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Preface

Petroleum geology is not a well-de ned academic subject. It includes many different
aspects of the Earth sciences which are used in petroleum exploration and production.
Nearly all types of insight can in some cases be useful in petroleum exploration,
but there are some disciplines that are most relevant. Since petroleum is formed and
hosted in sedimentary rocks, sedimentology is critical. Palaeontology is important
for dating rocks and carbonate reservoirs may consist mostly of fossils. Structural
geology and basin analysis are also vital for reconstructing the migration and trapping
of petroleum. Geochemistry and petroleum chemistry are also important.

Geophysical methods are essential for logging and seismic exploration, and
recently electromagnetic methods have also been used in exploration and production.

Most universities do not offer speci ¢ courses in petroleum geology/geophysics
and only a few have a Masters or PhD programmes in this eld. Oil companies
therefore recruit many geologists with little training in these subjects.

In this book we have tried to give a basic introduction to disciplines relevant
to petroleum exploration and we have also included some aspects of petroleum
production.

Since so many different disciplines are included in this book it is clear that it has
not been possible to make in-depth treatments of each of these. This book provides a
relatively condensed and precise presentation of the basic facts in each subject and it
was therefore necessary to limit the number of eld examples and cases.

We have attempted to write a book which requires only a limited background
in geology and geophysics. Some of the chapters are therefore relatively basic, but
others are more advanced and we have then included more discussions and references
to original research papers.

The reference to the original literature had to be limited because of the wide range
of disciplines. In the past textbooks often included very extensive lists of references
which were very useful when searching for relevant literature. With the electronic
data bases available now it is easy to search for relevant references and new textbooks.

In this textbook we want to bridge the gap that often seems to exist between geo-
physical and geological disciplines and there is an emphasis on sediment compaction,
uid ow and rock physics.

The skills required from a petroleum geologist have changed greatly over the years.
Traditionally the main task was to identify reservoir rocks, structures with closure and
the proximity of a mature source rock. We are running out of “the easy to nd” and
“easy to produce” oil and gas, and exploration and production technology is becoming
more advanced.

Production of unconventional oil (tar sand, oil shale) and also tight gas reservoirs
and gas shale, requires a stronger background in mineralogy, chemistry and physics.

\



vi Preface

The geophysical methods have become increasingly sophisticated and it is now
often possible to detect the presence of gas and oil prior to drilling based on seismic
data. Electromagnetic methods that were primarily used in mineral prospecting are
also used to nd oil. As conventional oil is becoming more scarce more geologists
are becoming involved with exploration and production of heavy oil, oil shales and
shale gas.

This requires a stronger background in the chemistry and physics of petroleum
and also in mineralogy and rock mechanics (rock physics). Physical and chemical
modelling is also very important.

Even if alternative sources of energy are being developed the world will require
fossil fuels for several decades. It is a great challenge to limit the environmental
consequences of such production.

Although | have the main responsibility for this book, it includes separate
contributions from:

Per Avseth (Rock Physics), Odin Petroleum, Bergen, Norway.

Jan Inge Faleide (Regional Petroleum Geology — mainly from offshore Norway),
University of Oslo, Oslo, Norway

Nils-Martin Hanken (Carbonate Rocks), University of Tromsg, Tromsg, Norway

Roy Gabrielsen (Structural Geology), University of Oslo, Oslo, Norway

Martin Landrg (4 D Seismics), NTNU Trondheim, Trondheim, Norway.

Nazmul Haque Mondol (Exploration Geophysics), University of Oslo, Oslo, Norway

Jeng Nagy (Stratigraphy), University of Oslo, Oslo, Norway

Kaare Hgeg (Rock Mechanics), Department of Geosciences, University of Oslo,
Oslo, Norway

Jens Jahren (Sandstone Reservoirs), Department of Geosciences, University of Oslo,
Oslo, Norway

Jesper Kresten Nielsen (Carbonate Sedimentology), SINTEF, Trondheim, Norway.

Adrian Read has been of great assistance as Text Editor in the preparation of this
book.
Several of our PhD students have helped out with illustrations etc:

Tom Erik Maast

@yvind Marcussen

Olav Blaich

Brit Thyberg

Delphine Croizé, Masaoki Adachi and Jon Reierstad have made many of the gures
in the book and Jan Petterhold and Tove Midthun have produced illustrations for
Chapter 5

Olav Walderhaug has kindly made useful commentShapter 4sandstone reser-
voirs and clastic diagenesis).

Statoil has provided funding which has helped the preparation of this book, and
we are grateful for this support.

Fugro Geoscience Division has kindly provided good seismic data from offshore
Norway and also from other parts of the world.

Oslo, Norway Knut Bjarlykke
March 2010
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Chapter 1

Introduction to Petroleum Geology

Knut Bjgrlykke

Petroleum geologycomprises those geological disdikely presence of source rocks with a high content
ciplines which are of greatest signi cance for theof organic matter, reservoir rocks and cap rocks. The
nding and recovery of oil and gas. Since most oflistribution and geometry of potential sandstones or
the obvious and “easy to nd” petroleum alreadycarbonate reservoirs requires detailed sedimentolog-
has been discovered it is necessary to use sophlicl models, and sequence stratigraphy has been a
ticated methods in the exploration of sedimentanyseful tool in such reconstructions.

basins. These include advanced geophysical tech-The biostratigraphic correlation of strata
niques and basin modelling. There is also much moemcountered in exploration wells is achieved by
emphasis now on enhanced recovery from the provicropalaeontology(including palynology), a eld
ducing elds. Petroleum technology has made gredeveloped very largely by the oil industry. Due to
progress and many new tools and modelling praohe small size of the samples obtained during drilling
grams have been developed, both in exploration an@erations one cannot rely on macrofossils; even in
production. core samples the chance of nding good macrofossils

Itis however important to understand the geologic& poor. By contrast a few grams of rock from the drill
processes which determine the distribution of differeuttings may contain several hundred microfossils
sedimentary rocks and their physical properties. This palynomorphs. These also usually provide better
knowledge is fundamental to being able to successfukyratigraphic resolution than macrofossils.
apply the methods now available. Reservoir rocks are mostly sandstones and carbon-

It is dif cult to know where to start when teach-ates which are suf ciently porous to hold signi cant
ing petroleum geology because nearly all the differeamounts of petroleum. The composition and proper-
disciplines build on each other. ties of other rock types such as shales and salt are also

This introductory chapter will provide a short andmportant.
rather simple overview of some aspects of petroleum The sedimentary environments (sedimentary facies)
geology to introduce the subject and the problemdetermine the distribution of reservoir rocks and their
Most of the other chapters will then expand on whadrimary composition. Sediments do, however, alter
is presented here to provide a better background timeir properties with increasing overburden due to
relevant subjects. diagenesis during burial.

Since practically all petroleum occurs in sedimen- Diagenetic processedetermine the porosity, per-
tary rocks,sedimentary geologiprms one of the main meability and other physical properties such as velo-
foundations of petroleum geologf$edimentological city, in both sandstone and limestone reservoirs.
modelsare used to predict the location of differenChemical processes controlling mineral reactions are
facies in the sedimentary basins, and from that theportant.

K. Bjarlykke ()
Department of Geosciences, University of Oslo, Oslo, Norway
e-mail: knut.bjorlykke@geo.uio.no

K. Bjarlykke (ed.),Petroleum Geoscience: From Sedimentary Environments to Rock Physics 1
DOI 10.1007/978-3-642-02332-3_1, © Springer-Verlag Berlin Heidelberg 2010



2 K. Bjarlykke

Organic geochemistrywhich includes the study Geophysicalvell-loggingmethods have developed
of organic matter in sediments and its transformaticegually rapidly, from simple electric and radioactive
into hydrocarbons, has become another vital part lwfgs to highly advanced logging tools which provide
petroleum geology. detailed information about the sequence penetrated

Tectonics and structural geologyovide an under- by the well. Logs provide a continuity of informa-
standing of the subsidence, folding and uplift respondion about the rock properties which one can seldom
ble for the creation and dynamic history of a basin. Thabtain from exposures or core samples. This infor-
timing of the folding and faulting that forms structuraimation makes it possible to interpret not only the
traps is very important in relation to the migration ofithological composition of the rocks and the variation
hydrocarbons. of porosity and permeability, but also the depositional

Seismic methodhave become the main tool forenvironment. Image logs make it possible also to detect
mapping sedimentary facies, stratigraphy, sequenmedding and fractures inside the wells.
stratigraphy and tectonic development. Marine seis- Practical petroleum geology is not only based on
mics recorded from ships have become very ef ciemhany different geological and geophysical disciplines.
and seismic lines are shot at only a few 100 m spaciggood background in basic chemistry, physics, math-
or less. Because of the rapid improvement in the quamatics and computing is also required, particularly for
ity of seismic data processing techniques, geologiadifferent types of basin modelling.
interpretation of seismic data has become an entirely
new and expanding eld. Seismic and other geophys-
ical data are often the only information we have . .
particularly for offshore exploration where drilling isl'l A Brief Petroleum History
very costly. Shooting seismic lines with a close spac-
ing allows high resolution 3D seismic imagery to b&here are many places where oil seeps out of the
produced for critical parts of sedimentary basins. Bground. Bitumen produced from such naturally occur-
repeating a 3D reservoir seismic survey during proing crude oil has been collected and used since ancient
duction, one can observe how the gas/oil and oil/watémes, both for lighting and medicine, and by the
contacts move as the reservoir is depleted. This Greeks even for warfare. In some places, for exam-
called 4D seismic because time provides the fourfile Germany in the 1800s, small mines were dug to
dimension. get at the oil. Before 1859 oil was also recovered from

Geophysical measurememisy include gravimetry coal for use in kerosene lamps. It was not until Edwin
and magnetometry; electromagnetic methods that wddeake’s exploits in 1859 at Oil Creek near Titusville in
used mostly in ore exploration have also been appli®dest Pennsylvania that oil was recovered in any quan-
to oil exploration. Electromagnetic methods have begity from boreholes. He drilled a well about 25 m (70 ft)
used to detect sediments with low resistivity due to thaeeep which produced 8-10 bbl/day, a huge production
presence of oil instead of saline water. This methadte compared with anything earlier. A few years later
requires a few 100 m of water and relatively shallowhere were 74 wells round Oil Creek, and the USA’s
accumulation. annual production had risen to half a million barrels.

