Sumbawa, Indonesia Kempe et al. 1996
tr 26 Western Pacific: Emery et al. 1954; Davies et al. Banks, platforms, reefs
Coral Sea, Queensland 1991; Camoin and Davies 1998;
Plateau Vecsei 2001
tr 27  Shark Bay (W. Australia) Logan 1974, Playford 1990 Shallow embayment, living stromatolites
tr 28  Great Barrier Reef Maxwell 1968; Largest modern reef province in the
(Australia) Scoffin and Tudhope 1985; world, rimmed and unrimmed shelf,
Davies et al. 1989; protected shelf lagoon, coral reefs,
Orpin et al. 1999 Halimeda banks, subtropical setting
tr 30  Eastern Pacific: Agegian and Mackenzie 1989 Mid-depth carbonate banks
Hawaian Archipelago
wt 31 Southeastern Brazil Summerhayes et al. 1976; Extended carbonate ramps, effect of
Alexandersson and Milliman 1981 upwelling and low terrigenous input
on carbonate production
wt 32 Off southwestern Australia: | Collins 1988 Rimmed shelf
Spencer Gulf
ct 33 Off southern and south- Collins 1988, James et al. 1992; One of the world’s largest modern
eastern Australian margin: | Boreen et al. 1993; accumulations of ramp-type coastal
Great Australian Bight: Bone and James 1993; and shelf carbonates, high-energy
Lacepede shelf, Otway James et al. 1994 open shelf
ct 34 Tasmania Rao and Adabi 1992; Rao and Nelson |Shelf carbonates
1992; Rao 1994; Rao and Amini 1995
ct 35  New Zealand Carter 1975; Nelson et al.1988; Platform and shelf carbonates
Rao and Nelson 1992
p 36  Ross Sea (Antarctica): Taviani et al. 2001 Production and accumulation of skeletal
McMurdo grains on continental shelves and offshore
banks at depths < 350 m
p 37 King George V coast Domack 1983 Sponge-bryozoan mound

(Antarctica)
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duction in cool-temperate, warm-temperate and tropi-
cal/subtropical environments (Halfar et al. 2001).

The distribution of modern tropical warm-water belt
and the northern and southern cold-water belts is con-
trolled by the global circulation patterns of surface cur-
rents and the intensity and availability of nutrient recy-
cling between surface and deep waters (Henrich and
Freiwald 1995). The rocky coasts of open shelf cold-
water belts are characterized by kelp-forests. Kelps are
giant seaweeds (brown algae). The thalli provide habi-
tats for numerous carbonate-secreting organisms (cir-
ripeds, bryozoans, serpulids, crustose coralline algae,
sponges). These epibionts contribute considerably to
carbonate production not only on coastal platforms, but
also in intrashelf troughs and coastal lagoons due to
the drift of algal blades or the transport of pebbles at-
tached to the algae (kelp-drafting).

Modern tropical and non-tropical carbonate sedi-
ments exhibit many biological and sedimentological
criteria (Table 2.2) which are used in discriminating
warm- and cool-water carbonates in the context of fa-
cies analyses of ancient limestones (see Sect. 16.4).

One of the most significant features concerns the
biotic carbonate production in near-coastal shelves:

Occurrence of Polar, Temperate and Tropical Carbonates

Subtropical and tropical coasts are fringed by coral
reefs. Non-tropical temperate rocky coasts of the North-
ern Seas are characterized by huge kelp forests which
provide habitats for sediment-producing epibionts (pre-
dominantly barnacles, bivalves, echinoids, and bryo-
zoans).

2.4.4.2 Tropical and Subtropical Shallow-
Marine Carbonates

Shelf carbonates

The major settings of subtropical carbonate-produc-
ing shelves fall into two categories: (1) Rimmed shelves
(= protected shelf lagoons), and (2) open shelves (Fig.
2.10). These categories can be subdivided into those
shelves which are influenced by terrigenous input, and
those which are not (Sellwood 1986). This classifica-
tion fits many ancient carbonate shelves. Nevertheless,
some caution is necessary in using recent shelf carbon-
ates as analogues for ancient shelf and platform car-
bonates: Modern shelves have been strongly influenced
by the Quaternary sea-level fluctuations, particularly
by the erosional unconformity formed during the last

Latitudinal | Sea-water Sub- Latitudinal Sea-water
range temperature| division range temperature
Beyond the Arctic Circle:
Cold water polar >60°Nand S| >5°C Central Greenland Sea,

8 |POLAR >50° <5-10°C (to >70° N) Barents Sea,
§ CARBONATES| NandS | (mean) Ross Sea, Antarctica
S -1.5t016 °C Arctic eastern Canada,—]
5 c (range) subpolar >50° to 5-10°C Northern Norway,
(j g <60° Nand S Western Canadian Shelf

N
Z_E) g Northwestern Europe =
oo
8 T 30° - 50° | Cool water cool- 30° to 50° 5-10°C Southern Australia,
= |TEMPERATE (60°) ~10-18°C temperate Nand S Tasmania,
% CARBONATES| NandS | (mean) New Zealand
= >10to25°C| warm - 25°to>30°N| 10-18°C Mediterranean Sea,

(range) temperate 25°t0 30° S Off North Africa,
Southwestern Australia

é 30°N Warm water | subtropical 18-22°C Bahama, Florida,
§ to 30°S Bermuda,
£ §|TROPICAL 18 to >22 °C Persian Gulf,
8 N|CARBONATES (mean) Shark Bay
a2
z_() é 1810 30 °C tropical >22 °C Great Barrier Reef,
o (range) Indian Ocean,
Q Pacific
|_

Fig. 2.9. Latitudinal distribution and critical sea-water temperatures of modern tropical carbonates and temperate and polar
carbonate settings. Note that cool-water carbonates can also form in tropical regions, where cold currents reduce sea-water
temperatures (e.g. off the east coast of SouthAmerica, off the west coast of Africa and off the coasts of southern Asia).
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Table 2.2. Main features of modern (warm-water) and non-tropical (cool- and cold-water) carbonates (based on Leonard et
al. 1981, Nelson 1988, Rao 1997). Bold-type criteria are of specific value in microfacies studies of ancient non-tropical

limestones.
Tropical carbonates Non-tropical carbonates
Latitude 30° N -30°S beyond 30° N and 30°S
Environment Platform; shelf Open shelf; ramp
Tectonics Stable Stable to unstable
Terrigenous input Low Low to high
Geometry of buildups Attached and isolated plat- Homoclinal and distally

Mean water temperature
Salinity

Carbonate saturation
Water circulation
Accumulation rates
Reefs

Algal mats
Biodegradation
Carbonate content
Texture

Carbonate mud

Origin of allochthonous mud

Ooids

Aggregate Grains
Peloids
Intra/Lithoclasts
Calcareous red algae
Rhodoids

Calcareous green algae
Stromatolites

Seaweed (brown algae)
Seagrass
Zooxanthellate corals
Azooxanthellate corals
Coral growth forms
Benthic foraminifera
Bryozoans

Bivalves

Vermetid gastropods
Serpulid worms
Barnacles
Echinoderms

Siliceous sponges
Skeletal grain associations
Biotic diversity
Equatability
Association with non-carbonates
Glauconite

Phosphorite

Biogenic silica
Low-Mg calcite
High-Mg-calcite
Aragonite

Dolomite

Early sea-bed lithification
Diagenetic trends

forms with marginal rims
>23°C

Normal to hypersaline
Supersaturated to saturated
Restricted to open

50 to >1000 cm/1000 a
Common to abundant
Common

Common to abundant
>90%

Muds, sands, gravels
Common to abundant
Disintegration of algae,
microbial

Common

Common

Common

Common

Common to abundant
Common

Abundant

Common to abundant
Rare

Abundant

Abundant

Rare

Diverse

Common, high-diversity
Rare to common
Common and diverse
Rare

Rare to common

Rare

Common

Rare to common

Few

High

Low

Rare

Rare

Rare

Rare

Rare to common
Abundant

Abundant

Common

Common to abundant
Constructive

steepened ramps

<20 °C

Normal (to reduced)
Saturated to undersaturated
Open

>1 to >10 cm/1000 a
Rare to absent

Absent

Abundant, strong
50-100%

Sands, gravels, muds
Rare to abundant
Physical and chemical
degradation of skeletons
Absent

Absent

Rare or absent

Rare to common
Abundant

Abundant

Very rare

Rare

Abundant

Less common

Rare

Common to abundant
Solitary and fasciculate
Abundant, low-diversity
Abundant

Abundant and diverse
Common

Common

Common to abundant
Abundant

Common to abundant
Diverse

Moderate to high
High

Rare to abundant
Common

Common

Rare to common
Common to abundant
Abundant to common
Rare

Rare

Less common
Destructive
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Subtropical Shelf Carbonates

Main features

Examples with important references

" Great Bahama Bank
g § Anselmetti et al. 2000; Ball 1967; Curran and White 1995; Eberli and Ginsburg
% o) 1989; Ginsburg et al. 1991; Hardie 1977; Harris 1979; Hine 1977; Milliman et al.
S G 1993; Newell et al. 1959; Neumann and Land 1975; Purdy 1963a; 1963b; Schlager
% 3 and Ginsburg 1981; Shinn et al. 1969; Wanless and Dravis 1989; Ginsburg 2001
< | Shallow sea floor (~100 m £ .
~ | average depth); topograph- £ South Florida Shelf . .
515,) ical fringing barriers (reefs, o Bosence 1989; Enos and Perkln.s 1977, Glnst?urg 1956; Ha}lley etal. 1983; Mess-
8 | shoals, islands) at the sea- £ ing et al. 1990; Multer 1969; Shinn 1963; Shinn 1983; Shinn et al. 1989; Stock-
E ward margin; low-energy % man et al. 1967; Turmel and Swanson 1976
< |environments and mud 8 Cuba
@ [ deposition within the shelf
= | lagoon, high-energy environ- Bandy 1964; Daetwyler and Kidwell 1959; Bathurst 1975
d ments predominantly at the Belize
T | outer margins B a . . A . : .
7 S 9 Gischler and Lomando 1999; Gischler et al. 2000; James and Ginsburg 1979;
o) § E Purdy 1974; Purdy et al. 1975; Scholle and Kling 1972
m =®
> E S |Great Barrier Reef
E % € |Drew 1983; Gagan et al. 1990; Larcombe and Woolfe 1999; Maiklem 1968; Max-
a2 g g well 1968; Maxwell and Swinchatt 1970; Scoffin and Tudhope 1985; Tudhope
1989

Sea floor gently inclined E_J < 8 [Northwestern Yucatan
(A |towards the shelf break; | & & > |Folk 1967; Folk and Robles 1964; Gischler and Lomando 1999; Hoskin 1963;
2, | sedimentation controlied by | § © £ || ogan et al. 1969; Viniegra-Osario 1981; Wilson 1970; Ward and Brady 1973
m | wave action, and tidal and |O
5 | Scoccmens ceareons | Eastor Gulfor i
Z. ) T 9 |, B £ |Foketal. 1962; Gardulski et al. 1986; Rezak et al. 1985; Siringan and Anderson
M | mud in deeper settings; wide |.8 29 4904
% irregular facies belts; lack of | § & @ Persian Gulf

. . 6 = c
resed|mente}t|on by mass £ & |Houbolt 1957; Patterson and Kinsman 1981; Purser 1973; Scholle and Kinsman
flow mechanism S l1974
Fig. 2.10. Major settings of modern subtropical shelf carbonates (based on Sellwood 1986).

glacial stage. Facies distribution and setting of modern
reefs and shoals, therefore, are strongly controlled by
the Pleistocene topography (Purdy 1974).

Excellent reviews and detailed descriptions of mod-
ern tropical and subtropical shelf carbonates from dif-
ferent settings can be found in Sellwood (1986), Tucker
and Wright (1990), Jones and Desrochers (1992), and
Wright and Burchette (1996). In the context of inter-
preting of microfacies data, these references must be
thoroughly consulted.

Composition of tropical and subtropical shallow-ma-
rine carbonates: Similar to ancient limestones, mod-
ern warm-water shelf carbonates consist of polygen-
etic carbonate mud and different categories of grains.
Grains include biogenic material (detrital bioclasts or
in situ calcareous organisms), sand-sized grains of mud-
grade carbonate (peloids), various coated grains (oo-
ids, oncoids, rhodoids), sand-sized aggregates of ag-
glutinated particles (grapestones), and lithified and re-
worked sediment clasts (lithoclasts, intraclasts). The

definitions and significance of these constituents are
discussed in Sect. 4.2. Plate 3 offers a first look at the
diversity of the grain types.

Reefs

Modern tropical and subtropical reefs are situated
at shelf and platform margins, and on shelves, platforms
and ramps. The distributional pattern of recent coral
reefs suggests that reefs are arranged nearly symmetri-
cally in both hemispheres, do not occur at latitudes
greater than 34°, are concentrated at the western mar-
gins of the oceans, are absent in the vicinity of large
river mouths, and exhibit two reef realms (Caribbean
and Indo-Pacific realm).

Furthergoing explanation of the distributional pat-
tern suggests that reefs prefer shallow waters and tropi-
cal to subtropical climates, and can grow in land-locked
settings and in open oceanic settings, and that reefs
avoid settings with high clastic input and areas affected
by cool eastern boundary currents and coastal up-
welling. In summary, sea-water temperature, sunlight
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and water depths, and nutrients and siliciclastic input
are the major controls on the distribution of modern
zooxanthellate coral reefs. Cool-water reefs are dis-
cussed in Sect. 16.4.1.

2.4.4.3 Non-Tropical Shelf and Reef Carbonates

Shallow-marine temperate carbonate sediments consti-
tute about one third of modern global shelf sediments
(Nelson 1988). Modern temperate cool-water carbon-
ates differ from tropical carbonates in the type of skel-
etal grains, mineralogy and diagenesis, oxygen and car-
bon isotopes and in the range of trace elements. Non-
tropical and tropical shallow-marine carbonates differ
significantly in their prevailing geometries: The scar-
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city of rapidly growing calcareous frame-building or-
ganisms and the absence of aragonite (which would
favor early lithification) hinder the development of plat-
forms with wave-resistent margins and steep flanks.
Non-tropical shelf sediments are primarily controlled
by bottom currents which distribute the bioclastic sedi-
ment over extended areas. The results are homoclinal
ramps, developing in low-water energy, and distally
steepened ramps in high-energy environments.

Non-tropical carbonates are found almost continu-
ously from mid to high latitudes in shelf areas with low
or missing clastic input. Similar settings which occur
along a latitudinal transect from warm to cold water
conditions, may be developed along downslope pro-
files at any latitude (including tropical carbonate plat-
forms, Brazil shelf).

Plate 3 Modern and Pleistocene Carbonates: Shallow-Marine and Windblown Sands; Beachrocks

The samples shown on this plate document the common composition of calcareous sands deposited in shallow-
marine (—> 1-3) and subaerially exposed environments (—>4, 5, 7, 8). Both the Bahamas and the Bermudas offer
excellent possibilities for studying the controls on the deposition of calcareous sediments and the processes
involved in their transformation into carbonate rocks. The Bahamas are a large isolated platform, 700 x 300 km
in size. The subtidal sediments exhibit specific distributional patterns (see map on next page). Lithofacies
characterized by skeletal grains (coralalgal), ooids and reefs (see P1. 51/7) occur at the platform margins, whereas
sediments rich in aggregate grains (grapestone) or carbonate mud (pellet mud) are platform-interior facies.

Modern shallow-marine carbonate sands formed in tropical and subtropical warm-water environments consist
predominantly of skeletal grains (foraminifera, —> 6; calcareous algae, —> 5; mollusk shells, —> 2, and other
biota), associated with non-skeletal grains including peloids (—> 2), ooids (—> 1, 3) and composite grains represented
by aggregate grains (—> 1; PL. 15/1-3), and reworked and redeposited sediment (intraclasts, —> 1). Grains are
usually aragonite or High-Mg calcite. The average size ranges between < 0.5 and about 2.0 mm. Sand
accumulations are common on or near the seawards edge of banks, platforms or shelves (Halley et al. 1983).
Sand production and the development of modern bank-margin sand bodies are strongly controlled by antecedent
topography, physical processes (wind, waves, tides, and storms), and sea-level changes. Various encrusting
organisms contribute to the stabilization of the sediment binding of grains and to the formation of beachrocks
(—> 8). Submarine cementation within inter- and intragranular pores as well as early diagenetic cementation of
subaerially exposed sediments lead to an incipient lithification (—> 4). The microstructure of many grains becomes
highly altered due to the activity of microborers (—> 2; ‘micritization’) and diagenetic alterations. These grains
are formed in specific high- and low-energy environments (see map).