Seismic surveyare more expensive on land tharOutside the USA the calculated total production at
by ship at sea because geophones have to be plattet time was maximum 5,000 bbl. In 1870 produc-
in a grid, often on uneven and dif cult land surfacestion had increased tenfold, with 5 million bbl from the
Drilling on land, however, costs much less than frordSA, and 538,000 bbl from other countries. In south-
offshore rigs and a much denser well spacing can ken California oil production started early in 1864 (in
used during both exploration and production. Santa Paula), but for many years oil was mined by driv-

Indirect methods ofmapping rock typesmploying ing shafts into the oil-bearing strata because it was so
geophysical aids are becoming increasingly impoheavy and biodegraded that it would not ow in a well.
tant in petroleum geology, but it is still necessary to In its infancy, oil exploration consisted largely of
take samples and examine the rocks themselves.lobking for oil seepage at the surface and drilling in
petroleum geologist should have a broad geologictile vicinity, which did not require much geological
training, preferably also from eld work. knowledge. It was then realised that oil and gas occur
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where layers of sedimentary rocks form domes or ansieismic it was not possible to effectively explore deep
clinal structures since petroleum is less dense thhelow the sea oor in sedimentary basins offshore. As
water and a low permeability (seal) layer is needddng as there was an abundance of oil to be found in
to prevent the oil and gas from rising and escapingnshore basins there was little incentive to develop
This led to extensive geological mapping of anticlinesostly drilling rigs for offshore exploration and plat-
and domes visible at the surface, particularly in thi®rms for production.

USA. It was also found that oil elds had a tendency Since the 1970s an increasingly large share of inter-
to lie along structural trends de ned by anticlines onational prospecting has taken place offshore, helped
faults and this “rule” was used in prospecting. Thiby improved seismic methods. Advanced well log
is also often the case with salt domes, which becartechnology in particular made it possible to gain opti-
important prospecting targets. mal information from each well. Before the develop-

Oil production developed rapidly up to the end ofment of powerful computers, seismic recordings were
the nineteenth century, and more systematic geologitelsed on analogue methods which produced results
principles for prospecting were gradually developedery far removed from the standard of modern seis-
The geological information which one obtains at thenic data. Recording of seismic data from ships is much
surface is often not representative of the structurésss expensive than onshore where geophones have to
deeper down. Structures which are not visible at thee laid out manually. Onshore, extensive drilling may
surface could be mapped by correlation between welle cheaper than expensive seismic mapping.
using logs and cuttings from the drilling. One method Rising oil prices and new technology have made
was to measure the depth of particularly characterisgégploration nancially attractive in areas which pre-
strata through analysis of cuttings in different wellsviously were of little interest, including in very
Improved electrical measurements (logs) from wellsleep waters. High oil prices can also pay for more
developed during the 1920s and 1930s, made the whelghanced hydrocarbon recovery from reservoirs. There
effort much simpler because they provided continuoae now relatively few sedimentary basins in the
vertical sections through the rocks. The rstlogs wergiorld that have not been explored and it is getting
simple recordings of how well rocks conduct electrincreasingly dif cult to nd new giant elds (>500
cal currents (resistivity), and later also gamma loggsillion bbl).
recorded the gamma-radiation emitted by the different There is now increasing interest in heavy oil, tar
sedimentary rocks. sand and oil shale.

The USA maintained its position as the major world Oil shale is a source rock exposed near the sur-
producer of oil and gas well into the twentieth centuryace. If the source rock (shale) is mature it will have
Americans thus became leaders in the developmentaotharacteristic smell of hydrocarbons, but it may not
oil technology, which today is strongly re ected in thebe mature so that hydrocarbons have not been gen-
industry’s terminology. USA also rapidly became therated. If the oil shale is mature much of the oil has
world’s greatest consumer of oil and gas, and noescaped by primary migration. Since the hydrocarbons
has to import at least 60% of its oil consumptiomre thoroughly disseminated in the ne-grained sedi-
despite still having a large home production (8 millioment, oil cannot be produced in the same way as from
bbl/day). sandstone or carbonate reservoirs. The hydrocarbons

The US consumption (21 million bbl/day) is acan only be obtained by breaking and crushing the
very large fraction of the total world consumptiorshale and heating to distill off the interspersed hydro-
(90 million bbl/day) carbons. Shales can however contain gas which can

It was rst in the 1930-1940 period that the indusbe produced when there is a network of small frac-
try became aware of the vast oil resources of thares. Gas shale is expected to be an important source
Middle East, which now account for about 60% obf petroleum in the years to come, particularly in the
world reserves. Since then this region has dominatexs. Very large amounts of fossil fuels are stored in
oil production. organic-rich mudstones or shales that have not been

In the 1950s and 1960s prospecting for oil and gdmiried deeply enough for the organic matter to be con-
was extended onto the continental shelves, openiwgrted to petroleum. In this case very little hydrocarbon
up new reserves. Until the development of modelmas excaped but these deposits must be mined and
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heated to 400-50C in ovens to generate petroleunmatter, it is important to understand how and where
(pyrolysis). sediments with a high content of organic matter are

The Tertiary Green River Shale in Colorado, Utaldeposited.
and Wyoming represents one of the largest petroleumThe total production of organic material in the
reservoirs in the world. This is a lake deposit, and theorld’s oceans is now 100 tonnes/year. Nutrients
organic matter consisted mainly of algae. for this organic production are supplied by erosion of

Although very large quantities of petroleum can beocks on land and transported into the ocean. The sup-
produced from oil shale, production costs are at presealy of nutrients is therefore greatest in coastal areas,
too high compared to conventional oil. There are alqmrticularly where sediment-laden rivers discharge into
serious environmental problems involved in produdhe sea. Plant debris is also supplied directly from the
tion from oil shale, and the process requires very largend in coastal areas.
quantities of water, a resource which is not always Biological production is greatest in the uppermost
plentiful. 20-30 m of the ocean and most of the phytoplankton

The oil reserves in such deposits exceed convegrowth takes place in this zone. In clear water, sun-
tional oil reserves, but the expense and environmentight penetrates much deeper than in turbid water, but
issues involved with production from these types dh clear water there is usually little nutrient supply.
reservoirs clearly limit their exploitation. This is par-At about 100-150 m depth, sunlight is too weak for
ticularly true of production from oil shale. photosynthesis even in very clear water.

Phytoplankton provides nutrition for all other
marine life in the oceans. Zooplankton feed on phy-
toplankton and therefore proliferate only where there
is vigorous phytoplankton production. Organisms sink
after they have died, and may decay so that nutrients
It is well documented that oil accumulations are adire released and recycled at greater depths.
organic origin and formed from organic matter in sed- Basins with restricted water circulation will pre-
iments. Methane can be formed inorganically and &erve more organic matter and produce good source
found in the atmosphere of several other planets, lnaicks which may mature to generate oil and gas
inorganic methane from the interior of the earth i§Fig. 1.2a, b).
likely to be well dispersed and thus not form major gas In polar regions, cold dense water sinks to great
accumulations in the earth’s crust. depths and ows along the bottom of the deep oceans

The organic matter from which petroleum is derivetbwards lower latitudes. This is the thermal conveyor
originated through photosynthesis, i.e. storage of solaglt transporting heat to higher latitudes and it keeps
energy (Figl1.1). the deep ocean water oxidizing. In areas near the equa-

Sunlight is continuously transformed into suchor where the prevailing winds are from the east the
energy on Earth but only a very small proportion ofurface water is driven away from the western coast
the solar energy is preserved as organic matter aofthe continents. This generates a strong upwelling of
petroleum. The oil and gas which forms in sedimemutrient-rich water from the bottom of the sea which
tary basins each year is thus minute in comparison wisiustains especially high levels of primary organic pro-
the rate of exploitation (production) and consumptiorduction (Fig.1.3). The best examples of this are the
In practice petroleum must therefore be regarded as@ast of Chile and off West Africa.
non-renewable resource even though some petroleunmThrough photosynthesis, low energy carbon dioxide
is being formed all the time. and water are transformed into high energy carbo-

Most of the organic materials which occur in sourchydrates (e.g. glucose):
rocks for petroleum are algae, formed by photosynthe-
sis. The zooplankton and higher organisms that are also
represented grazed the algae and were thus indirectly
dependent on photosynthesis too. The energy which
we release when burning petroleum is therefore storedThe production of organic matter is not limited by
solar energy. Since petroleum is derived from organ@arbon dioxide or water, but by nutrient availability.

1.2 Accumulations of Organic Matter

CO;+ HO  CH20 (organic matter+ O,
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Fig. 1.1 Transformation of solar energy to fossil fuels by photoexidised. As a result very little organic matter is buried and
synthesis. Only a small fraction of the solar energy is usedored in sedimentary rocks and very little of this is concentrated
for photosynthesis and most of the produced organic matteréaough to become a potential source rock

Phosphorus (P) and nitrogen (N) are the most impdsurn hydrocarbons, e.g. while driving a car, energy
tant nutrients, though the supply of iron can also ke obtained by oxidation, again essentially reversing
limiting for alga production. It is this process of photothe photosynthesis equation quoted above. Oxidation
synthesis, which started 4 billion years ago, that has 100 g glucose releases 375 kcal of energy.
built up an atmosphere rich in oxygen while accucarbohydrates that are produced but not consumed by
mulating reduced carbon in sedimentary rocks as oikspiration can be stored as glucose, cellulose or starch
gas and coal. Most of the carbon is nevertheless nely the cell walls. Photosynthesis is also the biochemical
divided within sedimentary rocks, for example shalesource for the synthesis of lipids and proteins. Proteins
and limestones, in concentrations too low to generagee large, complex molecules built up of condensed
signi cant oil and gas. amino acids (e.qg. glycingHoNCH,S COOH)).

Energy stored by photosynthesis can be usedDried phytoplankton contains 45-55% carbon,
directly by organisms for respiration. This is the oppo4.5-9% nitrogen, 0.6—-3.3% phosphorus and up to 25%
site process, breaking carbohydrates down into carbohboth silica and carbonate.
dioxide and water again, so that the organisms gain Planktonic algae are the main contributors to the
energy. organic matter which gives rise to petroleum. Among

This occurs in organisms at night when theréhe mostimportant are diatoms, which have amorphous
is no light to drive photosynthesis. Also when wesilica (opal A) shells.
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Fig. 1.2 (a) Depositional environments for potential source andource rocks into reservoir rocks after burial and maturation.
reservoir rocks. Depressions on the sea oor with little watefhe carbonate trap (e.g. a reef) is a stratigraphic trap, while the
circulation provide the best setting for organic matter to be acceandstone forms a structural trap bounded by a fault

mulated before it is oxidisedb) Migration of petroleum from

Diatoms are most abundant in the higher latitudesay be converted into lignite and bituminous coal. But
and are also found in brackish and fresh water. Bluesdch deposits are also a potential source of gas and oil.
green algae (cyanobacteria) which live on the bottoRlant matter, including wood, also oats down rivers
in shallow areas, also contribute to the organic materiahd is deposited when it sinks to the bottom, usually
in sediments. in a nearshore deltaic environment. When the trees rot

In coastal swamps, and particularly on deltas, wey release C®and consume as much oxygen as the
have extensive production of organic matter in the forplant produced during the whole period when it was
of plants and trees which may avoid being oxidised lyrowing. There is thus no net contribution of oxygen
sinking into mud or bog. The residues of these high¢w the atmosphere. This also applies to the bulk of the
land plants may form peat, which with deeper buridtopical rainforests. Where trees and plants sink into
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Fig. 1.3 Upwelling of water rich in nutrients on a continental margin with deposition of organic-rich mud

Trophic level 1 Trophic level 2 Trophic level 3 Trophic level 4
1,000 kg 100 kg 10 kg 1kg
Phytoplankton Zooplankton Crustaceans Fish

black mud, preventing them from being oxidised, there This is the second lowest level within the marine
is a net contribution of oxygen to the atmosphere and@od chain. These zooplanktonic organisms are eaten
corresponding reduction of GOn the atmosphere. by crustaceans which themselves are eaten by sh.

All animal plankton (zooplankton) live on plant The total amount of organic matter that can be pro-
plankton, and in turn are eaten by higher organisms dluced in the ocean is dependent on the nutrient supply
the food chain. At each step in the food chain, whicfrom rivers, but river water does not only carry inor-
we call a trophic level, the amount of organic matteganic nutrients. It also contains signi cant amounts of
(the biomass) is reduced to 10%. organic matter, in particular humic acid compounds,

Ninety percent of the production of organic mattelignin and similar substances formed by the break-
is therefore from algae. This is why algae and to sontiwn of plant material which are weakly soluble in
extent zooplankton account for the bulk of the organizold water. When the river water enters the sea, there is
material which can be transformed into oil. Larger anprecipitation due to the increased pH and lower surface
mals such as dinosaurs are totally irrelevant as sourd¢emperature in the ocean.

of ail. Other plant materials, like waxes and resins, are
The most important of the zooplankton which promore chemically resistant to breakdown and are insol-
vide organic matter for petroleum are: uble in water. Such organic particles tend to attach

themselves to mineral grains and accompany sediment
1. Radiolaria — silica shells, wide distribution, particeut into the ocean.
ularly in tropical waters. Most of the oil reservoirs which have been formed
. Foraminifera — shells of calcium carbonate. since the Palaeozoic have been uplifted and eroded,
3. Pteropods — pelagic gastropods (shails) with a foahd over time vast quantities of oil have owed
which has been converted into wing-shaped lobeseeped) out onto the land or into the sea. In this
carbonate shells. sense, oil pollution is a natural process. Only a small

N
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proportion of the petroleum that has been formed sulphate-reducing bacteria react with organic matter as
source rocks has actually become trapped in a resedicated below:
voir. One might expect this seepage to have provided
a source of recycled petroleum in younger sediments,2CH,O + 2H" + SQ;~  H>S+ 2CO, + 2H,0
but petroleum breaks down extremely rapidly when NH3 + H* + SO,  NOsz + H»S+ H»0
subjected to weathering, oxidising to gCand the
nutrients (P, N) that were required to form the organic H,S is liberated, giving stagnant water and mud a
matter are released and may act like a fertilizer. strong smell. Through denitri cation we get
On land, evaporation will remove the lighter com-
ponentswhl_le bacterlawnldegra_dethe heavier compogcH,0 + 4H* + ANO; 2Ny + 5COp + 7H,0
nents. Fossil asphalt lakes consist of heavy substances
which neither evaporate nor can be easily broken down\yhen the rate of accumulation of organic matter

by bacteria. In the ocean, the lighter components Wil ~eeds the rate of oxygen supply the redox boundary
dissolve quite rapidly, while the heavier asphalt fragy| pe in the water column, separating the oxidising
tion will sink to the bottom and be degraded andface water from the reducing bottom water.
recycled. This is typical of basins separated from the deep
Inuplifted sedimentary basins like the Venturgcean by a shallow sill, like the Black Sea and some
Basin and the Los Angeles Basin in Southergs the deep Norwegian fijords. Fresh or brackish sur-
California there are abundant natural oils seeps bgiye water oating on more saline water also helps to

onshore and offshore. maintain a stable water strati cation with little verti-
On the beaches from Santa Barbara towards Lgg| mixing. Lakes may have good water strati cation
Angeles there are many natural oil seeps. because warm surface water is less dense than the

colder bottom water. Black mud deposited at the bot-
tom of lakes may produce good source rocks. In cold
climates, however, the water in the lakes overturns
1.3 Breakdown of Organic Matter in the winter because the maximum water density is
at 4 C, preventing the stable strati cation required to

Almost all (>99%) of the organic matter which isform source rocks.
produced on land and in the oceans is broken down
through direct oxidation or by means of microbiologi-

cal processes. If oxygen is present, organic matter Wiil.4 Formation of Source Rocks
be broken down in the following manner:

All marine organic material is formed near the surface

CH,O+ O, CO; + H2O of the ocean, in the photic zone, through photosynthe-

sis. For the most part this is algae. Some phytoplankton

Where oxygen is available, organic matter is oxiare broken down chemically and oxidised and some

dised relatively rapidly both on land and in the sea. Agre eaten by zooplankton. Both types of plankton are

organisms die, organic material suspended in seavemten by higher organisms which concentrate the indi-
ter sinks through the water column consuming oxygegestible part of the organic matter into fecal pellets
If water circulation is restricted due to density stratiwhich may be incorporated into sediments. Plankton is
cation of the water column, the oxygen supply willmade up of very small organisms which sink so slowly

be exhausted. Instead, the bound oxygen in sulphatbat they are in most cases almost entirely degraded

or nitrates is used by sulphate-reducing and denitriffexidised) before they reach the bottom. Pellets, on the

ing bacteria which decompose organic material in ather hand, are the size of sand grains and sink more
anoxic environment. The rst few centimetres belowapidly, and this organic matter is more likely to be

the seabed are usually oxidised, while reducing copreserved in the sediments.

ditions prevail 5-30 cm below the sea oor. Below On the bottom, organic matter will be subjected
this redox boundary where there is no free oxygetn breakdown by micro-organisms (bacteria). It will
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also be eaten by burrowing organisms which live ithe Atlantic experienced stagnant bottom conditions
the top portion of the sediments. The activity of thesguring such periods.
organisms contributes to reducing the organic content Limited water circulation in semi-enclosed marine
of the sediments because most of the organic mattesins due to restricted out ow over a shallow thresh-
is digested when the sediment is eaten. Bioturbatietd is a common cause of stagnant water bodies
also stirs up the sediments, exposing them more to tfieg. 1.29. The Black Sea is a good example. In
oxygen-bearing bottom water. However, if the bottomesponse to an abundant freshwater supply from rivers
water is stagnant, the lack of oxygen and the toxicitgnd a relatively low evaporation rate, a low salinity sur-
of H2S will exclude most life forms. The resultant lacikface layer leads to density strati cation in the water
of bioturbation will thus preserve more organic mateolumn and a consequent reduction in circulation. In
ter in the sediment together with perfect, undisturbetlasins with little precipitation and where there is net
lamination. Stagnant, or anoxic, conditions are de neevaporation, the surface water will have higher salin-
by an oxygen content of <0.5 ml/l water. Sulphateity and density than the water below it, and will sink
reducing bacteria, however, can use a good deal @dwn. This circulation brings with it oxygen from
organic matter and precipitate sulphides (e.g. JreSthe surface and can give oxidising bottom conditions
If the sediments contain insuf cient soluble iron omwith little chance for organic matter to survive to form
other metals which could precipitate sulphides, mosource rocks.
sulphur will be incorporated in the organic matter and Lakes or semi-enclosed marine basins often have a
will eventually be enriched in the oil derived from suchiemperature- or salinity-induced density strati cation
source beds. so that oxygenated surface water does not mix with

Except where the water is completely stagnant, slowater in the deeper part of the basin. This leads to
sedimentation rates will result in each sediment layanoxic conditions and a high degree of preservation of
spending longer in the bioturbation and microbiologthe organic matter produced in the surface waters. This
ical breakdown zones, and consequently less orgamispect is therefore of considerable interest in explo-
matter will be preserved in the sediment. Rapid sedation for petroleum in freshwater basins, particularly
imentation leads to more of the deposited organio Africa and China. The open oceans have normally
matter being preserved but from the outset it will bbad oxygenated water, but during the Cretaceous most
highly diluted with mineral grains. Consequently amwf the Atlantic Ocean is believed to have been stag-
intermediate sedimentation rate in relation to organitant during so-called “anoxic events”, and substantial
production (10-100 mm/1,000 years) results in the bemiounts of black shale were deposited in the deeper
source rocks. parts of the ocean during these periods.

As we have seen, the net accumulation of organic
matter in sediments is not so much a function of
the total productivity, but rather of the relationship
between productivity and biogenic breakdown and oxi- . . .
dation. Inpareas Wit)r/1 powerfgl traction currents, moé['5 Early Diagenesis of Organic Matter
organic matter will be oxidised. An important source
of oxygen-rich water in the deep ocean is the cold sudicrobiological breakdown of organic matter in sedi-
face water which sinks to the bottom of the ocean iments is due to the activity of bacteria, fungi, protozoa,
polar regions and ows along the ocean oor toward®tc. and under oxidising conditions these are extremely
equatorial regions. This ow balances the surface oveffective. However, the porewater quickly becomes
to higher latitudes like the Gulf Stream in the Atlanticreducing if the oxygen is not replenished. In relatively

These bottom ows are of considerable magnieoarse-grained sediments (sand), oxygen may diffuse
tude during glacial periods, when large amounts ¢é depths of 5-20 cm below the seabed, while in clay
cold water are sinking near ice sheet peripheries. &md ne-grained carbonate mud the boundary between
warm periods, for example during the Cretaceousxidising and reducing water (redox boundary) may be
the poles were probably ice-free and there was muatfew millimetres below the sea oor. The pores in the
less cold surface water available to sink down argkdiments here are so small that water circulation and
drive the ocean conveyor system. The deeper partsdiffusion are insuf cient to replace the original oxygen
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in the porewater as it gets used up by oxidation of Kerogen consists of very large molecules and is a
organic matter. Clay-rich sediments soon become a r&lnd of polymer. When it has been exposed to suf -
atively closed system, and the downward diffusion afient time and temperature these large molecules will
oxygen from the seabed is very slow in ne-grainedrack into smaller molecules, mostly petroleum. When
sediments. the temperature is about 16D a long period of geo-

Aerobic breakdown is therefore much more effedegical time is required. In rapidly subsiding basins the
tive in coarse-grained sediments than in ne-graineeiposure time is shorter and oil generation may only
ones. In anaerobic transformation bacteria use orgastart at about 140-15Q. In the North Sea basin the
matter, e.g. short carbohydrate chains. Cellulose “isil window” may typically be between 130 and140.
broken down by fungi, and nally by bacteria. The
end products are methane (g@Hand carbon dioxide
(CO). Methane, however, is the only hydrocarbo . .
produced in any quantity at low temperatures by ba@-‘7 Migration of Petroleum
teria close to the surface of the sediment. Gas occur-
ring at shallow depths (shallow gas) therefore considetroleum migrates from low permeability source
largely of methane (dry gas) unless there has bematks into high permeability reservoir rocks from
addition from much deeper strata. Biogenic gas mayhich the petroleum can be produced (Figb).
form commercial accumulations, as in Western Siberia The main driving force for petroleum migration
and also in the shallow part of the North Sea basiis buoyancy because it is less dense than water. The
The presence of abundant shallow gas may represefibces acting against migration are the capillary forces
hazard in the form of blowouts and re during drilling.and the resistance to ow though rocks with low
Gas occurring at shallow depth may also have a deep&rmeabilities
source generated from a gas-prone source rock (coalyMigration of oil and gas will therefore nearly always
sediments) or by cracking of oil, but such gas hastave an upwards component.
very different isotopic sighature than biogenic gas. We distinguish betweeprimary migration which
is the ow of petroleum out of the source rock asec-
ondary migrationwhich is the continued ow from the
source rock to the reservoir rock or up to the surface
(Fig. 1.4).