Eolianites, consisting of windblown marine carbonate grains, are known from modern and ancient tropical
and subtropical coastal environments (see Fig. 15.1). Eolianites are commonly associated with coastal marine
deposits and paleosols. Because the sediment consists of grains, originally formed in shallow-marine environments,
eolian grainstones may be confused with marine calcarenites. Important diagnostic criteria of eolianites are
lamination and stratification with high- to low-angle beds (see Fig. 15.1), fine- to medium-sized grains, good
overall sorting (—> 4), sorting differences between laminae or beds, inverse grading, rounded tabular grains, and
meteoric vadose meniscus and microstalactitic calcite cements (—> 4). Other cement types are fibrous cements
consisting of long calcite crystals, and micrite rim cement that superficially resemble micrite envelopes. Calcified
plant root systems in calcarenites associated with paleosols and carbonate crusts (see Pl. 128) suggest a pause in
sedimentation under subaerial conditions.
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Plate 3 Text Continued: Modern and Pleistocene Carbonates: Shallow-Marine and Windblown Sands;
Beachrocks

Constituents of recent marine calcareous sands: Ooids (O), aggregate grains (grapestones, G; see Pl. 15/1-3), intraclasts
and peneroplid foraminifera (P). Ooid nuclei are large peloids and skeletal grains. Holocene: Exuma Kays, Great Bahama
Bank.

Skeletal grains (forminifera, algal debris, Halimeda HA) and micritized grains. Note the crossed-lamellar microstructure
of the large aragonite gastropod shell. Parts of the shell were destroyed by microborers (arrows; see Pl. 52/1-4). The
sediment in the shell interior was cemented prior to deposition. Subtidal unstable sand of the coralgal facies. Holocene:
Bimini Island, Great Bahama Bank.

Ooids. Tangentially structured ‘normal ooids’ (TO) exhibiting a cortex of several aragonite lamellae and ‘superficial
ooids’ (SO), characterized by only a few laminae (see P1. 13). Nuclei are large peloids. Note the small dark micrite-filled
spots within some ooids (bottom left) representing microborings. The Bahamian ooid shoals occur along the platform
margin. The Joulters ooid shoal north of Andros Island consists of ooid grainstone (formed on current-swept, rippled sea
bottoms), ooid packstone (formed on stabilized burrowed bottoms), fine-peloid packstone (formed on stabilized and
burrowed bottoms), pellet wackestone and lithoclast packstone (formed in active tidal channels) as well as skeletal grain-
stone (Harris 1983). Holocene: Joulters Cays, Great Bahama Bank.

Constituents of a poorly cemented wind-blown ooid sand (ooid grainstone) forming eolian dunes. Tangentially structured
ooids. Cementation has taken place in the meteoric vadose zone. Note rims of Low-Mg calcite cements (arrows) connecting

Lk =

= - ,
<y Andros Island

L o4
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{7/ Coralgal
[ Ooids

%] Grapeston

E=—] Pellet mud

Andros Island E

Tidal flats Coral algal reefs
Carbonate

Oolitic and skeletal
sand

Pellet sand and

Mean low tide Wind

sea level

Straits of
Florida

Map and cross-section of Andros Island. Modified from
Friedman and Sanders (1978) and Blatt et al. (1972).

the grains. These ‘meniscus cements’ and phreatic granular
calcite cements indicate freshwater diagenesis (see P1. 32/5-
6). Cementation affects densely packed grains more strongly
than loosely packed grains. Most pores between the grains
are open (but were filled with epoxy during the preparation
of the thin section). The grains were formed within a marine
environment, but an eolian deposition is indicated by the
good overall sorting and vadose cements (Caputo 1995). Late
Pleistocene (Grotto Beach Formation; age about 125 000 a):
San Salvador Island, Bahamas.

Skeletal grains, predominantly fragments of the green alga
Halimeda (see P1. 57/1, 2), few foraminifers and gastropods.
The disintegration of Halimeda and other green algae is a
major process in the production of carbonate mud (see P1. 7/
1, 2). Late Pleistocene (French Bay Member, Grotto Beach
Formation): San Salvador Island, Bahamas.

Lithified calcareous sand (calcarenite), deposited in a near-
coastal marine environment during an interglacial phase.
Consisting predominantly of skeletal grains (peneroplid
foraminifera), peloids, and grains that have been intensively
attacked by microborers and transformed into microcrys-
talline calcite (dark). Late Pleistocene (Belmont Formati-
on): Devonshire Bay, southern Bermuda.

Fossil beachrock composed of large micritized aggregate
grains (AG) and some skeletal grains (bored shells: arrow
points to borehole; foraminifera, F). In contrast to — 8§, all
the intergranular pores are filled with cement. Beachrock is
formed in the intertidal zone of subtropical or tropical coasts.
Late Pleistocene (Grotto Beach Formation): Same locality
as —> 5.

Juvenile beachrock consisting of well-preserved fragments
of Halimeda (HA), composite grains and peloids. Note the
still open voids (V). The grains are encrusted by foraminifera
(arrows). Beachrock originates from the growth of aragonite
and Mg-calcite cements in intergranular pores. Cementation
can take place within a few years. Late Pleistocene (Grotto
Beach Formation): Same locality as —> 5.

Figs. 1-3: Loose grains are embedded in resin which appears
white in transmitted light.
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Studies of mid- and high-latitudinal non-tropical car-
bonates started rather late in the 1970s, but ‘temperate’
and ‘cold-water’ carbonates are becoming continuously
better documented (Nelson 1988; Henrich and Freiwald
1995; Rao 1996; James and Clarke 1997) and have be-
come one of the most exciting tools in carbonate re-
search. The importance of non-tropical coral reefs was
underlined by Teichert (1958). Chave (1967) pointed
out that shelf carbonates could form at all latitudes, re-
gardless of water temperature. Based on a thorough
analysis of modern shelf sediments, Lees and Buller
(1972) recognized the fundamental differences between
tropical and temperate carbonates, and the importance
of water temperature and salinity as major controls on
the composition of shelf carbonates. The authors em-
phasized the significance of ‘grain association patterns’
for distinguishing between tropical and non-tropical car-
bonates. This concept provides a high potential for
evaluating the climatic and oceanographic controls on
ancient carbonates using microfacies data (Sect. 12.2).

The last twenty years have produced a wealth of pa-
pers dealing with non-tropical coastal and shelf car-
bonates in the Northern and Southern Hemisphere and
comprising a latitudinal range of 30 to 80° N and 30 to
70° S. Temperate and cold-water shelf carbonates were
studied in the northern Atlantic (northwestern France,
England, Ireland, Scotland, Norway), in the Greenland
and Barents Sea, on the Canadian Scott Shelf, from
various parts of the Mediterranean Sea (Tunisia, Sic-
ily, Adriatic Sea, Eastern Mediterranean) as well as from
Pacific regions (Western Canada, India). In the South-
ern Hemisphere extensive temperate carbonates are
forming today off Australia, Tasmania and New Zealand
on tidal flats, gulfs, shelves, platforms and ramps. The
largest modern temperate-water carbonate shelf pro-
duction occurs on the outer shelf, shelf edge and upper
slope of the southern and southeastern margin of Aus-
tralia (Boreen and James 1993). The eastern Tasma-
nian shelf is an excellent example for the deposition
and diagenesis of cool-water carbonates. These carbon-
ates have been extensively studied with regard to com-
positional, mineralogical and geochemical criteria and
are, therefore, a reference standard for recognizing and
interpreting ancient non-tropical carbonates.

Informative reviews and collections of case studies
are available (Nelson 1988; Henrich and Freiwald 1995;
James and Clarke 1997). Rao (1997) gives an excel-
lent overview on the present state of knowledge and
includes a comprehensive bibliography.

Controls on temperate carbonates:
Major controls on the origin and composition of tem-
perate carbonates are (a) the rate of dilution from ter-

Temperate and Polar Carbonates

rigenous sources, (b) appropriate sea-water tempera-
tures (which may be relatively ‘warm’ — the Mediterra-
nean type of parts of southern Australia, or ‘cool tem-
perate’ —e.g. Otway shelf, southeastern Australia; Tas-
mania), (c) the relative abundance of calcareous biota,
(d) the availability of nutrients, (e) sufficient levels of
saturation of CaCOj in seawater (allowing cementation
and reducing dissolution), (f) high water energy for ac-
cumulating calcareous sands, and (g) the rate of accu-
mulation (approximately an order of magnitude lower
in temperate shelves than in tropical shelves). Many
non-tropical carbonates form at low CO, levels in re-
gions of upwelling waters, which maintain CaCO, satu-
ration and provide nutrients for luxuriant growth of
fauna. Lowering of sea level results in wave-base ero-
sion and redistribution of sediments from shallow to
deeper water and below the wave base.

Temperate and polar carbonates: Bioclastic carbon-
ates of shelf platforms:

These sediments are represented by moderately to
well-sorted accumulations of coarse and fine bioclas-
tic sands (e.g. bryozoan-, mollusc-bryozoan or coral-
line algal sands; Pl. 4/2, 3, 5) with minor amounts of
fines and gravels (e.g. molluscan gravel). The sands
consist mainly of bioclasts, some micritic peloids and
angular, rounded and bored intraclasts (reworked sub-
marine hardgrounds or semilithified carbonate). Ooids
are absent. Sedimentary particles are permanently re-
worked and swept basinward along the slopes, where
the grains mix with autochthonous or older particles.
Many sediments are a mixture of modern calcareous
sands and Pleistocene relict carbonates.

Australian case studies demonstrate the occurrence
of two major facies zones: Above the zone of winnow-
ing the sediment consists of coarse skeletal harsh and
some relict particles. Below, the deposits are muds, rich
in planktonic material and some benthics (Nelson et al.
1988, James and von der Borch 1991). Carbonate mud
sedimentation occurs on the temperate shelf of south-
eastern Australia (Blom and Alsop 1988). The calcitic
muds are produced by the accumulation and disinte-
gration of nannoplankton, as well as from the biodeg-
radation of skeletal grains accumulating on the sea floor.
Many high-latitude carbonate muds are bioerosional
and result from maceration of shells (Farrow and Fyfe
1988). Bioerosion down to about 25 m is intensive in
the photic zone. Shelly substrate is affected by e.g.
clionid sponges, endolithic algae, bivalves, regular echi-
noids, crabs, fish. Bioerosional products are angular
silt- and gravel-sized chips, or mud-sized disintegra-
tion products of fecal pellets.
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Case studies in the northern Atlantic underline the
great importance of subtidal kelp forests, which harbor
a great number of carbonate-secreting and sediment-
producing organisms. These forests occur along the
wave-exposed flanks of rocky coastal platforms. In con-
trast, pure coralline red algal gravel deposits (‘maerl’)
develop in more protected parts of the platforms.

‘Maerl‘ is a Breton term, and refers to unattached
crust-forming branched or nodular coralline algae and
algal gravel, including their widely distributed depos-
its (P1. 4/2). Maerl is one of the most abundant shal-
low-water carbonates of cool-temperate environments.
Modern maerl beds are found throughout the Mediter-
ranean Sea, and are common on terrigenous-free At-
lantic coasts in depths < 20-30 m, from Norway and
Denmark in the north to Portugal in the south, extend-
ing to Morocco and Mauretania on the African coast.
Maerl deposits have been studied in detail in Brittany,
northwestern France (Henrich and Freiwald 1995,
Bader 2001), British Islands (Farnham and Jephson
1977), western Ireland (Bosence 1985) and in the Medi-
terranean Sea.

The French term ‘coralligene’ refers to recent cor-
alline algal buildups of the Mediterranean (Bosence
1985). These carbonates occur in intertidal and sublit-
toral rocky coasts in water depths between about 20
and 160 m; they are represented by reefs formed by
corallinacean frameworks. The coralligéne can be con-
sidered to be a good recent analog for some Miocene
coralline limestones of the Tethyan region that exhibit
a very similar generic composition and similar growth
forms of red algae.
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Skeletal grains:

Common bioclasts are bryozoans (P1. 4/5), foramin-
ifera, molluscs, echinoids and calcareous red algae.
Other organisms include barnacles, serpulids, brachio-
pods, ahermatypic corals and sponges. The main groups
occur in various proportions, depending on the water
temperature, salinity, nutrients and grain size of the sedi-
ment. Compositional differences allow ‘skeletal grain
assemblages’ characterized by the dominance of par-
ticular grain types to be defined (e.g. bryozoans and
mollusks = bryomol association occurring on deep shelf
banks of the northern Atlantic; P1. 4/4), which are in-
dicative of special environmental conditions and par-
ticular parts of the shelf (Sect. 12.2.2.1). Non-skeletal
grains (peloids, intraclasts) are rare, ooids are absent.

Cool-water reefs: Diverse in composition and distri-
bution:

Lower slope deep-water reefs (‘lithoherms’): Neu-
mann et al. (1977) described elongate coral bioherms
in water depths of several hundred meters, that are axi-
ally aligned with the flow field of the Florida current.
The upcurrent end of the mounds consists of dense
thickets of branching ahermatypic corals; the middle
and downcurrent sections are rocky, and strongly bio-
eroded with attached sponges, alcyonarians, gorgon-
ians, and crinoids. Sediments from this zone are a mix-
ture of planktonic foraminifers and pteropods, with skel-
etal grains from lithoherm organisms. Large amounts
of aragonite mud are trapped in the coral thicket at the
upcurrent ends of the mounds or in sponge-boring cavi-
ties within the lithoherms. The description of these

Table 2.3. Generalized comparison of modern warm-water shallow-marine reefs and cold/cool-water deeper-marine coral

reefs.

Warm and shallow water reefs

Sea water temperature range
Bathymetrical range

Light

Zonation patterns

-50 m

20-28°C

Photic zone
Windward-leeward
Light zonation

Cold and deeper water reefs

4-12°C

250 m to >1 000 m
Aphotic to dysphotic zones
Current zonation
Taphonomic zonation

Nutrional regime Oligotrophic Eutrophic

Trophic modes Photo- and heterotrophy Heterotrophy
Diversity of coral framework builders High Low

Diversity of associated fauna High High

Diversity of associated flora High Non existent
Biological framework stabilization Coralline Algae Encrusting sponges
Bioerosional impact High High

Diagenetic impact High Low

Interskeletal cementation Very common Rare

Intraskeletal cementation
Internal sediment
Automicrite

Very common
Very common
Common

Low to common
Very common
Very common
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structures started a fascinating hunt for Holocene and
ancient ‘deep-water and cold-water reefs’ which is still
going on.

Non-tropical reefs differ significantly from reefs
thriving in shallow warm waters (Table 2.3). High-lati-
tudinal reefs are stressed ecosystems whose biota should
be able to tolerate low water temperatures as well as
sharp seasonal temperature fluctuations, salinity fluc-
tuations and low light influx. Common reef-building
organisms are corals, calcareous red algae, bryozoans,
bivalves (e.g. oysters), serpulids and tube-constructing
sabellarid polychaetes, vermetids, encrusting foramin-
ifera and sponges. Non-tropical reefs comprise coral
reefs, coralline algal reefs, sponge-bryozoan reefs, and
mollusk reefs.

Examples of coralline algal reefs and maerl pave-
ments have been studied on the northern coast of Brit-
tany (France), and the coast of the Troms District in
northern Norway (Freiwald et al. 1991; Freiwald and
Henrich 1994). Oyster reefs, vermetid reefs and ser-
pulid reefs occur in different parts of the Atlantic Ocean
(Milliman 1974). Corals contribute significantly to the
formation of large and extended reef-structures in
deeper cold-water settings (Lophelia reefs), but also in
relatively shallow warm-temperate environments
(Cladocora banks of the eastern Mediterranean:
Kiihlmann 1996; Taviani et al. 2001).

Lophelia reefs: Huge framework reefs built by the
azooxanthellate coral Lophelia cover huge areas of the
deep and cold eastern Atlantic shelf bottoms (Scottish
shelf: Scoffin et al. 1980; Norwegian shelf: Henrich
and Freiwald 1995; Freiwald and Wilson 1998; Faroe
Island: Frederiksen et al. 1992, see Pl. 4/2). The corals
are preserved as frameworks or coarse coral rubble.
Hovland and Thomsen (1997) discuss possible causal
relations between deep-water coral reefs and hydrocar-
bon seeps.

Polar carbonates and arctic sponge-bryozoan mounds:

Parameters other than the rather stable water tem-
perature control polar carbonates influenced by glacio-
marine conditions (Domack 1988; Henrich et al. 1997):
the seasonality of light levels (polar night, polar sum-
mer), winter sea ice coverage versus summer open po-
lar conditions, seasonality in plankton production, and
seasonality in terrigenous sediment discharge by gla-
ciers, meltwater plumes, rivers and release of sea ice
sediment (Henrich et al. 1992, 1997). The richness and
diversity of benthic organisms are controlled by rela-
tively constant (low but stable) temperatures, low fluc-
tuations in salinity, low terrestrial input and fluctua-
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tions in light regime, seasonal sea ice cover, ice shelves,
currents and circulation patterns.

The largest open-shelf cold-water carbonate platform
in the Arctic is Spitsbergen Bank in the northwestern
Barents Sea (Henrich et al. 1996; Pl. 4/6). The bank
corresponds to a >80 000 km? wide shallow shelf plat-
form bordered by > 400 m deep troughs. Water depths
range from less than 25 m to deeper than 120 m. The
bank is completely covered by sea ice for 6 months.
Melting sea ice causes strong seasonal variations in sur-
face water salinity. The maximum summer tempera-
ture is 2 °C on the bank and 4-6 °C in the marginal
zone. Another bioclastic carbonate production area is
the southwestern Svalbard shelf where skeletal carbon-
ate deposition resting on tillites takes place under glacio-
marine conditions in depths between 50 and 80 m
(Andruleit et al. 1996).

Carbonates are produced by (a) barnacles living on
kelp forests and forming mobile sands which are trans-
ported over the shallow platform, and (b) benthic com-
munities (infaunal bivalves, balanids, hydrozoans, soft
corals, sponges, bryozoans) forming buildups on the
deep flanks of the platform. The seamount is covered
by extensive sponge-bryozoan bioconstructions exhib-
iting three distinct facies belts depending on variations
in down-slope food transfer. Different communities
occurring in these belts are biogenic mats with sponge
spicules and bryozoan fragments, sponge bryozoan-ser-
pulid buildups, bryozoan thickets, and sponge-crinoid
mounds (Henrich et al. 1992). Basic patterns of sedi-
ment distribution are coarse, high-energy bioclastic
sands consisting of balanids, bivalves and benthic fora-
minifera on top of the bank and arctic mollusk coquina/
glaciomarine gravel lag deposits over the flanks.

These carbonates differ from other high-latitude shelf
carbonates with or without glaciomarine controls. Post-
glacial or interglacial carbonate sediments capping older
glaciogenic units and not influenced by glaciomarine
settings are known from the Scottish shelf, the Norwe-
gian shelf, off Nova Scotia and Newfoundland, and
western Canada. Carbonate deposition associated with
glaciomarine environments occurs on Antarctic shelves
(Domack 1988; Taviani et al. 1993).

Significance of cool-water carbonates:

1 Quantitative and qualitative data of high-latitude
cool-water carbonates are strongly needed in all
speculations on regional and global carbonate bud-
gets.

2 Because the kind of skeletal and non-skeletal grains,
facies, carbonate mineralogy and diagenesis vary
with sea-water temperatures and other factors, the
differentiation of tropical and non-tropical carbon-
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ates is an important tool in reconstructing paleocli-
mate and paleolatitudes. Classical concepts, based
on grain associations (e.g. foramol, Sect. 12.2) must
be refined, taking into account not only temperature
and salinity as major controls on carbonate compo-
sition, but also the negative influence of terrigenous
input as well as the importance of food supply, bio-
genic interactions e.g. food transfer from seasonal
plankton blooms to benthic communities (bentho-
pelagic coupling) and variable oceanic configura-
tions (Betzler 1995). In addition, differentiation be-
tween cold-water and tropical carbonates is compli-
cated by the fact that the occurrence and distribu-
tion of cold-water carbonates are controlled not only
by lateral latitudes but also by the change in warm
to cold conditions along downslope profiles
(Carannante et al. 1988). These bathymetrically con-
trolled changes may occur at any latitude and need
further study.

3 Incontrast to modern tropical carbonates, composed
predominantly of aragonite and Mg-calcite, many
Phanerozoic limestones are formed from calcite-
dominated carbonates. Modern cold-water carbon-
ates, therefore, may be good analogues for ancient
shelf limestones, e.g. from the Paleozoic or Jurassic
(James and Bone 1989, 1991; James and von der
Borch, 1991; James et al. 1992).

4 Diagenesis and reservoir potential: It is generally
assumed that sea-floor and meteoric cementation are
very limited in cool-water carbonates as compared
with tropical warm-water carbonates. Carbonate
minerals are predominantly High-Mg calcite (and
minor aragonite) in shallow warm temperate carbon-
ates and High-Mg to Low-Mg calcites in cool tem-
perate carbonates. The mineralogical composition
is controlled by water temperatures and water depths.
Carbonate saturation of sea water in non-tropical set-
tings is less pronounced or even undersaturated
(Opdyke and Wilkinson 1990). Diagenesis, there-
fore, is predominantly destructive (Alexandersson
1978). Compared to tropical shallow-marine carbon-
ates the diagenetic potential is low and sediments
may remain essentially unlithified for a long period
of time. Nevertheless, intraskeletal and intergranu-
lar carbonate cementation can be common in some
temperate and cold-water carbonates (Rao 1996;
James et al. 1992, 1994; Henrich and Freiwald 1995).
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Plate 4 Modern Non-Tropical Cool-Water Carbonates: High-Latitudinal Temperate and Polar Shelf
and Reef Carbonates from the Northern Atlantic

Marine carbonate production is by no means restricted to tropical warm-water environments. Abundant and
widespread biogenic carbonate production occurs in non-tropical, mid- and high-latitudinal temperate and cool-
water settings with low or missing clastic input, and even in cold water beyond the Arctic Circle. Examples are
known from the southern and northern hemispheres. Cool-water carbonates record climatic and paleoceanographic
information in their sedimentary deposits and architectures. Microfacies and sedimentary architecture of ancient
cool-water carbonates provide basic data for the evaluation of paleoclimate and paleolatitudes. Modern cool-
water carbonates are good analogues for limestones formed in calcite-dominated Phanerozoic seas.

Widely extended carbonate deposits and even reefal frameworks occur in Subarctic and Arctic seas. Most
sediments are bioclastic sands and gravels, formed by balanids, mollusks, foraminifera and coralline red algae.
Many of these organisms are epibionts, living on benthic macroalgae which form extended kelp forests in nearshore
environments. Kelp and coralline algae are adapted to seasonal climatic perturbations. On the Spitsbergen Bank,
the largest open-shelf cold-water carbonate platform of the Arctic region, the carbonate production is centered
around two main factories: (a) barnacle sands, produced within kelp forests growing on the shallowest part of the
platform and transported over the platform, and (b) high biogenic production by infaunal bivalves (—> 6) as well
as balanid-hydrozoan-soft coral-sponge-bryozoan buildups on the flanks of the platform (Henrich et al. 1997).
Marked differences in the composition of bioclastic grain associations reflect specific environmental conditions
on the shelf bottoms; these ‘grain association patterns’ are powerful indications of the climatic, oceanographic
and latitudinal controls of ancient cool-water limestones (see Sect. 12.2).

Recognizing reefs in deep, aphotic zones is highly important for interpreting ancient analogues. Different reef
types are formed by corals, coralline red algae (—> 1), siliceous sponges, bryozoans, and mollusks. These organisms,
living in stressed ecosystems, are able to tolerate low water temperatures, and seasonal fluctuations of light
intensity, nutrient availability and salinity. Spectacular reef mounds built by the azooxanthellate coral Lophelia
(—> 3) originate at present e.g. in eastern Atlantic Ocean of northwestern Europe, at the west Florida and the
Bahama Bank slopes, the southeastern Brazilian continental slopes and on eastern Pacific seamounts.
Azooxanthellate deep-water corals have the potential to construct large, biologically zoned framework-supported
reef mounds below the storm wave base in the aphotic zone (Freiwald 1997). The coral reefs of the Nordic Seas
in water depths between 200 and 1200 m can be followed tens of kilometers at lengths and widths of several
hundreds of meters.

1 Coralline red algal reef: The reefal framework covers about 125 000 square meters and grows in water depths of 6 to
16 m. Lithothamnion cf. glaciale is one of the most common framework builders. Note the high density of branching
common in turbulent waters. The branches are a prominent source for the production of algal gravels and rhodoliths
deposited onshore and offshore and producing rhodolith pavements. Troms District, Northern Norway.

2 Near-coast coralline algal gravel (‘maerl’) facies. Multiple fragmentation of branched rhodoliths caused by storms result
in the formation of algal fragment accumulations. The maerl, a mixture of carbonate (skeletal) sand and seaweed is used
as agricultural fertilizer. It characterizes cool-water temperate sediments, composed of unattached crusted-forming branched
or nodular algae and algal gravel. In turbid, high-energy waters of the cool-temperate northwestern European Atlantic,
maerl occurs mostly in the photic zone of wave-protected coasts at depths of 1-10 m (Freiwald et al. 1991). In the warm-
temperate Mediterranean Sea, maerl is common in depths down to 40 m. Water depth 5 m. Troms District, Norway.

3 Azooxanthellate reef-forming deep-water coral (Lophelia pertusa). Azooxanthellate corals harbour no photosynthetic
symbionts. The corals feed on suspended particles which are seasonally generated in the high-productivity euphotic zone.
The corallites of Lophelia exhibit strong variations in the branching pattern, the shape and thickness of corallites, the
diameter and the intratentacular budding patterns. These variations support the framebuilding potential of the anastomosing
coral. Faroe Island Shelf. Water depth 252 m.

4 Open-shelf skeletal carbonate sediment composed of mollusks, bryozoans and serpulids. Malangsgrunnen Bank, off
Troms, northern Norway. Water depth 95 m.

5 Selected bioclasts (1-2 mm fraction) of the open-shelf skeletal carbonate shown in — 4. Most bioclasts are bryozoans.
The facies corresponds to the ‘bryomol grain association’ (see P1. 106/2, 3) which is common on modern cool-temperate
shelves. Water depth 90 m. Malangsgrunnen Bank, off Tromso, northern Norway.

6 Arctic-benthic carbonate deposits of the seasonally sea ice-covered Spitsbergenbank (73°30" N and 9°10" W), western
Barents Sea. Coquina-gravel lag deposit colonized by abundant bivalves (Mya truncata, — M, note the cylindrical siphones,
arrow; Chlamys islandica - C), echinoids (E), hydrozoans, soft corals, balanids, sponges, bryozoans - B) attributed to the
initiation of small-scale mounds. The high density of in situ organisms is due to a permanent high productivity zone at the
boundary of Atlantic and Arctic surface waters over the flanks of the Spitsbergenbank. Water depth 79 m.

—> 1-5: Courtesy of A. Freiwald (Erlangen), 6: Freiwald et al. 1991
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2.4.5 Deep-Marine Environments
2.4.5.1 Settings

Oceanic deep-marine settings beyond the shelf break
bordering pericontinental shelves include the slope, the
base-of-slope and continental rise, the abyssal plains,
mid-oceanic ridges, oceanic rises and volcanic sea-
mounts, as well as deep-sea trenches. Deep-marine en-
vironments, however, also comprise parts of the deeper
areas of peri- and epicontinental open shelves and of
outer ramps, lying below the storm wave water base,
and below the lower boundary of the well-lit zone.

The bottom of the modern oceans comprises three
bathymetrically defined zones (Fig. 2.2; Box 2.6). The
bathyal zone lies to the seaward of the shallower sub-
tidal shelf zone and landward of the deeper abyssal
zone. The upper limit is marked by the edge of the con-
tinental shelf. The abyssal zone seaward of the bathyal
zone covers approximately 75% of the total ocean floor.
It pertains the nearly flat deep-sea plains. Abyssal plains
are usually covered by thin deposits of pelagic ooze or
distal turbidites. The lower limit of the zone is bathy-
metrically only loosely defined. The deepest area of
the sea bottom, the hadal zone, lies specifically within
the deep-sea trenches below the general level of the
abyssal zone, in depths between >6 000 and more than
10 000 m. These marginal trenches are narrow, steep-
sided troughs running parallel to continental margins
at seaward base of a continental platform.
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Fig. 2.11. Sources and pathways of modern
deep-sea sediments, deposited in tropical,
temperate and boreal (polar) zones. Note that
only the radiolarian oozes have a fossil record
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have become essential constituents of deep-sea
sediments since the Cretaceous. The fossil
record of deep-sea carbonates formed by
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In contrast to modern oceanic basins, many basins
found in the geological record occur in cratonic posi-
tions and represent intra-platform or intra-shelf basins
(e.g. pelagic epeiric basins). Note that the term basin
as used by carbonate sedimentologists does not neces-
sarily imply that carbonate basins are analogous to deep
oceanic basins. Carbonate basins generally lie well
above abyssal depth, commonly less than a few hun-
dred meters below sea level.

2.4.5.2 Sedimentation Processes

Sedimentation in the deep sea is controlled by four
major processes (Cook and Mullins 1983; Cook et al.
1983; Enos and Moore 1983; Pickering et al. 1986;
Stow 1985, 1986):

(1) settling of marine pelagic and windblown material
from the water column,

(2) bottom transport by gravity flows including turbid-
ity currents, debris flows, grain flows, and slump-
ing,

(3) redeposition of the sediment by geostrophic bot-
tom currents including contour currents, and

(4) chemical and biochemical precipitation on the sea
floor. The first process is responsible for the depo-
sition of pelagic sediments, the second one for the
formation of a broad spectrum of resediments.

Modern deep-sea deposits comprise biogenic sedi-
ments including pelagic siliceous oozes and carbonate

ooze, sediments derived from shallow-marine sources
and deposited on slopes and basins, deep-sea clays and
volcanic material, and glacial-marine sediments pro-
duced by ice-rafting (Fig. 2.11).

The basic classification of deep-marine sediments
considers grain size and composition. Currently used
compositional classifications were developed by sci-
entists participating in the DSDP and ODP programs
(Berger 1974; Kennett 1982).

2.4.5.3 Pelagic Sedimentation

Biogenic deep-sea sediments are formed by the remains
of pelagic organisms contributing to the formation of
carbonate or siliceous oozes and muds.

The term ‘pelagic’ means ‘of the open sea’” and re-
fers to marine nektonic or planktonic organisms whose
environment commonly is the open ocean. Large terrig-
enous sediment input and submarine volcanism cause
mixtures of biogenic material and terrigenous clays re-
sulting in the formation of fine-grained muddy, ‘hemipe-
lagic sediments’.

The character of the biogenic sediment depends on
the supply of the biogenic material, the dissolution at
and near the sea-bottom and in the water column, the
dilution of the sediment by non-biogenic components,
and alterations during diagenesis: The supply depends
on the fertility of the pelagic organisms, which in turn
is related to the availability of nutrients. Both nutrients
and sunlight control the primary production. The dis-
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Box 2.6. Glossary of terms used to describe deep-water carbonates

Abyssal plains: Area of deep sea bottom below 2000 m and between 4000 and 6000 m, including the nearly flat deep-
sea plains covered by sediment.

Accretionary slope: A depositional slope, less steep than by-pass slopes. Characterized by net accumulation of sediments.