Oil and gas may also migrate (leak) from the reser-
voir to a higher trap or to the surface. Hydrocarbons are
As organic material becomes buried by the accuelatively insoluble in water and will therefore migrate
mulation of overlying sediments, water is graduallas a separate phase. Solubility varies from as little as
expelled during compaction. 24 ppm for methane to 1,800 ppm for benzene. Other

Complex organic compounds like proteins are braazompounds, such as pentane, are even less soluble
ken down into amino acids, and carbohydrates in{@-3 ppm). However, solubility increases markedly
simpler sugar compounds. These are able to recomith pressure. Many hydrocarbons have solubilities of
bine to make larger compounds, for example by amirless than 1 ppm in water
acids reacting with carbohydrates (melanoid reaction). It is dif cult to envisage oil being dissolved in water
As this type of polymerisation proceeds, the propoand transported in an aqueous solution, both because
tion of simpler soluble organic compounds diminishesf the solubility and the low ow rates. It would also
at depths of a few tens of metres down in the sedimebie dif cult to explain how the oil would come out of
It is these newly-formed complex organic structuresolution in the reservoirs (traps).
which are called kerogen. Gas, in particularly methane, has a fairly high sol-

Kerogen is a collective name for organic materialbility in water, especially under high pressure. If
that is insoluble in organic solvents, water or oxidisingnethane-saturated water rises to lower pressures, large
acids. The portion of the organic material soluble iquantities of methane can bubble out of a solution.
organic solvents is called bitumen, which is essentially It is therefore necessary to assume that oil is mostly
oil in a solid state. transported as a separate phase. Oil is lighter than

1.6 Kerogen
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Fig. 1.4 Schematic illustration of primary migration (expul-Sea where rifting in Upper Jurassic time produced good condi-
sion) of petroleum from a source rock and secondary migratigions for the formation of a source rock and also traps on the
into a reservoir (trap). This example is from the northern Northplifted fault blocks

water, and oil droplets would be able to move through Oil can therefore not migrate as small discrete
the pores in the rocks but the caplliary restance is highoplets, but moves as a continuous string of oil where
for separate oil drops in a water-wet rock (Fig5). most of the pores are lled with oil rather than water

In order to pass through the narrow passage betwggghly oil-saturated). The pressure in the oil phase
pores (pore throat), the oil droplets must overcoreg the top is then a function of the height of the oil-

the capillary forces. When the pores are suf cientlgaturated column (string) and the density difference
small in a ne-grained sediment, these forces will adbetween oil and water.

as a barrier to further migration of oil. The small The rate of migration is a function of the rate

gas molecules, however, can diffuse through extremedy petroleum generation in the source rocks. This is
small pores and thus escape from shales which foanfunction of the temperature integrated over time
tight seals for oil. (Fig. 1.6).
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The temperature history is a function of the burial
depth and the geothermal gradients.

Deep burial over long time will cause all oil to be
decomposed (cracked) into gas.

The degree of alteration of organic matter can be
measured in different ways. Plant material is altered
from a dull material to a material which becomes more
shiny with increasing temperature. This can be quan-
ti ed by measuring the amount of light re ected from
a piece of plant material (vitrinite) under the micro-
scope. A vitrinite re ectivity of 1.2 indicates that the
source has generated much of the oil that can be gener-
ated. We will say that the source rock is in the middle
of the “oil window” (Fig. 1.7). Values below 0.7-0.8.
are found in source rocks which have not been heated
enough (immature source rocks).

Vitrinite re ectivities close to 2.0 and above indi-
cate that the source rock has generated all the oil and
can generate only gas.

Fig. 1.5 Most sandstones are oil-wet and have a thin layer of The Upper Jurassic Kimmeridge shale (Figf) is
water around the grains. A continuous oil phase will ow easthe main source rock for the North Sea basin but it is

ily if the permeability is relatively high and the pore throatq,lot mature at its outcrop at Kimmeridge Bay in Dorset,
between the pores are relatively wide. Isolated droplets of ail

will, however, be prevented from moving by capillary forces south England.

Fig. 1.6 Burial curve for source rocks determining the transformation of kerogen to oil and gas depending on time and temperature
(burial depth)
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Fig. 1.7 Alteration (maturation) of organic matter and generahave higher re ectivity with increasing temperature. The depth
tion of oil and gas as a function of temperature. The maturatigtemperature) range where oil is generated is called the “oil win-
is also a function of time and this can be determined bgow”. At higher temperatures oil will be altered into gas by

measuring the vitrinite re ectivity. Coals become more shiny andracking

the top such that they collect oil and gas, which is
lighter than water. We can think of an oil trap as a
barrel or bucket upside down (Fid..9 which can
then be lled with petroleum which rises through the
water until it is full. The point where the petroleum
can leak from this structure is called tlgill point
The closuréas the maximum oil column that the struc-
ture can hold before leaking through the spill point
(Fig.1.10.

The cap rock may not be 100% effective in prevent-
ing the upward ow of hydrocarbons, but these will
still accumulate if the rate of leakage is less than the
rate of supply up to the tra@ap rocksare usually not

Fig. 1.8 Kimmeridge Clay (Upper Jurassic) unconformablytota|ly impermeable with respect to water, but may be

overlain by the lower Chalk (Upper Cretaceous). This is a ver

good source rock and equivalent shales are the main source ro!flg?ermeable to oil and gas due to capillary resistance

for oil and also much of the gas in the North Sea basin and alfé the small pores.
further North in mid Norway (Haltenbanken) and the Barents Traps can be classied according to the type of

Sea. A layer of red Chalk marks the transition from blacktrycture that produces them. We distinguish between:
shale facies to carbonate facies. From South Ferriby, Yorkshire,

England
9 (1) Structural trapsthat are formed by structural

deformation (folding, doming or faulting) of rocks.
1.8 Hydrocarbon Traps (2) Stratigraphic trapswhich are related to primary
features in the sedimentary sequences and do not
Traps consist of porous reservoir rocks overlain by require structural deformation like faulting or fold-
tight (low permeability) rocks which do not allow oil ing. This may be sandstones pinching out in shales
or gas to pass. These must form structures closed at due to primary changes in facies (Fig11).
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Fig. 1.9 Examples of structural traps. Simple anticlinal trap and
a fault-controlled trap

Carbonate reefs tend to form primary structures
which function as stratigraphic traps. Fig. 1.10 Structural traps related to salt domes and anticlinal
There are also combinations between stratigrapHfids. A basement high can also be a trap when itis covered by a
and structural traps (Fig..12). black shale (source roc_k). Thc_e basement may have some porosity
. . due to fractures or a thin sediment cover
It is important to establish when structural traps
were formed in relation to the migration of the

petroleum. Structures formed after the main phase of _. . : : .
simple anticline is not sufcient to trap oil.

source rock maturation and associated migration will . . : . L
nticlines with an axial culmination are needed to pro-

not be effective traps. In some cases traps formed . .
. . vide four-way closure. This means that the fold axis
late can collect gas which normally is generated an s L .
. : must be dipping in both directions (Fig.9).
migrates later than oil.

. . Anticlinal traps can form in association with fault-
Stratigraphic traps, by contrast, have been there %” This is especially true in connection with growth
the time, and the timing of the migration is not s g P y 9

important. They may however depend on slight tiltin%iur:fs (roll-overs) (see below), but also with thrust

of the strata involved.

1.8.1 Structural Traps (b) Salt Domes
Salt domes are formed because salt (speci c gravity
(a) Anticlinal Domes €.1.8-2.0) is lighter than the overlying rock, and the
salt therefore “ oats” up due to buoyancy. The quanti-
Domes formed by diapirism or other processes magtively most important salt minerals are halite (NaCl —
form closures in all directions (four-way closure)density 2.16 g/crf), gypsum (CaS@ 2H,O — density
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Fig. 1.11 Examples of stratigraphic traps. A barrier island forms a separate accumulation of sand where the associated mudstones
(shales) may represent both source rocks and cap rocks

2.32 g/cnd). Anhydrite (CaSQ@ — density 2.96 g/cd)  this will be altered into anhydrite at about 1 km burial
is too dense to contribute to the formation of diapersdepth, with a consequent 40% compaction and the
In order for the salt to move upwards and form a sdficrease in density will remove the buoyancy relative
dome, a certain thickness of overburden is required aftithe surrounding sediments. A comparable expansion
the salt beds themselves must be at least 100-2000a¢Urs when rising anhydrite comes into contact with
thick. The upward movement of salt through the ovegroundwater and reverts to gypsum.
lying sequence, and the resultant deformation of the Traps may be created (1) in the layers above the salt
latter, is called halokinetics or salt tectonics. dome, (2) in the top of the salt dome (cap rock), (3)
The rate of salt movement is extremely slow ani the beds which are faulted and turned up against
a dome may take several million years to fornthe salt structure and (4) through stratigraphic pinch-
Movements of the earth’s surface may, however, al$dd out of beds round the salt dome. Reservoirs may
be recorded in recent history as is the case onshd@m by solution and brecciation at the top of salt
Denmark. Salt may break right through the overlydomes.
ing rocks and rise to the surface, or form intrusions Salt tectonics is of great importance in many oil-
in younger sediments. If gypsum has been deposité}:ﬁ,aring regions where there are thick salt deposits in
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(c) Growth Anticlines

These are dome-like structures formed when part of
a basin subsides more slowly than its surroundings,
resulting in least sedimentation on the highest part.
The sediment thickness decreases towards the dome
centre, which also compacts less than the adjacent
thicker sediments and thus contributes to the forma-
tion of an anticlinal structure. Growth anticlines form
contemporaneously with sediment accumulation, not
through later folding.