Aragonite compensation depth (ACD): Level in the oceans where aragonite is dissolved. The bathymetrical position
of the ACD and the CCD depends on the fertility of the surface waters and the degree of undersaturation of deep
waters.

Aseismic volcanic ridges: Volcanic seamounts, ridges and plateau, rising several kilometers above the deep ocean floor.

Base-of-slope: The lower or lowermost part of slopes, continental rise.

Bathyal: Sea bottom between about 200 (continental shelf edge, shelf break) and 2000 (4000) m, encompassing the
continental slope and continental rise, down to the deep sea..

Bypass slope: Slopes on which sediment is transported from shallow to deeper water without significant deposition on
the slope.

Calcite compensation depth (CCD): The level in the deep oceans where the rate of dissolution of calcium carbonate
(calcite) balances the rate of deposition and below which carbonate-free sediments accumulate. The level is
characterized by a transition from carbonate ooze to deep-marine clay or siliceous ooze. Today, the CCD has a mean
depth of about 4.5 km, but varies between ocean basins. Note that large shifts of up to several thousand of meters of
the CCD have occurred during the Meso- and Cenozoic.

Chalk: Fine-grained porous carbonate rock, predominantly composed of pelagic nanno- and microfossils, and deposited
on deeper shelves and basins.

Continental rise: Setting at the foot of the continental slope between the slope and the deep ocean basin, characterized
by a gently sloping surface created by coalescing submarine fans. Sedimentation takes place by downward sediment
transport and deposition at the slope base. The continental rise may be subdivided by submarine canyons and deep-
sea channels.

Contourite: Sediment deposited on the continental rise by contour-following bottom currents.

Debris flow: A sediment gravity flow. Sediment transport by a cohesive matrix. Corresponds to mudflow.

Erosional slope: A steep slope. Net sediment loss. Erosion due to rockfalls, sediment gravity flows and the effect of
contour currents.

Grain flow: A sediment gravity flow. Grains are supported during the sediment transport by dispersive pressure arising
from grain collisions.

Gravity flows: Downslope flow of sediment. Comprises turbidites, grains flows, and debris flows.

Guyot: A type of seamount with a platform top.

Hadal: Deepest area of sea bottom, lying specifically within the deep-sea trenches below the general level of the abyssal
zone, between 6000 and > 10,000 m.

Hemipelagic sediments: Fine-grained muddy sediment consisting of a mixture of calcareous biogenic material and
terrigenous clay. More than 25% of the fraction coarser than 5 pm is of terrigenous or volcanic origin. The sediment
has undergone lateral transport. Deposited near continental margins, on slopes, abyssal plains, and ridges.

Lysocline: The level or ocean depth at which the rate of dissolution of calcium carbonate just exceeds its combined rate
of deposition and precipitation. The lysocline is characterized by a noticeable decrease in the percentage of deep-
marine carbonate sediments and by an interval separating well-preserved from poorly preserved microfossil
assemblages. The calcite lysocline is defined by planktonic foraminifera and calcareous nannofossils, the aragonite
lysocline by pteropods.

Oceanic basin: Comprises various deep-sea settings including abyssal plains, volcanic hills, mid-oceanic ridges and
deep-sea trenches.

Oceanic plateau: Topographically high area of the ocean floor that rises to within 2-3 km of the sea floor surface above
the abyssal floor. Many Pacific plateaus are covered by carbonate ooze overlying volcanic rocks.

Pelagic carbonates: Fine-grained calcareous sediments of the open sea, composed chiefly of the skeletal debris of
calcareous planktonic organisms, and deposited in a range of deep-water settings (slopes, ocean floor, seamounts,
mid-oceanic ridges).

Periplatform sediments: Intermixed platform-derived sediments and pelagic carbonate muds (Schlager and James
1978).

Resedimented carbonates: Carbonate rocks characterized by redeposition of shallow-water carbonate sediment into
deep water. Submarine mass transport and redeposition is related to a variety of processes, including rockfalls, slides,
slumps, and gravity flows. Resedimented carbonates may be additionally reworked by deep-marine bottom currents.

Rockfalls: Single blocks or many clasts derived from steep slopes of the shelf margins and deposited in talus piles at the
base of slopes or as blocks on the slopes. Abundant along fault-bounded platform margins and along fore-reef slopes.

Seamount: Elevation of the sea floor, 1000 m or higher, flat-topped (Guyot) or peaked.

Slope: Surface which connects the shelf or the shelf break with the continental rise or the deep-sea floor.

Turbidite: A sediment laid down by a turbidity current. Characterized by graded bedding, moderate sorting and a
vertical sequence of distinct sedimentary structures. Turbidity currents are initiated by the disturbance of the sediment
near the shelf margin or on the slope; deposit originally shallow-water sediments on the slope, at the foot of the slope
and on abyssal plains. Limestone turbidites are called ‘calciturbidites’ or ‘allodapic limestones’.
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tribution of pelagic sediments on the sea bottoms is
controlled by the different dissolution of biogenic
grains, produced in the surface waters of the oceans.
Most dissolution of siliceous tests (radiolaria, diatoms)
occurs in highly silica-undersaturated shallow surface
waters.

In contrast, most dissolution of carbonate tests takes
place on the sea floor as bottom waters become more
undersaturated in calcium carbonate. Therefore, sili-
ceous biogenic sediments reflect the biological fertil-
ity of the surface waters, whereas carbonate biogenic
deep-sea sediments chiefly reflect the preservation po-
tential of carbonate at various depths.

The proportions of siliceous and carbonate-rich
oozes depend on bottom-water circulation which con-
trols both dissolution patterns, and, through upwelling,
fertility patterns (Berger 1970, 1974, 1976). Differences
in the composition of pelagic calcareous plankton re-
flect differences in oligotrophic, mesotrophic and
eutrophic nutrient environments (Henrich et al. 2001).

2.4.5.4 Resedimentation (‘Allochthonous
Carbonates’)

Downslope gravity transport along deep-marine slopes
occurs by various processes including rockfall, slump-
ing, sliding, and sediment gravity flows.

Subaqueous rockfalls occur in areas with very steep
topography producing talus and scree deposits at the
base of slopes.

A slump is a downslope translocation of a sediment
parcel along discrete shear planes. In slides, large blocks
move on only a few slippage planes. Both slumping
and sliding are controlled and triggered by high rates
of sedimentation creating oversteep slopes and differ-
ential compaction, structural changes (e.g. effect of salt
domes) as well as by earthquakes. In sediment gravity
flows, the sediment is transported downwards under
the influence of gravity.

The sediments are transported by different mecha-
nisms: In ‘grain flows’, the sediment is supported dur-
ing transport by direct grain to grain interactions. In
‘debris flows’ larger grains are supported by a matrix
consisting of a mixture of fine sediment and interstitial
fluid.

In ‘turbidity currents’, the sediment is supported
mainly by the upward component of fluid turbulence.
The resulting deposits differ in grain size, sorting, tex-
ture and sedimentary structures. Because turbidity cur-
rents are episodic, the resulting turbidites are interbed-
ded with finer pelagic sediments representing the back-
ground sedimentation.
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2.4.5.5 Carbonate Plankton and Carbonate
Oozes

Carbonate oozes cover about 50% of the modern ocean
floor. They are deposited on deep-sea plains, subma-
rine rises, ridges and plateaus. Modern carbonate oozes
consisting of the shells of minute drifting planktonic
organisms comprise foraminiferal ooze, nannofossil
ooze and pteropod ooze: Foraminiferal oozes are domi-
nated by tests of sand-sized planktonic foraminifera (P1.
73/10) occurring within carbonate mud consisting of
calcareous nannofossils. Nannofossil oozes or cocco-
lith oozes are very fine-grained muds composed pre-
dominantly of remains of planktonic algae (Chryso-
phyta: Coccolithophorida; P1. 7/3-5). Pteropod oozes
are restricted o shallow tropical areas in depths
< 3 000 m. They consist of aragonitic shells of plank-
tonic gastropods (pteropods and heteropods). The car-
bonate production is greatest in surface waters with high
biological productivity caused by upwelling. Produc-
tion and growh rates of pelagic foraminifera and coc-
colithophorids are differnt.

Plankton contributes to the sedimentary record by
(1) settling of individual tests, (2) fecal pelletization,
and (3) the deposition of various biogenic materials (in-
cluding ‘marine snow’, aggregates, flocks and particu-
late organic matter, POM). Individual settling may play
arole in the deposition of larger microfossils (e.g. fora-
minifera, radiolarians), but fecal pelletization and sea-
sonally varying sinks of detrital aggregates (e.g. phy-
todetritus displaying an important food resource in the
deep sea, Thiel et al. 1988) play the greatest role in the
transportation of smaller tests (e.g. coccolithophorids;
Honjo 1976).

—> A cautionary note: Comparable calcareous plank-
ton is not known from pre-Mesozoic records and com-
parisons with modern analogues work for pelagic Me-
sozoic-Tertiary carbonates, but not for Paleozoic slope
and basin carbonates (see Sect.15.8).

2.4.5.6 Preservation Potential and Dissolution
Levels

In modern oeans carbonate sediments are largely
absent below depth of about 4500 m. High hydrostatic
pressure, low water temperature and high partial pres-
sure of CO, lead to dissolution and significant difer-
ences in the carbonate preservation potential of deep-
sa sediments. These differences have been used to dis-
tinguish two levels:
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(1) The lysocline, defined as the depth that sepa-
rates well-preserved from poorly preserved planktonic
assemblages and where a noticeable decrease in the per-
centage of carbonate occurs. Because calcareous mi-
crofossils dissolve at different rates, three types of
lysoclines are used: the pteropod or aragonite lysocline
(ALy), defining significant dissolution of aragonite
material occurring in relatively shallow depths; and the
foraminiferal lysocline and the coccolith lysocline (cal-
cite lysocline, CLy), defining the significant dissolu-
tion of calcite material in greater water depths.

(2) The calcite compensation depth (CCD) is defined
as the depths at which calcite microfossils and carbon-
ate are largely absent. The depth of the CCD in modern
oceans varies between about 4 200 and 5 400 m, with a
mean depth of about 4500 m. At that level, the rate of
dissolution balances the rate of accumulation.

—> A cautionary note: The depth position of the CCD
in Phanerozoic oceans has varied during geological time
owing to fluctuations in the amount of carbonate being
brought into the oceans from the land, variations in hy-
drothermal activity, or increased carbonate production
on the shelves.

Because the calcareous tests of planktonic organ-
isms differ in dissolution susceptibilities, dissolution
types can be used to record steps in the formation of
diagenetic patterns. Present-day foraminifera species
exhibit a dissolution ranking that is strongly controlled
by the thickness, size and shape of the tests. Most coc-
coliths are more resistant than foraminifera with regard
to dissolution. First evidence of coccolith dissolution
occurs in depths above 3000 m, but changes in the com-
position of the assemblages become evident in depths
between 3000 and about 5000 m.

2.4.5.7 Carbonate Slopes, Periplatform
Carbonates and Carbonate Aprons

Gravity flows, particularly turbidites and debris flow
deposits, are common on carbonate slopes, and also
occur in basins (Cook et al. 1983; Mcllreaii992).

These sediments are derived from shallow-water
platform and platform-edge settings, sometimes also
from the upper slope, and transported to upper, mid
and lower slope settings.

Carbonate slopes were categorized as: (1) ‘by-pass
slopes’ on which sediment is transported from shallower
to deeper water without significant deposition on the
slope: gravity flows bypass the slopes nd accumulate
in adjacent basins. (2) less steep ‘depositional or ac-
cretionary slopes’ where gravity flow sediments are pre-
dominantly deposited in lower slope settings, as dem-
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onstrated by excellent examples from the Holocene Ba-
hamian slopes. The resulting fine-grained ‘periplatform
carbonates’ (Schlager and James 1978; Boardman and
Neumann 1984; Boardman et al. 1986; Pilskaln et al.
1989) form a sequence of resedimented shallow-ma-
rine carbonates intercalated within pelagic carbonates.

The Bahamian carbonate slopes (Straits of Florida,
Little Bahama Bank) offer the possibility of studying
the interplay between allochthonous and pelagic sedi-
mentation, and submarine cementation, resulting in the
formation of hardgrounds. The periplatform ooze of the
upper slope consists of a mixture of bank-derived ma-
terial and pelagic debris. Lower slope and base-of-slope
seiments are turbidites and mud- or grain-suported de-
bris flow deposits, interbedded with periplatform ooze,
and forming large carbonate aprons.

Cyclic variations in the prevailing mineralogy (ara-
gonitic and Mg-calcitic platform-derived grains vs cal-
citic pelagic grains) of periplatform carbonates and dif-
ferences in the abundance of platform-derived and pe-
lagic carbonates signalize climate changes, sea-level
fluctuations and changes in the rate of carbonate pro-
duction on the platforms which are reflected by micro-
facies analysis (Sect. 16.1). Another promising ap-
proach of microfacies studies is the evaluation of the
controls on the different declivities of carbonate slopes
which depends greatly on the primary depositional tex-
ture.
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2.4.6 Seep and Vent Carbonates

One of the most exciting discoveries in the last years is
the recognition of authigenic and biogenic carbonates
formed in deep-water settings by fluid and gas
expulsions near cold seeps and hydrothermal vents
(Beauchamp and von Bitter 1992).

Biomass concentrations of organisms with calcare-
ous shells occur near hot hydrothermal vents on mid-
ocean ridges and cluster around cold seeps of natural
gas, brines, hydrocarbon and methane in varying depths
of the oceans, particularly within faulted continental
margin environments (Tunnicliffe 1992; Lutz and
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Kennish 1993). The very first vent site with sea-bed
dwelling large benthic organisms was discovered 1977
on the Galapagos rift in the eastern Pacific, where hy-
drothermal vent organisms are associated with sulfide
mineralizations and surround black and white smokers
within an area of a few hundreds of square meters. To-
day, examples of seep and vent communities are known
from the Pacific (Fig. 2.12), the Monterey Bay of Cali-
fornia, the Gulf of Mexico, the continental slope off
Louisiana, the North Sea and the Black Sea (Nybakken
1993). Modern cold-seep communities are nearly al-
ways found in oligotroph waters of the aphotic zone,
and occur from shallow to deep water down to about
3000 m (Callender and Powell 1999, Little et al. 2002).
The success of the low-diversity vent communities
(consisting of bivalves, vestimentiferan tube-worms,
arthropods) depends on specialized anaerobic bacteria,
which build carbon molecules using reduced inorganic
compounds (particularly sulfides) that are contained in
the heated water gushing from the vents. The low-di-
versity vent communities depend on these endosym-
biontic bacteria. Bivalves (giant vesicomyid clams, in-
faunal lucinids) are able to exploit directly gas seepage
by hosting chemoautotrophic bacteria in symbiosis in
the gills. The symbionts produce organic matter via
chemosynthesis using methane or sulfur from vented
fluids or available in the environment. Hydrothermal
vent communities and cold seep communities are phy-
logenetically related and show similarities in the physi-
ology and anatomy of their dominant organisms.

Cold-seep communities contribute to the formation
of a specific carbonate rock type. Characteristics of
these limestones are (1) carbonate beds embedded in
shales or mounds exhibiting irregular textures, and oc-
curring within a strongly differing facies, (2) low-di-
versity but abundant mollusks, and (3) abundant
authigenic carbonate cements. Ancient vent and seep
carbonates are becoming increasingly more frequently
reported from the Phanerozoic rock record (see Sect.
16.5).
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Fig. 2.12. — A: Actinians, sponges and gorgonians settling on a non-active black smocker. Yellowish color of substrate is
caused by iron-sulfur compounds. East-Pacific ridge, 2300 m water depth.

B: Abundant white deep-sea mussels (Vesicomyidae) and Neolepas sp. together with shrimps (Alvinocaris) and gastropods
(Phymorhyncus) living on a H,S rich crater floor with a slight content of methane. Hydrothermal activity changed the
sediment which now contains amorphic iron-monoxyd and pyrite. Edison sea-mount (Bismarck Sea, Papua-New Guinea),
1450 m water depth.