Growth anticlines can be formed above salt domes,
reefs or buried basement highs, through differential
compaction.

(d) Fault Traps

In fault traps, the fault plane forms part of the struc-
ture trapping the oil and hindering its further upward
migration. The fault plane must therefore be sealing for
vertical ow in order to function as a barrier and a cap
rock for the reservoir rocks. If the reservoir rock is jux-
taposed against a sandstone or other permeable rocks
the fault must also be impermeable for ow across

Fig. 1.12 Combination of stratigraphic and structural traps the fault plane. Most frequently, however, the reservoir

re%f férms a trap due to the prir%ar?/ relief and also due tFCJ) I.a)ti?Ck IS fgulted ?gamSt a tight Sha_le or _mUdrOCk and

compaction of the mud around the reef the fault is then in most cases sealing (Fid). When
there is sandstone on both sides of the fault plane,
the permeability across it will amongst other things
depend on how much clay has been smeared along the

the passive margin sequences of the South Atlantic ajogiction. At greater depths (>3-4 km) there may be

the Gulf of Mexico. In the eastern USA we nd exten-diagenetic changes such as quartz cementation, which

sive tracts with Silurian salt, and in Texas and Newan make the fault plane tighter.

Mexico we have Permian salt. There are many different types of faults:

Salt layers are the ideal cap rock because of salt’s
low permeability and ductile properties, which prevent Normal faults — often in connection with graben
fracturing and leakage. (rift) structures.
Salt deposits are particularly common in the Permo- Strike-slip faults.

Triassic around the Atlantic. This is because prior to Reverse faults formed by tectonic stress.

the opening of the Atlantic there were vast areas with Growth faults.

fault-controlled basins (rifts) in the middle of a super-

continent (America + Europe, Asia and Africa) with The displacement along faults can be both verti-

little precipitation. We nd similar conditions today cal (normal faults) and horizontal (strike slip faults).

around the Red Sea and the Dead Sea. The PermiReverse faults are faults where the hangingwall is

Zechstein salt in Germany and Denmark continugsoved upwards relative to the footwall below the

below the North Sea, and halotectonic movements hefeailt plane. These are typical of areas with high hor-

formed dome structures in the Chalk, for example iizontal stresses i.e. due to converging plate move-

the Eko sk area. ments. Growth faults are driven by gravity-sliding
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along curved (listric) fault planes and are typical of

sedimentary sequences such as deltas deposited with

relatively rapid sedimentation. The fault plane is often

(though not always) sealing and can stop oil and gas

from migrating further upward. However, oil traps

are equally often formed in anticlines on the upper

side of the fault plane. These are rollover anticlines.

Because the faulting is active during sedimentation, the

layers on the downthrown side will be thickest. The

name growth fault goes back to the early days of olil

exploration without seismic data. It was noticed that

the layers had “grown” in thickness in the wells on

the downthrown side of the fault. The displacement

of the beds decreases upwards along the fault plaf&. 1.13 Natural oil seep at Carpenteria State Beach,
Smaller, antithetic faults often develop in the opposi@alifornia. Oilis owing on land, on the beach and also offshore
direction in the beds which are turned inwards toward e sea oor

the main fault plane. Growth faults tend to have low

permeability and may contribute greatly to reducegj) Traps related to unconformities. Sandstones or
porewater circulation in sedimentary basins, and we other porous rocks may be overlain with an angu-

often _nd_ undercompapted Qlay, which can turninto | unconformity by shales or other tight sed-
clay diapirs in association with growth faults. iments, forming a trap underneath the uncon-
formity (Fig. 1.12. Topographic highs in the
basement overlain with shales can also provide
good traps in fractured basement rocks. Remember
that oil can migrate upwards into stratigraphi-

cally lower rocks. In China there are numerous
These are traps which are partially or wholly due to  examples of this type of trap.

facies variation or unconformities, and not primarily

the result of tectonic deformation. Porous and perme- Much of the oil generated in sedimentary basins has
able sands which pinch out up-dip in less permeabi®t been trapped in reservoirs but reached the surface
rocks, e.g. shale (Figd.11and1.12 are good exam- onthe sea oor or on land. There it is then broken down
ples. Barrier islands often form stratigraphic trapBy bacteria and becomes heavy oil, which is not very
because they may be separated from the coast thyic. In California there are many examples of natural
ne-grained lagoonal facies. The main types are:  0il seeps which can be observed along roads, on the

beach (Fig1.13 and also offshore.
(a) Fluvial channel sandstones may be isolated and

surrounded by impermeable clay-rich sediments,
or they may be folded so that we obtain a combing-

tion of stratigraphic and structural traps (Figs9 a""g Other Types of Trap

and1.10.

(b) Submarine channels and sandstone turbidites More unusual kinds of trap can be encountered. If
strata rich in shale. Here we will often nd pinch-the porewater in a sedimentary basin has suf ciently
out of permeable layers up-dip from the foot of thetrong ow of meteoric water into the basin, the
continental slope. This will result in stratigraphioil/water contact may diverge markedly from a hor-
traps without any further folding being necessaryizontal plane due to the hydrodynamic stresses. This

(c) Reefs often form stratigraphic traps. A reef strudias implications for calculations of oil volumes within
ture projects up from the sea bed and often hasstructure, and in some instances oil can accumulate
shale sediments surrounding it, so that oil couldithout being sealed in, within a so-called hydrody-
migrate from the shale into the reef structure.  namic trap. The circulation of fresh (meteoric) water

1.8.2 Stratigraphic Traps
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down into oil-bearing rocks will, however, lead to s= f+ m(@S )
biodegradation and the formation of asphalt. Asphalt
can then become a tight cap rock for the oil. Well sorted, rounded sand grains are almost spheri-

At greater depths, beyond the reach of meteoraal in shape. If we have grains of the same size, which
water, water movement is limited and any de ection oére all quite well rounded and with a high degree of
the oil/water contact is more likely to re ect pressurephericity, we will be able to pack the grains so as to
differences within the reservoir. Water will also owget minimum porosity. Rhombic is the densest pack-
then because of the pressure gradient, but unless thieig resulting in 26% porosity, but this can not be
are low permeability barriers the pressure will sooabtained naturally. Cubic packing, where the grains
equalise. Tectonic tilting will also tilt the oil/water are packed directly one above another, results in about
contact. 48% porosity and this does not occur in nature either.

Reservoir Geology is not a well-de ned discipline Most well sorted sandstones have a porosity which lies
It includes many aspects of geology that are of spbetween these two values, typically around 40-42%.
cial relevance to the production of petroleum. It is alsBoorly sorted sand may have lower primary porosity
linked to engineering aspects of petroleum productioand will also compact more at moderate burial depths.
Reservoir geophysidsas in recent years become verglay-rich sediments have a much greater porosity
important and is now well integrated with reservoirmmediately after deposition, typically 60—-80%. This
geology. means that immediately following deposition a sand

bed is denser than a bed of clay or silt. However,
clay and silt lose their porosity more rapidly with
1.10 Porosity and Permeability burial. Porosity may be classi ed into different types
depending on its origin.
_ . _ . Pore space between the primary sediment grains is
An_y_ rock with suf ciently h|gh porosity _and PETME- hften referred to aprimary porosity. Intergranular
gbmty may serve as a reservoir rock provided th.at the[)eorosity simply means porosity between the grains
is a source of petroleum, a structure, and a tight C@\Hﬂereas'ntragranular porositymeans porosity inside
rock. . ) . ) . the sediment grains. The latter may be cavities in fos-

Sedlments consist of solid grains and of u'ds,sils, e.g. foraminifera, gastropods, molluscs, but also

which for the most part are water but may be O'[.l)artly dissolved feldspar and rock fragments. Pore

and gas. _ _ space formed by dissolution or fracturing of grains is
Porosity ( ) is an expression of the percentage (challedsecondary porosity

fracltlon)kof :J'ds by xolu_r(;]e Vi) comhpared_ to tr/1e Cavities formed by selective solution of sediment

total roc - Volume with uids V1), so that = Vi grains or fossils are classi ed asouldic porosity

V;. Porosity is often expressed as a percentage, bUtAlntypical example is when dissolution of arago-

many calculations it is easier to express it as afractiolqi,[e fossils like gastropods leaves open pore spaces
for example 0.3 instead of 30% porosity. (moulds)

The wid ratio (VR) is the ratio between pore Particularly in carbonates we may also have

volume () and the volume of the grains (1)- porosity on a large scale i.e. as caverns (karst) and in
reefs.
VR=/ (1S ) Pore space produced by fracturing is cafietture
porosity.
Void ratio is often used in engineering and it has Permeability is an expression of the ease with which
certain advantages in some mathematical expressiongds ow through a rock. It will depend on the size
If we assume that we know the density of the minef the pore spaces in the rocks, and in particular the
eral grains, the porosity can be found by measurir@pnnections between the pore spaces. Even thin cracks
the density of a known volume of the sediment. Theill contribute greatly to increasing the permeability.
density of the sediments §) is the sum of the density  Permeability can be measured by letting a liquid
of the grains, which are mostly mineralg,, and the or gas ow through a cylindrical rock sample under
density of the uids (). pressure. The pressure differerReS P, between the
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two ends of a horizontal cylinder isP, the cylinder joints down to microscopic cracks which can barely be
length L, and the ow rate of water (or another uid) seen in a microscope.
through the cylinder, iQ (cm?/s). A is the cross- Rocks with low porosity and permeability may frac-

section andu the viscosity of the uid ture and suf ciently increase their porosity, and partic-
ularly permeability, to form large oil reservoirs. This
k-A- P means that reservoirs may be good producers despite
Q= L relatively low porosity.

Occasionally we nd petroleum in fractured meta-
where k is the permeability, which is expressed irmorphic and igneous rocks but reservoirs normally
Darcy. consist of sedimentary rocks. Sandstones make up

The volume of water which ows through each surabout 50-60% of the reservoirs in the world and car-
face unit in the cross-sectiof is thus equal to the bonate reservoirs may account for almost 40%. Many
ux F= Q/A F can be measured in &fen?/s or of the reservoirs in the Middle East are carbonate rocks
in m3/m?/s. This is equal to the Darcy velocity whichbut in the rest of the world the percentage of carbonate
is m/s. reservoirs is lower.

Well-sorted sandstones may have a permeabili- The most important aspects of reservoir rocks
ties exceeding 1 Darcy and values between 100 aimtlude:

1,000 mD are considered to be extremely good.

Permeabilities of 10-100 mD are also considered {@) The external geometry such as the thickness and
be good values for reservoir rocks. Permeabilities of extent of the reservoir rock in all directions.