C: A dying community of deep-sea mussles (Vesicomyidae) in the crater of the Edison sea-mount. Many carrion-feeding

gastropods (Phymothyncus) thrive on the distinct double valves. Same locality as 2.
D: Fresh pillow lava with some echinoderms (Brisingidae). East-Pacific ridge, 2400 m depth.
All photographs courtesy of Forschungsinstitut Senckenberg, Frankfurt/Main.
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MICROFACIES ANALYSIS

This book consists of three major parts. This first part ‘Microfacies Analysis’, deals with the methods of micro-
facies studies (Chap. 3), qualitative and quantitative microfacies data (Chap. 4, 5 and 6), diagenetic criteria
(Chap. 7), limestone classification (Chap. 8) and biological controls on the formation of carbonate rocks (Chap. 9

and 10).

3 Methods

This chapter summarizes field work studies, sampling
strategies and laboratoy methods relevant to microfa-
cies analysis. A precise field record of geological and
paleontological data as well as sampling strategies that
consider the vertical and lateral variations in these data
are vital for the success of microfacies studies. Labo-
ratory methods study microscopic features and miner-
alogical and geochemical data.

3.1 Field Work and Sampling

Many criteria that are important in facies interpreta-
tion can not be recognized sufficiently in small-scale
microfacies. Paleoenvironmental interpretations de-
rived from microfacies should be controlled by litho-
logical criteria and sedimentary structures evaluated
by the high information potential provided by fossils
and biogenic structures.

Microfacies sampling requires an understanding of
the meaning of bedding and the depositional charac-
ters reflected by sedimentary structures.

3.1.1 Field Observations

Field work forms the basis for studying sedimentary
deposits. Criteria that can be studied in outcrops and
cores in facies analyses are: lithology, texture, rock
color, bedding, sedimentary structures and diagenetic
features, and fossils and biogenic structures.

E. Fliigel, Microfacies of Carbonate Rocks, 2nd ed.,

A highly recommended description of field meth-
ods is given by Tucker (1982). The methods used in
the study of litho- and biofacies of sedimentary rocks
are the subject of several textbooks (Leeder 1982; Lewis
1984; Pettijohn et al. 1987; Miall 1990; Chamley 1990;
Blatt 1992, Friedman et al. 1992, Lewis and McConchie
1993; Boggs 1995; Reading 1996; Leeder 1999; Miall
2000; Einsele 2000).

3.1.1.1 Lithology, Texture and Rock Colors
Lithology: Sedimentary rocks are classified into silici-
clastic rocks (claystone/mudstone, siltstone and sand-
stone), conglomerates and breccias, carbonate rocks
(limestone, dolomite), mixed siliciclastic-carbonates
(marl, argillaceous and sandy limestones), evaporites
(gypsum, anhydrite, salt), siliceous sedimentary rocks
(cherts), phosphorites and organic-rich rocks.
Carbonate rocks make up 20 to 25 percent of all
sedimentary rocks in the geological record and are clas-
sified into limestones and dolomites (dolostones); see
Fig. 3.1. Limestones consist of more than 50% CaCO,.
They comprise limestones and dolomitic limestones.
Dolomites are composed of more than 50% CaMg(COs,),
and are subdivided into calcitic dolomites (50-90% do-
lomite) and dolomites. Although detailed differentia-
tion of carbonate rocks is best performed in the labora-
tory, field distinctions can also be made, using dilute
10% hydrochloric acid (limestone will fizz strongly,
dolomite will show little or no reaction). Alizarin-red-S
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Fig. 3.1. Common lithologies of carbonate rocks and mixed
carbonate-siliciclastic rocks. The symbols used are those from
the standard Shell Legend.

in weak HCI stains limestone pink to mauve but leaves
dolomite unstained.

Mixed siliciclastic-carbonate lithologies include
marls (a sediment consisting of 65—-35% carbonate and
35-65% clay), argillaceous limestones (a limestone
containing an appreciable amount of clay, less than
50%) and sandy limestones (a limestone containing an
appreciable amount of quartz sand).

Texture: Attention should be focused on the deposi-
tional variability of limestone beds, on depositional pro-
cesses recorded by characteristic sedimentary patterns,
and on the control of microfacies-based paleoenviron-
mental interpretations using larger-scaled criteria. The
texture of major limestone types can be characterized
in the field using the classification proposed by Dun-
ham (1962); see Sect. 8.3.2.

Much information is provided by the size, shape and
sorting of grains, the ratio of matrix to grains, and the
fabric. Details are described in Chap. 4. The textural
composition of beds and laminae may be characterized
by distinct vertical gradations in grain size (graded bed-
ding). ‘Normal grading’ (coarser grains at the base, finer
grains at the top) and ‘reverse or inverse grading’
(coarser particles at the top grading downwards to finer
particles) are important in the interpretation of deposi-
tional processes (P1. 17/1, P1.102/2, Pl. 115/2, Pl. 116/
1, Pl. 126/2).

Rock color: Many limestones are a shade of gray, but
limestones can also display distinctive rock colors
which need a more precisive terminology (Folk 1969).
Dolomites are often creamy yellow or brown in color.
Rock colors can be characterized by simple verbal de-
scriptions (e.g. medium to dark gray) or by comparing
fresh rock fracture surfaces with standard color schemes

Rock Color

(e.g. U.S. National Research Council Rock-Color Chart
based on the Munsell Color System: Goddard et al.
1948).

The use of the Rock Color Chart requires (a) deter-
mination of the gradation of color (hue), followed by
(b) estimation of light to dark values, and (c) estima-
tion of the degree of saturation (chroma). Colors are
indicated by a code (e.g. 5 R 4/6) or by a descriptive
name (e.g. moderate red). Color names used in the Rock
Color Chart do not always correspond to the subjec-
tive color impression of geologists, which may be ad-
equate for general surveys but not, for example for the
characterization of carbonate rocks used in the arts or
as building stones. Colorimetric analysis is another
approach but relatively rarely used for limestones
(Engelbrecht 1992), except when determining techno-
logical criteria.

Colors of carbonate rocks are strongly controlled
by depositional conditions, diagenesis and recent weath-
ering. The amount and composition of the non-carbon-
ate fraction is crucial for the color aspect because the
adsorption of iron and manganese on the surface of
finely dispersed clay minerals is often responsible for
distinct colors. Fe and Mn content, rock color and depo-
sitional facies may exhibit distinct correlations, spe-
cifically in hemipelagic and pelagic sediments.

Of particular significance is the oxidation-reduction
balance: Yellow colors, for example, can be caused by
the oxidation of FeS as demonstrated by the famous
Jurassic Solnhofen Limestone of Southern Germany
which appears in fresh samples bluish gray. Compari-
sons of photometric color measurements with geo-
chemical data of limestones indicate correlations of
bluish and yellowish colors with pyrite and goethite
contents and dark or light rock color values with clay
and silt contents. Green and drab gray colors may be
caused by organically derived carbon and Fe?* com-
pounds such as sulfides in reduced sediments. Various
shades of red, yellow and brown colors are due to Fe3*
compounds such as hematite and limonite in oxidized
sediments. Yellowish shades of marbles can be caused
by small quantities of siderite.

Dark colors are also induced by aromatic hydrocar-
bons (pure solvent-soluble organic matter composed
of carbon and hydrogen only). The amount of organic
matter and the degree of light reflection are related
(Patnode 1941). Black colors can also be caused by
thermal heating. Sedimentary limestones may undergo
considerable color change during metamorphism
(Winkler 1994).

Why is this limestone red? Vivid rock colors gener-
ally provoke questions which are difficult to answer.



Bedding

Very generally, the coloration of sediments is regarded
as synsedimentary (caused by the input of detrital col-
oring material or by contributions of ferric bacteria;
Mamet et al. 1997) or postsedimentary (caused by di-
agenetic changes within the sediment or coloration by
overlying beds). Red limestones may serve as an ex-
ample for the problems involved:

The red color of marine carbonates is primarily
caused by small amounts of Fe** (about 2%: Franke
and Paul 1980). Volcanic emanations provide a direct
source of iron in seawater. But the weathering of land
masses associated with an input of iron to the sea (as
colloids or absorbed on clay minerals) and organic
matter provide the major source. Low sedimentation
rates, near-bottom waters rich in oxygen, the absence
of sulfate-reducing bacteria as well as the local Eh/pH
potential within the sediment and at the sediment/wa-
ter interface favor the development of red colors (e.g.
by dehydration of goethite to hematite: Rech-Frollo
1971).The intensity of the red coloration may depend
on the amount of detrital material and iron (Hallam
1967, Fliigel and Tietz 1971). Because iron is trans-
ported from land to sea via several solution/precipita-
tion-phases, the importance of climatic controls for the
formation of red limestones must also be considered.

The following diagenetic factors promote rock col-
oration: (a) Compaction facilitates the flow of oxydized
pore water through the sediment. (b) Pressure solution
and freeing of iron from clay minerals may be respon-
sible for red-colored stylolite seams, often occurring
together with burial dolomites (Mattes and Mountjoy
1980). (c) During dedolomitization, Fe originally in-
corporated in dolomite can be precipitated as FeO(OH)
and oxidized to Fe,O,, producing reddish rock colors.

55

Colored paleosols (e.g. terra rossa, a residual soil,
over limestone bedrock, typically in karst areas) can
impact on rock colors. Reddening of paleosol horizons
is caused by (a) in situ alterations of iron-rich clays,
(b) reddened detritus brought from the exposed surface
downward through the soil by percolating waters,
(c) dehydration of goethite to limonite and hematite dur-
ing subaerial exposure in a well-drained environment
(Retallack 1981), or (d) concentration of reddish ma-
trix by eluviation within the paleosol profile during al-
ternating wet and dry climate periods (Goldhammer and
Elmore 1984). Terra rossa, brought to the sea will not
directly cause red colors (Hinze and Meischner 1968).
Near-surface cavities in karstified reef limestones may
contain red internal sediments, derived from an over-
lying soil zone, with deeper cavities being filled with
green and gray internal sediments (Satterley et al. 1994).
Changes of rock colors with depth below the surface
indicate changes in the oxidation state within the va-
dose and phreatic zones (Esteban 1991).

3.1.1.2 Bedding and Stratification, Sedimen-
tary Structures and Diagenetic Features

Many of the structures described in this subchapter can
also be recognized at a microfacies scale, particularly
sedimentary fabrics and diagenetic textures (Fig. 3.4).

Bedding and stratification: Carbonate rocks are strati-
fied or non-stratified. Non-stratification is a result of
(a) primary lack of bedding (e.g. in reefs), (b) bed-de-
structing processes (e.g. intensive burrowing), or
(c) diagenetic processes (e.g. dolomitization or strong
recrystallization of limestones).

cm Shell Standard Legend 1995 Boggs 1995 Demicco and Hardie 1994
Meter bedded Very thickly bedded
100 Layers greater than 100 mm,
Thickly bedded thick to very thick beds
30 Decimeter bedded
Medium bedded
10
Thinly bedded Layers 5 mm to 100 mm,
3 Centimeter bedded Laminae >5 mm
Very thinly bedded Thin beds <100 mm
1
Thickly laminated
0.3 Millimeter bedded Layers <5 mm, fine laminae
Thinly laminated

Fig. 3.2. Common field classifications of stratified sediments. The Shell classification is based on scales. Many textbooks on
sedimentology, e.g. Boggs (1995), recommend a classification based on thickness ranges. Demicco and Hardie use only
three thickness categories, whose limits were determined by the experience of the authors studying predominantly Upper
Proterozoic and Lower Paleozoic carbonates. In choosing 5 mm as the upper boundary of the thinnest category, the importance
of thin microbial mats in tidal flats has been considered. Bed thicknesses between 0.5 and 10 cm and between 10 and 30 cm

are common in shelf carbonates.
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Fig. 3.3. Geometries of carbonate rock layers. Thin sections.

Left — Planar fine-laminated limestone characterized by
alternating millimeter-scale lamina couplets consisting of
mudstone (dark gray) and packstone (light streaks). The black
line in the center and the black spots near the top are bitumina.
Note the extremely fine lamination within the lamina couplets,
the parallel orientation of fine shells and the concave-up
position of the ostracod shell near the top of the sample. These
criteria indicate suspension settle-out of mud (calcisiltite)
within a quiet-water environment, alternating with sporadic
influx of peloids, clay and terrigenous quartz grains transported
by gentle traction currents.

The sample represents an organic-rich facies formed in
small isolated, tectonically induced basins within an intertidal
to subtidal carbonate platform. The bitumen-rich limestones
were deposited from a stratified water body with anaerobic
and dysaerobic conditions (Czurda 1973; Hopf et al. 2001).
Large-scale cyclicity was controlled by sea-level change,
small-scale cyclicity was controlled by climatic and seasonal
fluctuations. These limestones are regarded as potential
carbonatic source rocks.

Right— Wavy-crinkled fine laminated dolomite characterized
by irregularly undulated stromatolitic layers. Black laminae
are interpreted as the result of microbial activity (binding of
sediment, accumulation of organic material). The sample
represents the intertidal part of the Hauptdolomit platform.
Both samples are from the Late Triassic Hauptdolomit of
the Wiestal quarry, Gaissau, Salzburg/Austria. Scale is 5 mm.

Stratification : A bed is a tabular or lenticular layer
that is sufficiently distinct from under- and overlaying
strata with respect to lithology, composition and tex-
ture and separated from these strata by recognizable
boundary planes. Genetically, a bed may represent a
depositional episode during which physical conditions
did not change significantly (‘sedimentation unit’: Otto
1938). Following the proposal of McKee and Weir
(1953) the term bed should be limited to strata thicker
than 1 cm. Very thin strata (thickness <1 cm) are called
laminae (Campbell 1967). Laminae are the result of
changing depositional conditions causing variations in
the grain size, texture, mineral composition, and con-
tent of clay and organic material. Groups of laminae
forming a distinct sedimentary structure are called
laminasets. Groups of similar beds or cross-beds,

Thickness of Beds

bounded above and below by distinct surfaces are called
bedsets (Collinson and Thompson 1982).

Limestones consisting of thin, strictly parallel or
non-parallel laminae are named laminites (Sect. 5.1.3).
The descriptive term ‘Plattenkalk’ refers to sequences
composed of fine-grained, laminated limestones, which
are bedded in flat centimeter-decimeter thick, parallel-
sided units (Swinburne and Hemleben 1994).

Field studies of bedding and stratification must con-
sider (1) boundary planes and bedding surfaces, (2) bed
thickness, (3) composition and internal structure of
beds, and (4) vertical bed sequences.

(1) Boundary planes and bedding surfaces: Upper
and lower surfaces of beds are called bedding planes,
most of which are caused by abrupt changes in deposi-
tional conditions, non-deposition or erosion. However,
bedding planes also result from diagenetic processes
or weathering. Pressure solution and stylolite seams par-
allel to depositional bedding may produce ‘pseudo-bed-
ding*‘ simulating true depositional bedding, and lead-
ing to sampling problems, because bed-to-bed sampling
usually relies on the assumption of sedimentary bound-
ary planes.

Bedding surfaces are abrupt planar, abrupt irregular
or gradational, with even (flat), wavy or curved sur-
faces that are parallel or non-parallel to each other. Dif-
ferences in bedding surfaces provide information re-
lated to the time span of non-deposition (e.g. scalloped
or irregular potholed surfaces, sometimes with paleo-
sols, indicate a paleokarst stage; irregularly shaped hard-
grounds may point to deep-marine solution).

Sedimentary structures on top and bottom surfaces
of bedding planes provide information about deposi-
tional energy and substrate features. Some of the more
common structures on the top surfaces of limestones
are modifications of surface topography, bed forms
(ripples, dunes, hummocks), shrinkage cracks and pri-
mary current lineations, and various trace fossils. Struc-
tures seen on bottom surfaces include flute marks,
groove marks, tool marks, scour structures as well as
load marks.