1-10 mD are typical of relatively dense sandstongg) The average porosity, pore size and pore geometry.
and limestones, so-called tight reservoirs. There a®) The distribution of permeability in the reservoirs,
also examples of rocks with even lower permeabilities particularly high permeability conduits and low
being exploited commercially for oil production, for  permeability barriers to uid ow.

example in the Eko sk Field where the generally low4) Mineralogy and wettability of the pore network.
permeability of a chalk matrix is enhanced by fractures

which increase the overall permeability. The properties of sandstones and carbonate reser-

In the great majority of rocks, the permeability dify,oirs are primarily linked to the depositional environ-
fers according to ow direction. In sedimentary rocksnent, the textural and mineralogical composition and
the permeability is much higher parallel to the beddinge burial history. A good background in general sed-
compared with normal to the bedding. Channel sanginentology, facies analysis and sequence stratigraphy
stones can also have a marked directional impact @therefore important.
the permeability. Nevertheless, many of the important properties of

In well-cemented sandstones and limestones, afgkervoir rocks linked to changes in facies and smaller
also in certain shales, the matrix permeability ifauits are below the vertical resolution of exploration
extremely low and the effective permeability may bgejsmic (15-30 m) and it is important to establish rela-
mostly controlled by fractures if they are present.  tjonships between facies models, diagenetic processes

Claystones and shales have very low permeabilighd reservoir properties. The properties of faults are

and can be almost completely tight. In the laboratoyso very important factors determining oil ow during
shale permeabilities as low as 0.01 nanodarcy haygyduction.

been measured. Samples from cores or outcrops can
contain minute ssures formed in response to unload-
ing during retrieval to the surface and these must tie
closed to replicate thén situ permeability prior to ~
unloading.

Most rocks are far from homogeneous. We may
measure the porosity and permeability of a hanthe external geometry of reservoir rocks is largely
specimen or core plug, but it is not certain that thesketermined by the depositional environments, but
are representative of a larger volume. Fractures ocdaulting and diagenesis may de ne the lateral or ver-
at varying intervals, and range in size from large, opdital extent of a reservoir.

11 External Geometry of Reservoir
Rocks
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Fluvial sandstones typically represent point baends to be oriented perpendicular to the coastline.
sequences in a meandering river system. The latehalsome cases dipmeter logs could help to determine
accretion of the point bar will deposit a sandstone layére orientation of cross-beddding and progradation
extending to the width of the meander belt in the vaHirection of sand bars.
ley. The thicknesses of channel sandstones are limitedTurbidites may be laterally very extensive, but
by the depth of the river. The primary thickness at thmay also be con ned to narrow submarine channels.
time of deposition is, however, reduced by 10-30% dn either case they may form very thick sequences
more by compaction. because there is ample accommodation space. We may

The overbank muds will become tight shales whichave very thick sequences of stacked sandstone reser-
will reduce the vertical permeability. Fluvial channelsoir rocks in slope and deepwater facies and this may
are characterised by ning-upwards sequences with tkempensate for the lower porosity and permeability
highest permeability near the base. This makes it mozempared to beach deposits.
likely that water will break through along the basal part Turbidites and uvial sandstones form ning-
and the oil will be by-passed in the ner-grained uppenpwards units while marine shoreface and mouth
part during production. bar sandstones are coarsening-upwards. This becomes

Braided stream facies will tend to have highevery signi cant during production because oil and gas
sand/shale ratios and will normally have better lateralill be concentrated in the upper part. Coarsening-
and vertical permeabilitites on a larger scale. upwards sandstones therefore have the best properties

The ratio between the intervals with high enougfor ow of oil and gas during production.
porosity and permeability to be produced (net or
pay), and the total sequence (gross), will be mostly
determined by the primary facies relationships. The
net/gross ratio is often taken to be approximately equI
to the sand/shale ratio but even at moderate burial
depths many sandstones are not reservoir rocks, due
to poor sorting or carbonate cement.

Aeolian dunes also have speci ¢ external geomé&-he changes in properties are due to increased burial
tries and there are many different types. Here trand also to uplift. Both sandstone and carbonate reser-
net/gross will be very high. Aeolian sand is oftevoirs undergo diagenesis, which will cause a reduction
reworked by transgressions, accumulating as marimeporosity and permeability as a function of increasing
sediments in drowned topographic depressions (véldrial.
leys). The reduction in porosity (compaction) may be

Marine sandstones deposited as delta mouth bamsgchanical in response to increased effective stress
shoreface accretion and barrier islands have thickem the overburden, or chemical as a result of the
nesses controlled by the wave energy (wave bagissolution and precipitation of minerals. The poros-
depth). In protected environments, particularly inteity of reservoir sandstones or carbonates may increase
distributary bays, the shoreface sandstones may Wigh depth in certain intervals, but this is because of
very thin. Each shallow marine unit has a limitedhe changes in the primary sediment composition. Each
thickness controlled by fair-weather wave base. Lockthology has a different porosity depth curve. In a uni-
subsidence or transgressions can increase the thickrfessy primary lithology the porosity and the density
of these sand deposits. will be reduced as a function of burial depth (tempera-

The tidal range is very important in determining théure and stress). Overpressure causes reduced effective
thickness and the length of tidal channel sandstonesress resulting in mechanical compaction. Near the
Tidal channels and also uvial channels in deltas tensurface, meteoric ow may cause dissolution and a net
to be oriented perpendicular to coastlines. increase in the porosity in carbonates (karst) and even,

Drilling into shallow marine sandstones, it would béo a certain extent, in sandstones.
very important to determine whether it was a barrier In continuously subsiding basins, open faults and
island which would represent an elongated reservdiactures will be rare because of the progressive com-
parallel to the coastline, or a tidal sandstone whigbaction processes.

12 Changes in Rock Properties During
Burial and Uplift (Diagenesis)
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During uplift and erosion (exhumation, unloading) Reefs can form long continuous barriers as in
the rocks will be subjected to extension, and extedustralia (Great Barrier Reef). In the US much oil was
sional fractures will be produced. The porosity will nofound by following Jurassic and Cretaceous reef trends
increase signi cantly but the extensional fractures wilaround the Gulf of Mexico.
increase the permeability and thus improve the reser-High energy beach deposits on carbonate banks
voir properties. Unfortunately the cap rock may alsmay consist of well-sorted carbonate sand (grain-
fracture during unloading, causing leakage from th&tones). Ooid sands (ooliths) are formed as beach
reservoir. and shoreface deposits and may have limited verti-

To understand the properties of reservoir rock weal thickness, re ecting the wave base. They may
need to integrate what we know about the sedimehewever stack up and form thicker sequences of
tology (depositional environments) of reservoir rocksuch rocks. Ooids may also be transported from the
sediment composition (provenance), diagenesis asldelf into deeper water as turbidites and other slope
the structural geology. deposits, but the sorting and reservoir quality is then

Prior to drilling exploration wells, nearly all our reduced.
knowledge about a reservoir is based on geophys-Ooids are rather stable mechanically during burial,
ical data. Even after data has been acquired frobut at 2—-3 km porosity may be strongly reduced
exploration wells, and also from production wellsby cementation in the intergranular pore space. The
prediction of the reservoir properties continues to bealcite cement may be derived by dissolution along
mostly based on geophysical methods and extraposylolites. Stylolites have a thin layer of clay and other
tion between wells. minerals that are not soluble and may present a barrier

Geophysical methods including 3D and 4D seisduring oil migration and production.
mic now provide a much more detailed picture of the Carbonate muds are very ne grained and do not
reservoir than only 10-20 years ago. The methods foave high enough primary porosity and permeability to
detecting uid contacts, not only gas/water contact®rm reservoir rocks, but may gain porosity and perme-
but also oil/water contacts, from seismic data hawbility by fracturing and become fractured reservoirs.
improved greatly. They can also have mouldic porosity from dissolved

aragonite fossils.

1.13 Carbonate Reservoirs
1.14 Dirilling for Oil and Gas

Reefs stand up as positive structures and may be
draped by mud and form a stratigraphic trap detebrilling for oil is a costly process, especially off-
mined by the size of the reef structure. shore. The object of a well is to prove the presence
Carbonate reefs, and other carbonate deposits whith or produce, oil or gas. Sometimes wells are also
can be reservoirs, form in a wide range of envirordrilled to inject water, chemicals or steam into the
ments but all require clear water without much clayeservoir during production. Even a well which fails
sedimentation. Reefs are deposited in high energy nd hydrocarbons (a dry well) is still of great value,
environments along coastlines exposed to high walsecause of the information it provides about the rocks
energy. The Bahamas carbonate platform has wailtrthe area. This information forms part of the basis for
developed reefs on the exposed eastern side but tiet geological maps and pro les which are used in fur-
on the more protected western side. Coral reefs aldwr exploration for oil and can be sold or exchanged
require warm water (>2@) and do not form where for data from other companies. This is the reason why
cold water is upwelling, e.g. along the coast of Wegtil companies wish to keep the geological results of
Africa. oil drilling con dential for some years after a well has
Reefs build up on the sea oor and may be buriedeen completed.
beneath mud during transgressions. The reef thenThe rst well in a new area is calledwildcat well,
becomes a perfect stratigraphic trap, often with goathile appraisalwells are drilled to estimate the exten-
permeability both vertically and horizontally. sion of an oil eld. They may also beconmmoduction
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wells. Stratigraphic wells are drilled mainly to obtairof the rocks which are being drilled, and their mineral-
stratigraphical information from the basin. ogy. Samples of cuttings are usually taken every 10-30

Qil drilling used to be carried out largely on landft drilled. More detailed analyses are carried out in the
but now offshore drilling takes place not only on oufaboratory. The cuttings are often poorly washed and
continental shelves, but also in deep water (1-3 knmmeed extra cleaning to get rid of the drilling mud; in
This type of drilling is many times more costly thanweakly indurated mudstones it may be dif cult to sep-
drilling in shallow water or on land. This has led taarate the drilling mud from the soft cuttings. Organic
increased efforts to gain maximum information fronadditions to drilling mud may cause problems when
wells. The cost of analysing samples and logs is smalhalysing cuttings, and sometimes oil-based rather
in relation to the cost of drilling the well. We shall notthan water-based drilling mud is used, which confuses
go very deeply into the technical aspects of drilling foanalyses for oil. The fossil content of the rock frag-
oil here, but merely look brie y at some of the mosiments, largely microfossils, is used to determine the
important principles. age of the strata (see Biostratigraphy).

When drilling commences at the surface, the diam- Not all the cuttings which come up with the drilling
eter of the well may be 20"-30" (50-75 cm), butmud have necessarily come from precisely the strata
decreases downwards to 3"-6" (7-15 cm) at grela¢ing drilled through at that time. There may also be
depths. Normally a roller bit is used, which crushesontamination due to theaving inof overlying strata
the rock into small pieces (about 2-5 mm) callethto the rising drilling mud. This means we can nd
cuttings. Core samples are only taken when drillingaterial from younger rocks with a different composi-
through especially important rock strata (usually resetion mixed in with the formation being drilled, together
voir rocks) where large intact samples are needed faith younger fossils. This demands considerable care
detailed examination. A circular diamond core drillvhen making stratigraphic interpretations based on
bit must then be used. This takes time and costsnacrofossils identi ed in cuttings. The safest way is
lot more per running metre, as the entire drill stringp register the rst occurrences of a species when pro-
has to be recovered to get each core section to tbeeding downwards from the top in the well. The last
surface. Only the most critical sections are therefomecurrence of a fossil may be the result of cave-ins
cored. from younger strata.

Drilling mud is pumped down through the drill Since the pressure of the drilling mud is being
string into the well during drilling. This mud has sevimonitored and adjusted to prevent oil and gas from
eral functions. When one drills several hundred or genetrating into the well, signi cant oil and gas occur-
1,000 m down into rock, one encounters water, gas mnces may be drilled through without being registered.
oil which may be under high pressure. The drillind his should be detected on the logs but it may be advis-
mud acts as a counterweight to prevent the uncoable to carry out special tests in the most promising
trolled gush of water or petroleum into the well andtrata to nd out if there is petroleum present, and in
up to the surface in a blow-out. The pressure exertahat quantities.
by the drilling mud must exceed the pressure of oil Asdrilling proceeds, the well is lined with steel cas-
and water in the surrounding formation. Heavy mining to prevent rock and loose sediment falling into it,
erals such as barytes are frequently added to incre&sg prior to casing, each section of the well has to
density; the main components of drilling mud arée logged with different logging tools which require
montmorillonite (smectite) containing clays, with gphysical contact with the wall of the well. Radioactive
large number of different additives. The drilling mudogs, however, can also be run after the casing has been
also serves to cool the drill bit, and cuttings are broughtstalled. It is useful to note when the different cas-
back to the surface suspended in the circulating mudgs are installed, because that limits the strata which
The cuttings are then washed out from the drilling mucbuld have “caved in” and contaminated the cuttings.
onto a sieve (shale shaker) and the mud can be udkthe well is going to produce oil, a production pipe
again. is used and installed running through the petroleum-

The cuttings are continuously analysed on theearing strata. It is then perforated by shooting holes
drilling platform by a geologist who logs the composiin the steel casing (in the oil column) so that petroleum
tion of the cuttings, making a preliminary descriptiortan ow into the well.
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For an oil eld to be capable of full production,that world production would peak in 2007 (see the
several wells are normally required. Peak Oil movement). There is, however, a great deal of

Up to 1990-1995 most of the exploration wells andncertainty in the estimation of reserves since this will
production wells were nearly vertical. Horizontal bardepend on advancements in exploration technology as
riers due to changes in facies or faults could then beell as production ef ciency.
critical barriers during production. It was dif cult to  The price of oil and taxation policies will also deter-
produce oil from thin sandstones or carbonate bedsine which type of oil accumulations can be exploited
because of vertical ow of water from below or gaseconomically and thus reckoned as reserves.
from above. Onshore this could be compensated for by At present the world reserves are estimated to be
having a dense well spacing but offshore that would He2x 102 bbl 2x 10"m3 and nearly 60% of this is
too expensive. Horizontal drilling has revolutionisedbcated in the Middle East. Europe has only got 1%
oil production. and the whole of Asia about 3%.

It is now possible to follow thin oil columns lat- Canada had up to recently very small reserves but
erally and to make complex wells to drain differenafter the heavy oil and tar sand in Alberta was included
compartments in the reservoir. Large oil elds withit has now nearly 15% and is second only to Saudi
thin oil columns like the Troll eld in the North Sea Arabia.
would have been dif cult to produce without horizon-  If oil shales were to be included, however, the USA
tal drilling. Horizontal and deviated wells may extendvould be the country with the largest reserves.

8-9 km from the drilling platform, enabling production The world consumes about 85 million bbl/day
from relatively small reservoir compartments away85x 10°bbl/day ; the US consumption(20.7x
from the platform. 10° bbl/ day makes up nearly 25% of that.

Earlier, geophysics was used mainly to de ne struc- The most important producers are Saudi Arabia
tures but the quality of the seismic data was not godqd0.2x 1P bbl/day) and Russia (9.9 10° bbl/day).
enough to provide much detail. 3D seismic based drhe US is also a major producer (%510 bbl/day)

50 m line spacing allows the construction of a thredsut this is still only about 37% of the country’s con-
dimensional cube of geophysicial data, which providesimption.
much more detailed information. China has become a major importer of oil with a

By repeating seismic surveys during production aonsumption of 7.& 1P bbl/day, while their produc-
2-5 year intervals, the effect of changes in the uidion is 3.9x 10° bbl/day.
composition on the seismic data can be seen, thuslt is clear that consumption of oil in Asia will rise
adding the time dimension to 3D seismics. 4D seisnd it will be very dif cult to meet this demand.
mics has made it possible to follow the depletion of an Norway's oil production was 122 million Stin
oil or gas eld by monitoring the GWC and often also2008 and about the same amount of gas. This corre-
the OWC during production. By this means, parts of sponds to 0.& 10° bbl or 2.1 million bbl of oil/day.
reservoir that have not been drained by the productiéfowever since the domestic consumption is only about
wells can be detected. If the isolated reservoir compalf®% of this (0.22 million bbl/day), Norway is a major
ments are large it may be economic to drill additionadxporter.
wells to drain them. It will probably be dif cult to meet the demand for

conventional oil in the next decades. There are, how-

ever, very large reserves of fossil fuels in terms of
1.15 Oil Reserves — How Long Wil gas, hgavy oil, tar sand and also cgal. All these types

of fossil fuel can be used for heating and transport.
Particularly in North America there is much oil shale
and also gas shale. Gas in ne-grained siltstones and
In the last 40-50 years we have had a discussion abshales is expected to be a major source or energy in the
how long the oil reserves will last and the famougears to come.
geologist M. King Hubbert predicted in 1956 that oil In recent years coal methane and shale gas have
production would peak in the United States betwedrecome important sources of such energy. Gas in
1965 and 1970, and later Colin Campbell predictesblid form (gas hydrates) may also represent a future

Conventional Oil Last?
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source of hydrocarbons. There are, however, many The total amounts of calcite precipitated is equal to
environmental problems connected to the productidhe amounts of C4 released by weathering of silicate
and utilisation of these resources and this representsaks (e.g. plagioclase) and transported into the ocean
great challenge, including for geoscientists. by rivers.
It will probably take a long time before fossil fuels
can be replaced by other sources of energy. As the
demand increases, oil exploraFloh and productloq w |.16 The Future of Petroleum
become more and more sophisticated technologically .
and also geologically. Geoscience
A broader background in geological and engineer-
ing disciplines will also be required to reduce th&etroleum geoscience is geology and geophysics
environmental problems with the exploitation of fossifipplied to petroleum exploration and production. In

fuels. this book we will try to show the wide range of
Storage of carbon dioxide requires expertise fromisciplines that are relevant and useful for this purpose.
petroleum geologists. Many of the disciplines in the geosciences are

The exploitation and burning of fossil fuels releasdsighly specialised and there is often too little commu-
large amounts of C@®into the atmosphere which isnication between the different elds. Most researchers
an addition to what is part of the natural carbon cycleaturally focus on a very small area because of the
(Fig. 1.14). The CQ in the atmosphere is dissolved inrequirements with respect to methods and analytical
seawater to HCOs3 and then precipitated as carbonatdechniques, and the demands of following the litera-
Another part is taken up by plants, including algae, aridre. Petroleum geoscience requires a broad overview
may be stored as reduced carbon. of substantial parts of geology and geophysics and

Fig. 1.14 lllustration of the carbon cycle. Carbon from organids limited by the supply of C& and Md"* from weathering of
matter and carbonate rocks are the major sinks for carbon)(CGsilicate rocks brought in by rivers
The rate of precipitation of carbonate in the ocean by organisms
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provides good training in the integration of verycontain about 250 | of oil and 50 | of water for each
different types of data and models. These skills are ale® of rock, and assuming 50% recovery, 125 | can be
applicable in many types of environmental researgiroduced. If the porosity is only 15% it may contain
and when solving practical environment problems. about 100 | of oil and the recovery may then be lower

The petroleum industry employs a large percentage that less than 50 | will be produced.
of the world’s geologists and geophysicists and funds The quality of reservoir rocks depends on the depo-
much of the research in this eld. sitional environments and the primary mineralogical

Most of the obvious petroleum-bearing structuresnd textural composition, and on the diagentic pro-
have already been found in the explored sedimentasgsses that change the reservoir properties during
basins and there are now rather few areas that hdugial.
yet to be explored seismically and by drilling. The For sandstone reservoirs the distribution and geom-
large, easy-to- nd structures did not usually requiretry of sand is critical because much of this is below the
very advanced methods and geological skills. resolution of seismic methods, and even after drilling

More and more sophisticated methods are therefdtee information from each well has to be extrapolated
used in modern exploration. We are on a global basis3 dimensions.
not nding enough new oil elds oil to replace the pro-  For this reason | have included a chapter on sed-
duced oil. Global reserves have however not changedentary structures and sedimentary facies and also
very much because of higher estimates of recoveon carbonates. There are, however, many textbooks
from existing elds and because unconventional oilvhich will give a more detailed presentation of clas-
like tar sand is now included in the reserves. tic sedimentology. To be able to predict the reservoir

There is a major challenge for geoscientists tproperties we must understand the principles of sand-
develop ever better exploration methods and to opstone diagenesis and this is discussedChapter 4
mise production. This also involves chemical reactions driven by ther-

Even if the global production of conventional oilmodynamics and kinetics. Reservoir quality can to a
may be reduced there will be signi cant productiorcertain extent be modelled as a part of basin modelling,
for many decades. This will mostly come from the tailf the primary mineralogical and textural composition
production of giant elds and from small reservoirsjs known.
but it is rather labour intensive. This is also the case Exploration and production of conventional oil has
with unconventional oil (tar sand and oil shale) andecome well established and technologies have been
also tight gas reserves and shale gas. re ned over many years. This book will include an

Until enough alternative sources of energy aratroduction to geophysical methods and also 4D
developed it is necessary to extract fossils fuels froaeismic methods. Interpretation of geophysical data
these resources. This should be done with as little envequires that the physical properties of sedimentary
ronmental damage as possible and this requires a n@gks are known or can be predicted. We have there-
generation of highly skilled geoscientists. fore put some emphasis on rock mechanics and rock
physics.