(2) Bed thickness: Terminologies for the bed and
laminae thickness have been proposed by various au-
thors (McKee and Weir 1953; Ingram 1954; Reineck
and Singh 1980), but none has been generally accepted.
Ingram’s scale (used by many authors) and the Shell
approach (distinguishing only ‘ranges’) are to be rec-
ommended (Fig. 3.2). Demicco and Hardie (1994) dis-
tinguish three layer categories based on layer thickness,
layer boundary geometry, and textural layer composi-
tion. This classification is a practical key to the identi-
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Fig. 3.4. Common field criteria of carbonate rocks include stratification types as well as sedimentary and diagenetic structures.
The processes causing many of these structures are highlighted by microfacies data (black dots). The figure considers the
scheme developed by Demicco and Hardie (1994) for shallow-marine carbonates.

fication and interpretation of layering without cross-
stratification, and can be applied both to field and thin-
section observations (see Fig. 3.3 and Pl. 18).

Bed thickness analysis of limestones can be used in
recognizing breaks in sedimentation, cyclic sedimen-
tation patterns and gradual environmental changes.
These investigations are based on the hypothesis that
the thicknesses of stratigraphic units follows a lognor-
mal distribution (Lumsden 1979).

(3) Composition and internal structure: Beds ap-
pearing internally homogeneous (massive, structure-
less) in the field, may exhibit textural and structural
inhomogenities when studied using staining and etch-
ing methods, ultra-thin sections, X-ray or tomography
(Larsen and Theide 1971; Kenter 1989).

Many beds are internally differentiated into lami-
nae and a number of informal units. Laminae result from
short changes in the depositional conditions causing
variations in grain size, composition and texture, fossil
content as well as the content of non-carbonate and or-
ganic material. Small-scale laminations of fine-grained
limestones assist in recognizing of yearly varves, dis-
tal turbidites or tidal rhythmites (Brown et al. 1990;
Archer and Feldman 1994). Fine-scale biogenic lami-
nation is particularly common in lagoonal and lacus-
trine sediments; stratification types of lake sediments
were classified by Cole and Picard (1975) and Bull-
winkel and Riegel (2001).

Internal layers and laminae that are essentially par-
allel to the bedding planes constitute a planar stratifi-
cation or planar lamination (Fig. 3.3). A practical key
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for identifying and interpreting layering in carbonates
without internal cross-stratification was provided by
Demicco and Hardie (1994). The classification is based
on layer thickness (Fig. 3.2, layer geometry (planar:
PL. 20/7; wavy: Pl. 18/2, 4, P1. 123/1; and crinkled: P1.
25/5, Pl1. 123/3) and layer composition (using Dunham’s
limestone classification). The authors present a very
useful discussion of the possible origins of laminated
and bedded carbonates. Layer geometry and layer com-
position can be evaluated by microfacies data.

Layers or laminae deposited at an angle to the bound-
ing surfaces are responsible for the formation of cross-
lamination. All types of cross-stratification as well as
flaser and lenticular bedding known from siliciclastic
rocks also occur in carbonate sediments: Small- and
large-scale cross-stratification, wave-ripple cross-strati-
fication, hummocky cross-stratification (Imbrie and
Buchanan 1965; Duke 1985). Planar lamination and
cross-lamination are common in shallow-marine car-
bonates, but cross-lamination is often obliterated. Par-
allel laminae form in a variety of environments (lacus-
trine; peritidal to deep sea) but are often destroyed by
burrowing organisms and therefore better preserved in
reducing or anaerobic environments. Heterolithic strati-
fication is characterized by irregular alternations of mud
and sand layers (P1. 18/2) which result in flaser, wavy
or lenticular bedding structures.

(4) Vertical bed sequences can be recognized from
the differences in texture, fossil content or be thick-
ness. Thinning/fining-upward and coarsening/thicken-
ing-upward sequences related to rates of environmen-
tal change and depositional energy are the significant
patterns recording changes in sea level and accom-
odation.

Sedimentary structures and diagenetic features: These
structures exhibit a wide variety of pre-, syn- and post-
depositional features which allow the processes and the
interpretation of paleoenvironments to be dismissed
(Fig. 3.5). A highly recommended introduction to sedi-
mentary structures and early diagenetic features of shal-
low-marine carbonates is the well-illustrated SEPM
Atlas prepared by Demicco and Hardie (1994). Many
sedimentary structures are identical with those of si-
liciclastic rocks (e.g. cross-bedding, ripple marks) but,
because of the strong impact of biogenic and diage-
netic factors on carbonate sedimentation, structures also
exist which are more common in or limited to lime-
stones (e.g. fenestral and growth cavities, tepees).
Excellent overviews of sedimentary structures of
non-carbonate and carbonate rocks were provided by
Potter and Pettijohn (1963), Collinson and Thompson
(1988), Reineck and Singh (1986), and Ricchi Lucchi

Fossils and Biogenic Structures

(1995). Allen (1984) discussed the processes control-
ling specific sedimentary structures.

Various classifications of sedimentary and diagenetic
structures differ in their more genetic and process-ori-
ented or descriptive approaches. Demicco and Hardie
(1994) differentiate physical structures, biogenic struc-
tures, and chemical features. Physical structures include
stratification, breccias and conglomerates, mudcracks
and other disruption structures, soft deformation struc-
tures, mechanical compaction structures and miscella-
neous physical structures. Erosional structures, slump
structures, diagenetic deformational structures and dikes
are larger scale structures, commonly involving sev-
eral beds. Slumping and sliding structures need spe-
cific studies. Instructive field and sample illustrations
of sedimentary and diagenetic structures can be found
in Pettijohn and Potter (1964) and Demicco and Hardie
(1994).
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Box 3.1. Checklist for field description of paleontological data in carbonate rocks.

Bedded limestones

Bedding and sedimentary structures

Bedding types (lithology, thickness, bedding boundaries, texture; see Fig. 3.1, Fig. 3.2)
‘Event beds’ ? (beds caused by physical and biological events of short duration, e.g. storms, turbidity currents,
earthquakes, sudden death of organisms resulting in mass acummulations; see Sect. 5.1.3)

Cyclic patterns ? (see Sect. 16.1)

Sedimentary structures and diagenetic features (see Fig. 3.4)

Types and preservation of fossils
Classification of fossils (group, taxa)

Evaluation of fossil types with regard to ecological criteria

Trace fossils and/or body fossils ?

Burrowing and bioturbation (see Sect. 5.1.4)

Taphonomic criteria (see Chap. 10)
Abundance and distribution of fossils

Fossil concentrations

Abundance of fossils based on bulk samples or on counts using various grids (see Sect. 6.2.1)
Distributional patterns of fossils on bedding planes (random, patchy, oriented)

Lateral distribution of fossils within the beds

Distribution and type of fossils within underlying and overlying beds

Massive limestones (e.g. reef limestones)

Geometry of the carbonate body

Mapping of the boundary and geometry of the buildup

Mapping of major litho- and biofacies types

Establishing time lines (tracing bedding surfaces in the flank facies), discontinuities and event marker beds, e.g.

storm layers, synsedimentary breccias)

Look for bottom-top structures (particulary at the flanks of buildups)

Types and preservation of fossils
Classification of fossils
Taphonomic criteria

Analysis of the principal fossils with regard to their inferred role in buildup formation (e.g. framebuilders, binding

and encrusting organisms)
Differentiation of growth forms of sessile organisms
Abundance and distribution of fossils

Vertical and horizontal cover (density) and size of reetbuilding organisms (using a gridded overlay, the quadrat

method orthe line method, see Sect. 6.2.1)

Recognition of significant vertical sequential changes in growth forms, taxonomic composition or abundance

Relation between sediment, texture and fossils

Description of the ‘matrix’ between and around autochthonous reefbuilders (see Sect. 16.2.5.2)

Description of growth cavities, shelter structures, open-space structures and solution voids (see Sect. 5.1.5) with
regard to geometry, dimension, distribution and filling (sediment, spar, crystal silt, still open)

Description of fissures with regard to setting, size, orientation, filling and fossils

Abundance of fine-grained sediment and carbonate cements in relation to benthic fossils

Diagenetic features: see Sect. 7.45

3.1.1.3 Fossils and Biogenic Structures

Fossils, fossiliferous sediments and biogenic sedimen-
tary structures are key sources of information on paleo-
environments, sedimentation patterns and diagenesis.
Strategies necessary for describing paleontological data
in the field were summarized by Goldring (1991). Field
strategies are different for bedded sediments and for
dominantly autochthonous buildups. Box 3.1 is based
on a field classification of fossiliferous sediments pro-
posed by Goldring (1991). Of special interest are ‘fos-
sil concentrations’, bioclastic fabrics, and ichnofabrics.

Fossil concentrations are relatively dense accumu-
lation of biologic hardparts (irrespective of taxonomic
composition, state of preservation, or degree of post-
mortem modification).

By taking into consideration the taxonomic compo-
sition, bioclastic fabric, geometry and internal struc-
ture of the deposit, skeletal concentrations can be
grouped genetically according to the inferred relative
importance of biogenic, sedimentologic and diagenetic
processes (Kidwell et al. 1986; Fig. 3.6). This approach
is useful for interpreting ‘shell beds’ composed of mol-
lusks and brachiopods, and understanding the processes
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Field Logs

Fig. 3.6. Field description of skeletal
concentrations (Modified and completed
after Kidwell et al. 1986). Accumulation
of shells, echinoderm fragments and other
fossils are produced by biogenic (area 1 in
the triangle), sedimentologic (area 2) and
diagenetic processes (area 3). An example
of biogenic concentrations are oysters,
whose larvae preferentially colonize sites
with abundant adults causing reef-like
structures in subtidal shelf settings. Photo
at top right: Placunopsis, Middle Triassic,
Germany.

Sedimentological concentrations form
through hydraulic reworking of hardparts,
and/or through non-deposition of sediment,
or selective removal of the sedimentary
matrix. These processes result in the
formation of conspicuous shell beds
(lumachelles, coquinas).

An example is shown in the foto at
bottom left: Accumulation of looseley
packed, bimodal sorted bivalve shells within
a storm layer originated in inner shelf
position; the inversely graded carbonate
mud was infilled sub-sequent to the
deposition of the shells. Late Triassic,
Northern Alps, Austria.

Diagenetic concentrations originate from the increase of the spatial density of fossils by compaction and selective pressure

solution. The photo at bottom right displays a crinoidal limestone, formed on a carbonate ramp and strongly affected by
pressure solution. Early Carboniferous: Frank’s Slide, Turtle Mountains, Alberta/Canada. The triangle can be used to estimate
the position of shell beds along an onshore-offshore transect: Tidal flats are characterized by a composition corresponding to
the areas 1 and 2; lagoons by the dominance of the areas 1 and 4; shallow shoals by the dominance of the area 2; inner shelf
shell beds by the areas 2 and 4; and subtidal outer shelf settings below storm wave base by the abundance of concentrations

that correspond to area 1.

and environments responsible for their origination. Fos-
siliferous carbonates yielding fossils or fossil fragments
larger than 2 mm can be readily categorized into mac-
roscopic fabric types using semi-quantitative scales for
close-packing and size-sorting of coarse bioclasts
(Kidwell and Holland 1991; Fig. 3.7).

The fabric types are useful to narrow the possible
modes of origin, e.g. accumulations of mollusk shells
or crinoidal fragments.

Ichnofabrics and trace fossils have a high potential
for interpretating of paleoenvironments and deposi-
tional processes (Donovan 1994; Bromley 1996). A semi-
quantitative field classification of bioturbation based
on pattern recognition of the percentage of original sedi-
mentary fabric disrupted by biogenic reworking facili-
tates the explanation of bioturbation structures seen in
thin sections (Droser and Bottjer 1986; see Sect. 5.1.4).
Distinctive distributional patterns of trace fossils in car-
bonate shelf environments are useful in delineating en-
vironments of deposition and determining sea-level
positions.

3.1.1.4 Field Logs and Compositional Logs

Field information originating from stratigraphic sec-
tions and mapping is commonly recorded by written
descriptions of observed features (field notes: Tucker
1982, Graham 1988).

Graphic logs aid in documenting of rock composi-
tion and texture and consist generally of a main col-
umn showing the lithological sequence (drawn as col-
umn or imitating a weathering profile) and adjacent
columns showing the occurrence and distribution of
sedimentological and paleontological data. These col-
umns may include only field data or a combination of
field and laboratory data.

Various standard forms for plotting graphic logs and
standardized coding systems have been proposed to
uniformly describe facies criteria, and to facilitate trans-
forming field and laboratory data into digital data (e.g.
Charollais and Davaud 1974; AmStrat-CanStrat sys-
tem: Miall 1990).

Reijers et al. (1993) recommend a hierarchically or-
ganized lithofacies coding system allowing macro-
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Fig. 3.7. Classification of coarse bio-
clastic fabrics characterized by close-
packing of fossils (modified after
Kidwell and Holland 1991).

The classification can be used in the
field as well as in thin section studies.
Basic parameters are packing, size
sorting of the bioclasts larger than 2 mm,
and the biofabric which is bioclast-
supported (‘densely packed’) or matrix-
supported (‘loosely packed and
‘dispersed’). The fabrics are well-sorted
exhibiting little variations in the size of
bioclasts, bimodal sorted (with two
discretes modes), or poorly sorted
exhibiting great variations in bioclast
sizes. The packing and sorting descriptors
convey an immediate visual image of the
fossiliferous limestone. The criteria have
genetic implications. The categorization
by close-packing and size-sorting limits
the number of possible origins and leads
to basic hypotheses that can be tested
‘£ using taphonomic, palecologic, sediment-
; : S ! - P ; ologic and stratigraphic features.
The sample exhibits a fabric characterized by large gastropod shells and abundant smaller bioclasts consisting of small gastropods
and bivalve valves. These bioclasts constitute an overall loosely packed fabric which would be classified as gastropod
floatstone following Dunham’s classification (see 6.2). The finer bioclasts, however, are densely packed and these parts of
the thin section would be classified as fine-bioclastic mollusk packstone. Small gastropods often are regarded as ‘dwart’
forms pointing to unfavorable environments. It should be taken in mind, however, that the majority of gastropods is characterized
by mm-scale shells. Note the strong recrystallization of the large gastropods. The originally aragonitic shell has been replaced
by coarse-grained calcite crystals. The first whorls are completely obliterated; following whorls exhibit various cement

densely packed

loosely packed dispersed
Most bioclasts within

one body length of each other,

a few in direct contact

Bioclast supported,
bioclast/bioclast contacts

Most bioclasts are more than
one body length
away from each other

common

" . Fh o

generations or are infilled by micritic sediment. Late Cretaceous pebble in Quaternary deposits: Graz/Styria, Austria.

scopic features of sedimentary rocks to be objectively
described and the data stored in a computer database.

The standard lithologic logging system proposed by
Shell International Exploration and Production (Stan-
dard Legend 1995) offers a widely used possibility for
describing features recognized in outcrops, cores and
microfacies samples. Lithology, texture and composi-
tion, rock color, accessory minerals, fossils, stratifica-
tion and sedimentary structures, postdepositional cri-
teria and diagenetic features as well as physical criteria
(e.g. porosity and permeability) are expressed by sym-
bols, standard abbreviations and codes. Too many sym-
bols and criteria will mask trends in the stratigraphic
sequence. For the purpose of microfacies studies the
most important data should be shown in logs: e.g. depo-
sitional textures, fossils, grain types, matrix and car-
bonate cement. Logs are presented in a variety of scales
depending on the problems involved. Detailed micro-
facies logs may require a scale of 1 cm = 1 m or less.
Authors studying depositional patterns of carbonate
rocks use a scale of 1 cm =10 m.

3.1.2 Sampling

The following comments refer to outcrops and cores.
Sampling of cuttings requires specific methods dis-
cussed in Sect. 17.1.4.2.

Sampling depends on the nature of the project
(Griffith 1967). The scope of the problem must be de-
fined before collecting samples.

Typical research objectives may be

 depositional texture of carbonate rocks as an aid to
classifying rock types and assessing physical proper-
ties,

* type, texture and size of carbonate grains as an aid
to determining depositional environment and paleo-
currents,

 studies of grains, matrix, cement and pores for un-
derstanding diagenesis and physical/technological
properties of carbonate rocks,

e paleontological criteria, for subdividing and corre-
lating stratigraphical units or providing data which
can help with paleoenvironmental reconstructions.
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3.1.2.1 Search Sampling and Statistical
Sampling

Size of samples

Microfacies sampling should provide (1) lithological
samples exhibiting textures, structures and fossils on a
hand specimen scale, (2) samples for laboratory analy-
sis (samples for geochemical investigations should con-
sider induration and degree of weathering!), and
(3) samples for paleontological studies. Because the
methods used in laboratory investigations may not yet
be certain at the time of sampling, large-sized samples
are recommended allowing several medium to large-
scale thin sections to be prepared and specific ques-
tions to be studied. The sizes 5 x 4, 5 x 5, and larger up
to 20 x 15 cm have proved useful as formats for thin
sections used in microfacies analyses.

Large and oriented samples (showing the position
of the samples in spaces and marked in the field) are
necessary for
e determining top-and-bottom criteria, allowing the

depositional and structural top to be recognized,

* studying textural variations and fabrics (e.g. grain
orientation; bedding, discontinuity surfaces, biotur-
bation, breccia),

¢ describing biotic characters (e.g. growth forms, suc-
cession patterns, guilds). Reef limestones require
large and very large samples because of the high
compositional variations within centimeter and deci-
meter ranges. Only large samples allow synchronous
and non-synchronous associations to be differenti-
ated and sediment types and internal features (cavi-
ties, cryptic habitats) within bioherms or biostromes
to be discussed. Large samples, sometimes compris-
ing a whole bed, are also necessary for calciturbid-
ites (Herbig and Mamet 1994).

Equipment and first observations
Microfacies sampling requires the use of a hammer,
chisel and, sometimes specific equipment (angle grinder).
Hand lenses as well as a pocket microscope for grain
size measurements (Miiller 1967) and textural obser-
vations in the field are important prerequisites.
e Determine rock color, texture, composition and mean
size of grains, induration and weathering in hand
specimens.

Statistical sampling

Statistical sampling, based on random samples with
the objective of estimating the statistical probability of
facies types and patterns, is a common approach in mod-
ern microfacies studies (Carozzi 1988). Statistics re-
quire that the samples be taken according to a specific

How Many Samples?

plan, e.g. at equal distances or according to a random

distribution.

Common methods of sampling are:

e Simple random sampling: Samples are taken at un-
evenly spaced intervals determined by random num-
bers, and the variability of the samples is checked
by variance tests (Eltgen 1970).

e Systematic sampling: Samples are taken at evenly
spaced intervals and checked by significance tests;
(McCammon 1975). Sampling within a constant ver-
tical distance facilitates the statistical treatment of
distributional data (Grotsch et al. 1994).

 Stratified sampling: At least two samples are taken
from each bed; the number of samples should be
proportional to bed thickness.

e Cluster sampling: Several adjacent samples are taken
in random distribution. This approach was success-
fully used for microfacies studies of reef limestones
and shelf carbonates.

In practice, real possibilities of microfacies sampling
and theoretical statistical requirements differ widely due
to the outcrop situation, accessibility and physical con-
dition of the student carrying heavy sample bags. “We
collect what we can...’

Beware of the ‘family photo album effect’

In a family photo album extraordinary events like
birthdays and holidays are commonly overrepresented
as compared with photos of every day life. Similarly,
many microfacies samples are often selectively taken
because of a conspicuous abundance of fossils in some
beds or exceptional textural types. The ‘daily life’ re-
flected by more monotonous lithotypes (e.g. micritic
shelf limestones or hemipelagic limestones) is recorded
to a minor degree, because the vertical sampling dis-
tance is larger and the spacing more irregular. The depo-
sitional ‘trends’ (e.g. cycles) derived from samples rep-
resenting extraordinary events rather than ‘daily life’
may display an artificial pattern.

3.1.2.2 How Many Samples?

The variability, diversity, and richness of microfacies
data are related to sample size effects. An increase in
sample size may lead to an increase of richness and
diversity. Various analytical techniques are known to
estimate sample size in geological, biological, and ar-
cheological studies. Some methods are also valuable
in microfacies analysis (curves of sample size against
diversity or richness, regression and simulation tech-
niques). There is, of course, no general rule for the num-
ber of microfacies samples that are ‘truly representa-
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tive’ of the limestone studied, but some empirical ten-
dencies do exist:

Shallow-marine bedded carbonate sequences need
adetailed sampling program, because they exhibit high
microfacies variability due to changing subtidal and
tidal depositional sites and the common occurrence of
cyclic sedimentation patterns. A very close sampling
of cyclic carbonates at an interval of 0.10 m and less is
recommended if high-order short-term cycles are to be
detected (Buggisch et al. 1994). Thin- to medium-bed-
ded platform and ramp carbonates are commonly
sampled at intervals between 0.20 and 0.50 m (corre-
sponding to a bed-to-bed sampling) or at intervals of
several meters. Bed-to-bed sampling is advised if the
study aims to understand of short-term changes in en-
vironmental controls of biota and sedimentation. Novak
and Carozzi (1972) studied a 5 m thick section of Late
Carboniferous-Permian platform carbonates by using
thin section samples taken at intervals of 20 cm and a
continuous series of samples. Although continuous sam-
pling provided more information and allowed a better
separation of microfacies types, the general trend in
the sequence of microfacies types was still recogniz-
able for sampling intervals of 20 cm.

Wider intervals are used for (1) search sampling (tak-
ing samples preferentially from conspicuous beds no-
ticeable because of a particular composition, structure
or cyclic pattern), and (2) obtain pilot studies aiming to
a first overall picture of the section studied and recog-
nize lithotypes which may be evaluated later by micro-
facies data. Cyclothems that are evident already from
field observations are often described using only a few
samples. This may provide false information because
shallowing- or deepening trends of the cycles could be
missed. In addition, cyclic sedimentation patterns may
be obscured by the amalgamation of beds, thus calling
for densely spaced samples (Gischler et al. 1994).

Massive to coarse-bedded carbonates (reefs, mounds)
require the study of many samples in order to consider
(1) the variability of sediment within and between
frame-building and baffling organisms, (2) the various
kinds of voids and open-space structures common in
mounds and reefs, (3) lateral microfacies changes on a
decimeter-scale, and (4) relations between mound fa-
cies and intermound facies.

Microfacies analysis of bedded deep-water carbon-
ates often is based on rather few samples because of
the assumed ‘monotonous’ microfacies spectra of these
limestones. The calculated sampling interval (profile
thickness/number of samples) of most case studies lies
between 1.00 and 2.50 m. Wheras the overall qualita-
tive composition of deep-water limestones may indeed
be uniform, the quantitative investigation of microfa-
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cies criteria and microfossil distribution, based on a
‘one-centimeter style’ sampling exhibits hidden aspects
of environmental controls (No¢ 1993).

Hardgrounds and condensed pelagic limestones
should be studied in channel samples covering the to-
tal bed thickness and with particular consideration of
the bed surfaces, because microfacies types can change
within a distance of a few millimeters and centimeters.

Collecting samples for paleoecological or biostrati-
graphical analysis must take into account the strong
facies control of the frequency and distribution of fos-
sils.

Many microfacies studies aiming for biostratigraphi-
cal classifications are based on spot samples taken at
regular intervals or over a regular number of event beds
(e.g. calciturbidites). Channel samples continuous over
the total thickness of limestone beds are necessary to
understand fine-scale vertical variations in event beds.
These variations describe the hydraulic changes dur-
ing the formation of the calciturbidites.

3.1.2.3 Practical Advice for Microfacies
Sampling

1 Become clear about the principal aim of the investi-
gation and decide whether you will use random sam-
pling or systematic sampling strategies.

2 Start with a test section to understand the scale of
microfacies variations and choose the most appro-
priate vertical sampling distance.

3 Mark the orientation of the sample (sedimentary top
and, if necessary dip and strike, which may be im-
portant for the interpretation of grain orientation as
acurrent indicator) before removing the sample from
the bed.

4 Take samples of an appropriate size allowing for the
preparation of thin sections, the study of non-car-
bonates in acid residues and geochemical analyses.

5 Consider the negative effect of weathering and avoid
taking samples for geochemical and diagenetic stud-
ies at or near bedding surfaces.

6 Follow a strict sampling strategy, but do not exclude
sampling of beds showing rare but conspicuous cri-
teria (e.g. extremely fossiliferous beds, beds exhib-
iting differences in colors). But be careful not to fol-
low the ‘family photo album effect’ by sampling pre-
dominantly ‘extraordinary’ lithotypes.

7 Locate microfacies sampling in those parts of beds
which will deliver a maximum potential on infor-
mation.

8 When working with bedded carbonate sequences,
do not forget to sample also non-carbonate inter-
layers as well.
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9 Do not restrict sampling to microfacies alone, but
also collect macrofossils and specific micropaleon-
tological samples.

10Record the sampling locality and the beds sampled
in field photographs and detailed sketches.

Basics: Field work
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3.2 Laboratory Work: Techniques

Originally strongly focused on the study of thin sec-
tions, peels or slices with the aid of low to medium
power binocular and petrographical microscopy, the
combined use of conventional thin-section data and
more sophisticated detailed microscopy (SEM, cathodo-
luminescence and fluorescence microscopy) as well as
mineralogical and geochemical studies have proved to
be of high potential in the application of microfacies
analysis. Valuable summaries of techniques are found
in Miiller (1967), and especially in Tucker (1981). The
latter book includes excellent overviews of diverse mi-
croscopical methods, cathodoluminescence micros-
copy, scanning electron microscopy, X-ray powder dif-
fraction and chemical analysis of sedimentary rocks.
Texts covering the paleontological aspects of micro-
facies studies are listed in Sect. 10.4.

3.2.1 Slices, Peels and Thin Sections

The composition, fabric and texture of carbonate rocks
are studied in slices, peels, or thin sections which may
be etched or stained in various phases of preparation
in order to emphasize specific criteria. Various tech-
niques and methods are described by Adams et al.
(1984) and Miller (1988).

Slices: Oiling and gentle etching of cut and smooth-
ened carbonate rock faces exhibit otherwise cryptic fab-
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rics or show fabrics within apparently homogeneous

limestones (Bromley 1981).

Peels: The imprint of etched surfaces on transpar-
ent plastic films is the most rapid and simplest method
for studying cut, polished, and etched samples. Acetate
replicas can be made using a dry-peel technique
(McCrone 1963; Germann 1965) or by making peel
sheets by pouring solutions (ethyl cellulose in trichlo-
roethylene, nitrocellulose) on to glass plates (Davies
and Till 1968). The procedure of preparing peels in-
cludes (1) cutting, grinding (and polishing) the sample,
(2) drying and etching the cut surface, (3) flooding the
surface with a solvent and (4) pressing the film onto
the surface; the film will settle down into irregularities
in the etched surface and produce the replica. After pull-
ing off, the peel should be pressed or mounted between
glasses. Peels have many advantages:

e They offer a rapid and inexpensive method to ob-
tain a first observation of the characteristics of the
sample.

e Peels can be used not only for carbonates but also
for cherts, siliceous clastics and sulfates rocks
(Mandado and Tena 1986).

e Peels can be studied just like thin sections using a
binocular microscope or a simple microfiche equip-
ment and they can be placed in the negative carrier
of a photographic enlarger, producing large nega-
tive prints by projecting the image directly to bro-
mide paper. These prints may be used as working
copies exhibiting locations of areas of particular in-
terest.

e Replicas can be made of large surfaces, even up to
several tenths and hundredths of square centimeters.

¢ Serial peels can be produced by regrinding surfaces
after each peel, thus allowing the three-dimensional
reconstruction of open-space structures or fossils

only known from thin sections (Honjo 1963).
¢ Staining peels prior to the flooding of rock surfaces

allows minerals and fabrics to be differentiated (Katz

and Friedman 1965). Since earlier stains can be re-
moved by repolishing, different stains indicating dif-
ferent minerals can be used with good success.

e Peels are suited for high-magnification studies and
phase contrast microscopy (Frank 1965; Honjo and
Fischer 1965) and for SEM studies (Brown 1986).

e Acetate peels have proved to be of value in studying
carbonate cements and textural criteria (e.g. grain-
size distribution: Gutteridge 1985).

Disadvantages of peels are the susceptibility of ac-
etate films to contamination and the danger that po-
rous samples might be difficult to work with, because
the film may bulge into the pores, causing blisters. Ac-
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etate films are isotropic; the main disadvantage of peels,
therefore, is that minerals can not be identified by opti-
cal properties, such as relief or birefrigence.

Thin sections: The investigation of the composition

and fabric of surface and subsurface samples requires
standard thin sections with a thickness of approximately
30 um. These thin sections are usually cut perpendicu-
lar to the bedding. Initially, the thin sections should not
be covered, allowing later more detailed investigations
(staining etc.). Very fine-grained micrites are studied
in high-quality ultra-thin sections with a thickness be-
tween 0.5 and 5 um (Lindholm and Dean 1973), allow-
ing observations at magnifications of between x 150
and x 1000. Thin sections may be subject to etching
and staining (Friedman 1959; Houghton 1980;
Rassineux and Beaufort 1987). These procedures and
other more detailed studies (e.g. cathodoluminescence
microscopy: Mugridge and Young 1984) only can be
applied to uncovered thin sections. Rapid covering can
be done using a plastic spray (Moussa 1976). Micro-
facies thin sections are generally larger and thicker than
regular petrographic slides. Commonly used sizes are
from 5 x 5 up to 15 x 20 cm. Large thin sections are
necessary for studying reef limestones, coarse-grained
detrital limestones and carbonates deposited during
events (e.g. turbidites, tempestites).
e Note: Samples are generally cut perpendicularly to
bedding planes. Therefore, a thin section comprising a
vertical interval of 5 cm records a set of ‘microsequences’
corresponding to shorter or longer time intervals within
a scale of hundreds, thousands or more years.

3.2.2 Casts, Etching and Staining

Casts: Impregnation of carbonate rocks and fossils with
low viscosity epoxy resin under vacuum and under pres-
sure has a high potential in recognizing micron- and
submicron-scaled structures in porous but also moder-
ately porous carbonates and evaporites. Impregnation
of carbonate rocks with a mixture of fluorescent dye
and epoxy resin enhance the ability to study micro- and
macroporosity. SEM observations of artificial casts aid
in the study of
e microporosity and pore geometries of limestones and
chalks (Gardner 1980; Beckett and Sellwood 1991;
see PL. 6),
e modern and ancient microborings (Golubic et al.
1975; see P1. 52/1-4).

Etching and staining: Etching of slices or thin sec-
tions with hydrochloric acid (1-5% by volume) or ace-
tic acid (about 20% by volume) causes partial dissolu-
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tion that emphasizes textural criteria and allows subse-
quent staining, which is one of the most useful tech-
niques in carbonate rock studies. Comparing staining
techniques with other methods, e.g. X-ray diffraction,
may exhibit discrepancies in estimates of dolomite in
limestones (Gensmer and Weiss 1980). The success of
etching and staining depends on (a) the strength and
temperature of the reagents, (b) etching and staining
times, (c) the pre-treatment of the sample, and d) the
composition and fabric. An advantage of staining is the
possibility using the method already used during field
studies (Warne 1962).

Staining assists in (1) identifying minerals common
in carbonates (aragonite, Mg-calcite, calcite and dolo-
mite, gypsum and anhydrite, feldspars), (2) studying
dedolomitization (Evamy 1963), (3) recognizing micro-
porosity (Yanguas and Dravis 1985).

3.2.3 Microscopy

The microscopic study of thin sections of carbonate
rocks provides the basic microfacies data. The combi-
nation of microfacies analysis with the criteria derived
from fluorescence, photoluminescence, cathodolum-
inescene and fluid inclusion studies provide key infor-
mation on sedimentary and diagenetic processes.

3.2.3.1 Petrographic Microscopy

Good polarizing microscopes and binocular micro-
scopes are essential tools for microfacies studies. Micro-
scopes should have photographic equipment low and
high power magnification and should be equipped with
mechanical or computer-interfaced stages for examin-
ing modal composition and fabrics (Kobluk and Vyas
1989).

The speed, thoroughness and accuracy of thin-sec-
tion analysis can be increased by using integrated com-
puterized systems (Kobluk and Kim 1991). To provide
an overview of the whole thin section, the use of digi-
tal film scanners (De Keyser 1999) and microfiche in-
struments is strongly recommended. Microfacies ob-
servations should always start with low-power exami-
nations and continue to high-power magnification. Pri-
mary textural features in dolostones and recrystallized
limestones can be made visible by using a simple light
diffuser (translucent plastic or plain white paper), placed
directly under the thin section (Delgado 1977).

There are many excellent and colored texts on min-
eral identification in thin sections (e.g. Scholle 1979;
Adams et al. 1984; Carozzi 1993).

Casts, Etching, Staining
3.2.3.2 Stereoscan Microscopy

Utilization of Steroscan Electron Microscopy (SEM)
in the study of ancient and modern carbonate rocks has
brought about major breakthroughs in our understand-
ing of depositional and diagenetic products and pro-
cesses (Welton 1984; Trewin 1988).

The chief advantages of the SEM are the great depth
of focus, producing excellent photographs of extremely
small (micron- and submicron-sized) three-dimensional
surfaces, the high power of resolution and the possibil-
ity of very high magnifications in the range between
x 10 up to x 100 000.

Transmission Electron Microscopy (TEM) of repli-
cas, however,which has been used prior to SEM in the
study of carbonate rocks (Fischer et al. 1967), is still a
valuable tool in carbonate investigation (e.g. biomin-
eralization modes, microbial contribution to the forma-
tion of carbonates).

Today, SEM studies are a part of integrated analy-
ses which combine SEM with energy dispersive X-ray
(EDX) data, back-scattered electron images and image
analysis, cathodoluminescence microscopy and conven-
tional studies of (stained or etched) peels and thin sec-
tions. Peels and thin sections can be used directly for
SEM studies. EDX studies show element composition
and element distribution. Element mapping is used to
distinguish mineralogical phases and to elucidate Mg
and Sr distributional patterns in cements and fossils.

Carbonate SEM samples should be unaffected by
weathering. Nonporous limestones and dolomites are
studied using untreated fractures of rock chips or slices
(size about 5 by 10 by 10 mm) which are polished and
etched with dilute hydrochloric acid or formic acid, or
Titriplex-III. Samples are mounted on stubs by double-
sided sticky tape or various glues. Porous carbonates
may need specific sample treatment (Trewin 1988).

The major applications of SEM in investigating car-
bonate rocks include studies of the

e matrix of fine-grained limestones (micrite, chalk)
and the composition of modern carbonate muds,

e composition and ultrastructure of fossils and non-
biogenic carbonate grains,

e breakdown of fossils, including the importance of
endolithic borings in the destruction of grains and
the formation of micritic coatings,

* type, sedimentological and biostratigraphical role of
micro- and nannofossils,

e distribution and geometry of micropores,

¢ mineralogy, morphology and spatial relations of car-
bonate cements,

* stages of dolomitization,
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¢ type and distribution of non-carbonate minerals,
 changes taking place during burial diagenesis and in-
cipient metamorphosis.

3.2.3.3 Fluorescence, Cathodoluminescence
and Fluid Inclusion Microscopy

Fluorescence is a form of luminescence and represents
the property of material to emit light when exited by
visible or ultraviolet light (Rost 1992). Fluorescence
microscopy is a standard technique in coal petrogra-
phy, paleobotany, and the organic petrography of sedi-
ments of mainly organic origin or with a high organic
content (e.g. petroleum source rocks). Fluorescence in
limestones is probably caused by organic matter
(Machel et al. 1991). Samples are studied as polished
slices and thick thin sections (Clausing 1991). Epiflu-
orescence in carbonates is used for
e recognizing hidden microfabrics (Dravis and Yure-
wicz 1985; Klotz 1989),
* studying organic constituents of fine-laminated lime-
stones (e.g. cyanobacteria, algae, pollen and spores),
 differentiating automicrites and allomicrites (Neu-
weiler 1995),
* understanding biomineralization processes.

Cathodoluminescence (CL) microscopy of carbon-
ate rocks, starting with the work of Sippel and Glover
(1965), is a significant tool in the petrography of ma-
rine and non-marine carbonates (Marshall 1988; Barker
and Kopp 1991; Barbin et al. 1991) and in the investi-
gation of primary or diagenetic microstructures of fos-
sils (Amieux 1987; Elorza et al. 2001). CL microscopy
stimulates luminescence on polished thin sections
(thickness < 30 um) and polished rock surfaces by elec-
tron bombardment. Luminescence depends on the ma-
terial characteristics of the excited solid. These charac-
teristics comprise the chemistry, crystal structure, lat-
tice defects and other factors (Hemming et al. 1989).
The main activator elements of carbonates are Mn**
and Pb*2, Activation of calcite and dolomite by Rare
Earth elements is also a common feature of Phanero-
zoic marine limestones and sinter calcites (Habermann
etal. 1996). The subjective determination of CL colors
should be supplemented by spectrometric analyses. CL
studies are often combined with petrographic micros-
copy (Gregg and Karakus 1991) and rare element mi-
croanalyses, and have become a significant part of
microfacies analyses. The major applications of CL
microscopy for carbonate rocks (see PI. 5) are for
e observing and interpreting of diagenetic phases (e.g.

zonar structures within crystals reflecting changes in
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the chemical environment and/or in the growth
speed; early diagenetic and burial cements reflect-
ing burial depths; mineral transformations, such
as the alteration of calcite to dolomite (Richter 1984),

 evaluating pore water chemistry, reflected by sector
zoning in calcite crystals (Bruckschen et al. 1992),
and interpretation of the diagenetic history of reser-
voir rocks,

e reconstructing diagenetic events which identify
stages of cementation and provide a ‘cement strati-
graphy’ that are used to establish cement-based
stratigraphic correlations (Meyers 1991),

e recognizing fabrics (e.g. distinction of recrystallized
structures, recognition of microcracks),

¢ studying the diagenesis of fossils.

Fluid inclusions in minerals have been studied dur-
ing the last twenty years with respect to the genesis
and migration of hydrocarbons, mineral deposits, di-
agenesis of sedimentary rocks and problems of struc-
tural geology and petrology (Roedder 1984, 1990;
Lattanzi 1991). Fundamental for the interpretation of
fluid inclusion data is the assumption, that the fluid
inclusions still have the same composition and volume
as at the time of formation in a closed system. Alter-
ations may be caused by changes in geometry and vol-
ume or by a temporary or permanent opening of the
inclusions.

Carbonate crystals with fluid inclusions appear dark
in thin sections and polished sections. Cloudy inclu-
sions of aqueous liquid and vapor within carbonate crys-
tals provide information on the diagenetic environment
of cements (vadose zone, low-temperature phreatic
zone, high-temperature burial zone) and their thermic
history. The size of the inclusion ranges from < 10 um
to 30 um.

Fluid inclusions are caused by primary engulfment
of fluids within growing crystals or by secondary en-
trapment of fluids in microfractures that are subse-
quently healed. Samples should not have been subjected
to significant overheating beyond the temperature of
entrapment or the temperature of homogenization
(Barker and Goldstein 1990) and should have been
reequilibrated during recrystallization and deformation.
Calcite crystals should display distinct growth zones.
Genetic interpretations and classifications are based on
the composition, form, and position of the inclusions
as well as their relationship to crystal structures
(Roedder 1984; Goldstein 1993).

Investigations require a petrographical microscope
(with UV epifluorescence capabilities for differentiat-
ing aqueous and hydrocarbon inclusions) and a heat-
ing and freezing stage. Fluid inclusion studies are com-
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Plate 5 Cathodoluminescence (CL): A Possibility to See More

Cathodoluminescence microscopy of thin sections has become an important tool of microfacies analysis.It
assists in observing diagenetic phases recorded by different cement types (—> 1, 2, 8) and establishing a
‘cement stratigraphy’as well as recognizing zonation patterns of calcite crystals and the mode of porosity
occlusion (—> 3).

CL reveals the original structures of fossils and their growth modes (—> 4) and facilitates the recognition
of diagenetic not or little altered shells which can be used for the determination of stable isotopes. Generally
CL accentuates diagenetic and sedimentary textures (—> 6, 7), thus allowing a more precise observation of
microfacies criteria. The combined use of CL and petrographic microscopy is strongly recommended.

1 and 2 Primary interparticle pore in transmitted light (—> 1) and under CL (—> 2). Note the different appearance of
cement successions. The succession consists of a light-brown luminescent radialfibrous cement (A) circumcrusting
a grain followed by non-luminescent dogtooth cement (B) and banded yellow to brown luminescent burial coarse
mosaic calcspar cement which fills the remaining pore space. Early Jurassic: Carbonate platform of Jbel Bou Dahar,
High Atlas, Morocco.

3 Zoned crystal growth. The luminescence pattern exhibits the distinct zonation of a large crystals filling the pore space
in a travertine. Quaternary: Tivoli near Rome, Italy.

4 Ulltastructure and growth modes of fossils: Shell of the inoceramid species Antarcticeramus rabotensis (Crame and

Luther).
Under cathodoluminescence a distinct yellow luminescent lamina is visible which interrupts the normal sized prisms
constructing the shell. A recovery to normal crystal sizes is rather slow as seen by the smaller prisms (here) left of
the yellow lamina. This interruption in shell growth is interpreted as the result of a cooling interval or even a freeze
shock which influenced the growth of prisms in the shell. Growth direction of the shell is from right to the left in this
picture. Late Cretaceous (Campanian): James Ross Island, Antarctica.

5 Grade of diagenetic alterations of shells. Punctate brachiopod. The brachiopod shell appears dark (unaltered) with
some luminescent parts (diagenetically altered). The punctae are filled by orange luminescent diagenetic calcite.
Sediment in the lower part shows bright orange luminescence due to Mn?* incorporation (‘activator’ ion) during the
diagenetic transformation of metastable aragonite and High-Mg calcite to the stable phase Low-Mg calcite and are
therefore relatively stable to diagenetic alteration. Unaltered shells usually show no luminescence. The shell belongs
to the genus Schizophoria. Devonian: Iowa, USA.

6 Diagenetic stages: Relictic ooids. The ooid layers were dissolved mainly during late burial diagenesis; the preserved
core consists of recrystallized shell fragments which show a weak red to orange luminescence. Open moldic porosity
appears dark. The outline of the ooids is traced by orange to red luminescent early diagenetic micritic envelopes and
fine crystalline cements.

Interparticle porosity between ooids is filled by coarse crystalline sparite showing bright orange luminescence. This
is interpreted as the result of late diagenetic neomorphism of an original early diagenetic marine-phreatic sparite. Late
Cretaceous: Sinai Peninsula, Egypt.

7 Dolomitization and compaction. Dolomite rhomboids. The rhomboids have a non-luminescent to weakly luminescent

core surrounded by a bright orange luminescent zone. The weak luminescence of the cores indicates iron-rich
diagenetic fluids and the incorporations of Fe** in the dolomite lattice (‘quench’ ion) during crystal growth.
By contrast, the final bright orange luminescent zone indicates changing pore fluid chemistry with more Mn%*
incorporation in the crystal lattice. Broken cores cemented by the outer luminescent zone indicate ongoing
compaction during dolomitization. The rhomboids are interpreted as baroque dolomite typical of late burial
diagenesis. Same locality as —> 6

8 Diagenetic filling of a fossil (brachiopod shell not visible in figure). Left part shows sediment (micrite) with red to
orange luminescence due to diagenetic transformation to Low-Mg calcite and the incorporation of Mn?* in the calcite
lattice. Remaining porosity was cemented by large calcite crystals (right) formed during late diagenesis. The distinct
zoning of the crystals with weak and bright orange luminescent zones indicates slow crystal growth, changing pore
water chemistry and/or changing redox conditions during crystal formation. The latest cements exhibits bright orange
to yellow luminescence and document the final stage of the diagenetic cements. Middle Devonian: Anti-Atlas,
Morocco.

—> 1, 2: Blomeier and Reijmer 1999; 3: Courtesy of R. Koch (Erlangen); 4: Elorza et al. 2001; 5-8: Courtesy of R. von
Geldern (Erlangen)
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4 Microfacies Data: Matrix and Grains

The purpose of this chapter is to outline and discuss
the criteria used in the description of matrix and grains.
Microfacies criteria reflected by fabrics and quantita-
tive microfacies data are discussed in Chap. 5 and 6.

Major constituents seen in thin sections of carbon-
ate rocks are ‘grains’ and ‘groundmass’, the latter de-
veloped as fine-grained carbonate ‘matrix’ or as sparry
calcite representing pore-filling cements or recrystal-
lized matrix. A sparry calcite groundmass is conven-
tionally called “sparite’ (calcite spar), and discussed in
Chap. 7. Grains and matrix are separated at 62.5 um in
terrigenous sediments but at much lower values in car-
bonate rocks. Here the lower limit is defined differ-
ently as larger than 4 um or >20 pm or >50 um. SEM
studies reveal the arbitrary character of particle size
boundaries between grains and matrix, but a conven-
tional definition is necessary for thin-section studies.

The physical arrangement of particles, including
their texture and structure, forms a fabric which reflects
the depositional and diagenetic controls on the forma-
tion of carbonate rocks.

4.1 Fine-Grained Carbonate Matrix:
Micrite, Microspar, Calcisiltite

Fine-grained matrix constitutes a significant part of the
carbonate record. Despite the importance of micro-
crystalline limestones in basin analysis and as reser-
voir rocks and limestone resources, classifying and ge-
netically interpretating microcrystalline carbonates still
involve many problems. However, the advent of the
scanning electron microscope and the data provided by
geo- and biochemical analyses now allow us to take a
closer look at modern carbonate muds and ancient fine-
grained limestones.

Definition: The term matrix denotes the interstitial
material between larger grains. Most definitions refer
to the relatively small size of the crystals and/or par-
ticles bordering intergranular pores. Hence the matrix
of micro-grained limestones includes fine-grained ma-

E. Flugel, Microfacies of Carbonate Rocks, 2nd ed.,

terial such as micrite, microspar and calcisiltite. A com-
mon generalization is that ‘matrix’ is synonymous with
‘groundmass’, but some authors use these terms to des-
ignate both fine-grained interstitial material (e.g. mi-
crite) as well as coarse interstitial crystal fabrics (e.g.
sparite formed by cementation or neomorphic pro-
cesses, see Sect. 7.6). This contradicts the limitation of
the term matrix to “‘mechanically deposited material be-
tween particles — as distinct from precipitated cement’
(Bathurst 1975). One should be cautious about regard-
ing all fine-grained interstitial material as synsedimen-
tary matrix: Intensive micritization, compaction and
neomorphism of mixed carbonate/siliciclastic deposits
as well as alterations of peloids may lead to the forma-
tion of a carbonate pseudomatrix (Dickinson 1970;
Geslin 1994).

Techniques: Genetic interpretation and the under-
standing of the properties of fine-grained carbonates
require the examination of polished and/or etched rock
surfaces, thin sections, stereoscan microscope and trans-
mission microscope studies, the investigation of geo-
chemical and isotopical signatures as well as the use of
biomarkers (Sect. 13.3). Conventional thin sections
used in microfacies studies are commonly too thick
(about 30 um) to reveal distinct crystal boundaries. Peels
and ultra-thin sections offer better data (Honjo and
Fischer 1965; Wolf et al. 1967; Lindholm and Dean
1973; Murphy 1986; Tucker 1988).

Micrite textures described only on the basis of light
microscopy may be inadequate. Epifluorescence mi-
croscopy assists in the discussion of organic material
preserved in limestones (Dravis and Yurewicz 1985,
Neuweiler and Reitner 1995). SEM studies of broken,
polished and etched surfaces provide an insight into
the variability of micrites. Polished and etched SEM
samples deliver better results than broken surfaces. The
main data which can be retrieved from SEM studies of
fine-grained carbonates are summarized in Box 4.1.

Major categories: Micro-grained limestones exhibit
mean sizes commonly between 2 pm to about 30 um.

DOI 10.1007/978-3-642-03796-2_4, © Springer-Verlag Berlin Heidelberg 2010
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