Unconventional oil such as heavy oil, tar sand,
oil shale and shale gas represents new challenges
and requires also different training and background
In the exploration for oil and gas we need to predict thigom that of the conventional petroleum geologist. The
occurrence and distribution of source rocks which is@ganic chemistry of petroleum and the detailed min-
function of the sedimentary environment and climateralogy of the rocks become increasingly important.
at the time of deposition. The burial history has to be Estimates of global petroleum reserves vary greatly
reconstructed to predict the timing of maturation angith time and are dependent on the price of oil and gas
migration. This involves complex modelling based oand other energy sources and also on exploration and

1.17 Summary

the kinetics and temperature history. production technology.
Before drilling, the position of a trap and a reservoir It is however clear that it is becoming more dif -
rock has to be determined. cult to nd new reserves to compensate for production

The porosity and permeability of the reservoir rocland that there are relatively few remaining unexplored
is critical. If the porosity is 30% it may at the beskedimentary basins.
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Much updated information can be found on th&urther Reading

internet:

US geological surveyhtp://www.usgs.go

Peak oil fittp://peakoil.com)

Norwegian Petroleum Directorateht{p://www.
npd.nd)

Geological Society of London hftp://mwww.
geolsoc.org.uk

IFP (http://www.ifp.fr/)

Units for petroleum reserves:

1 Sn? (One standard cubic metre) 6.293 bbl
1 SnP= 35.3 standard cubic feet.

1,000 Sm of gas= 1 Sn? o.e

1Sn? ofoil = 1 SnP 0.e

1 tonne of NGL= 1.3 Sn¥ o.e
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Chapter 2
Introduction to Sedimentology

Sediment Transport and Sedimentary Environments

Knut Bjarlykke

Sedimentology is the study of sedimentary rocks ambn dent about their origin we may use the genetic
their formation. The subject covers processes whittomenclature.
produce sediments, such as weathering and erosionSedimentology covers studies of badtent(mod-
transport and deposition by water or air, and alsern) sediments and older sedimentary rocks. By study-
the changes which take place in sediments after th&ig how sediments form today we can understand
deposition (diagenesis). Changes in sedimentary rodke conditions under which various sedimentologi-
at temperatures of over 200-2%D are calledmeta- cal processes take place. From such observations we
morphic processesind are not dealt with here. Inmay be able to recognise older sediments which have
this chapter we shall discuss primarily transport arlaieen formed in the same way. This is called using
deposition of clastic sediments and sedimentary envie principle of uniformitarianism, which has been of
ronments. These processes determine the distributgmeat importance in all geological disciplines since its
and geometry of reservoir rocks in a sedimentagroposal by James Hutton (1726-1797).
basin and also the changes in rock properties duringConditions on the surface of the Earth have uc-
burial. Accumulation of organic-rich sediments whicliuated widely throughout geological history and the
may become source rocks is also an integral part pfinciple of uniformitarianism cannot be applied with-
sedimentological models. out reservation. One important aspect of sedimentolog-
Like all natural sciences, sedimentology has dnal research is attempting to reconstruct changes in
important descriptive component. In order to be abkenvironments on the Earth’s surface throughout geo-
to describe sedimentary rocks, or to understand sulclgical time. This applies particularly to climate, veg-
descriptions, it is necessary to familiarise oneself witktation and the composition of the atmosphere and the
quite an extensive nomenclature. There are specialisszkans.
names for types of sedimentary structures, grain-sizePalaeontology is important to sedimentology, not
distributions and mineralogical composition of sedienly for dating beds, but also because organisms are
ments. We also have a genetic nomenclature, whieh important component of many sedimentary rocks
names rock types according to the particular way ifparticularly limestones), and organic processes con-
which we think they have formed. Examples of thesgibute to weathering processes and the precipitation
are uvial sediments (which are deposited by riversdf dissolved ions in seawater. Many organisms make
and aeolian (air-borne) sediments. The descriptivery speci ¢ demands of their environment, and fos-
nomenclature is used as a basis for an interpretatisits are consequently a great help in reconstructing the
of how the rock was formed. When we are reasonabinvironment in which the sediments were deposited.
Palaeoecology is the study of ecological conditions as
we are able to reconstruct them on the basis of remains
K. Bjrlykke () or traces of plants and animals in rocks. Traces of
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Studies of recent and older sedimentary rocks prtite environment and the sediments which accumulate.
vide a fruitful two-way exchange of information in sed-The environment governs the sedimentological pro-
imentology. From studies of recent environments waesses which determine what sort of sediments are
can learn about the conditions that particular procesdesmed and deposited. The connection we are try-
require. In older rocks, however, we can study sediRg to understand in modern environments is thus:
mentary sections which encompass many millions ehvironment process sediment.
years of sedimentation, offering us a completely differ- Today a large number of modern environments of
ent record of the way sedimentological processes caadimentation have been studied in great detail. These
vary as a function of geologic time. As a result, studnclude aeolian and uvial environments, deltas, beach
ies of older rocks also contribute to our understandirmpnes, tidal ats and carbonate banks. Deep sea envi-
of the recent environment and offer non-uniformitariaronments have naturally not been so easy to study,
explanations. but modern sampling and remote sensing equipment

When we study rocks, we should attempt to givand underwater TV cameras have made it easier to
objective description®f the composition, structure gather observations from this environment, too. In
etc. of the rocks, and on the basis of these trinter- recent years systematic drilling through sedimentary
pret how they were formed. However, it is impossibléayers on the ocean oor (Deep Sea Drilling Program —
to give a completely exhaustive, objective descriptionSDP, and Ocean Drilling Program — ODP) has pro-
of a rock. Nevertheless it is often most fruitful tovided an entirely new picture of the geology of the
have a theory or hypothesis against which to test oocean depths. Specially constructed diving ships (e.g.
observations. Data collection can then be focused &hVIN) make it possible for geologists to observe the
observations and measurements which can supportogean oor directly at depths of up to about 3,500
disprove the hypothesis. m and take samples of surface sediments. In addi-

We know from experience that we have a tertion geophysical, particularly seismic, surveys provide
dency to observe what we are looking for, or what wene of the most important bases for understanding the
anticipate nding. stratigraphy and geometry of sedimentary basins.

Early descriptions of sedimentary sequences con-In studying older rocks we base our approach on
tain few observations about sedimentary structureertain features which we can observe or measure,
which we would consider fairly conspicuous anénd attempt to interpret the processes that produced
important today. We observe sedimentary structursem. Particular variations in grain size and sedimen-
because we have learned to recognise them and undary structures in pro les can be interpreted as having
stand their genetic signi cance. been formed through particular processes, e.g. aeo-

Many sedimentologists use a standard checkligan, tidal or deltaic processes. The recognition of
for what they should observe in the eld, so thasuch sedimentary processes helps us to reconstruct the
their descriptions are as comparable as possibénvironments. The sequence of interpretation in stud-
Nevertheless, it is important that eld observations diés of older sedimentary rocks is thus: description of
not become too much of a routine. Facies analysiedimentary rock processes environment.
should be a creative process and the various deposi-Applied geology has always been important, even
tional models should be kept in mind when makin@pr purely scienti c research. The interests of eco-
the observations. It is also desirable to quantify elshomic recovery of raw materials from sedimentary
observations as far as possible, for example by suocks create a demand for sedimentologists and sedi-
veys in the eld and a range of laboratory analysesnentological research. Exploration for and recovery of
These might be texture analyses (e.g. grain-size disw materials also provide important scienti ¢ infor-
tribution), microscope analyses (perhaps using a scamation. Sedimentary rocks contain raw materials of
ning electron microscope) or chemical analyses. Purensiderably greater value than those we nd in meta-
descriptions of sedimentary rocks are useful becaus®rphic and eruptive rocks. The most important are
they increase the data base on which we can build anit, gas and coal deposits, but a very large amount
interpretations. of the world’s ore deposits is also found in sedimen-

Systematic studies of recent environments of sedary rocks and many types of ore have been formed
mentation are important to nd connections betweethrough sedimentary processes. Limestone, clay, sand
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and gravel are also important raw materials whichf completely spherical particles. Most grains are not
require sedimentological expertise. spherical, however, and it is dif cult to identify a repre-
The petroleum industry employs a very high persentative diameter, particularly in the case of elongated
centage of the world’s professional geologists. Thiar at grains. For this reason we have adopted the con-
industry has a particular need for research, and alsept “nominal” diameterdy), de ned as the diameter
has the nancial capacity to invest in it. Because oibf a spherical body which has the same volume as
and gas are found largely in sedimentary rocks, expltite grain. In practice we are seldom in a position to
ration for and recovery of hydrocarbons is based toeasure the volume of individual grains, and we there-
a large extent on sedimentology. Much of what weore use indirect methods to measure the distribution of
now know about the world’s sedimentary basins argtain size within a sample.
their regional geology is derived from seismic pro les Sand and gravel can most simply be analysed by
which have been shot in connection with oil explomeans ofmechanical sievingA bank of sieves con-
ration and drilling for oil and gas. The oil industrysists of sieves with mesh sizes which decrease down-
has also helped to stimulate pure sedimentologioahrds. A sample is put in the uppermost sieve and the
research, and signi cant contributions to research imank of sieves is shaken (Fig.1). Grains which are
this area are published by the research laboratorieslafger than the mesh size will remain, while smaller
the oil companies. Research based on economic intgrains will fall through and perhaps remain lying on
ests is also useful from a purely scienti ¢ point of viewthe next sieve. By weighing the fraction of the sam-
because it often focuses on particular questions whiple which remains on each sieve, we can construct a
may be quite fundamental. grain-size distribution curve. The lower practical limit
Petroleum geology requires close teamworfor sieve analyses is 0.04—0.03 mm; ner particles
between reservoir engineers and geologists, to estalzhibit much more cohesion, which makes it dif cult
lish in great detail the geometry and distribution ofor them to become separated and pass through the
porosity and permeability in reservoir rocks. We alsaer sieves.
need very much to know more about the physical Fine silt and clay fractions can be analysed in a
and chemical properties of reservoir rocks, for reaumber of ways. Most classic methods are based on
sons which are discussed at the end of the boakeasurements of settling velocity in liquids, and are
Geophysical methods provide most of the informatiobased on Stokes’ Law:
used in petroleum exploration and production and
many petroleum geologists rarely examine real rocks
in cores and cuttings. It is however important to

know something about the textural and mineralogic@|ere ¢ is a constant (2/9) and is the viscosity of

composi?ion of the sedimentary sequenpes. Trl]ﬁe waterR is the radius (cm) of the grain and is
geophysical data rarely provide unique solutions whefe gensity difference between the grain and the uid
inverting seismic and log data to rock properties. (water).

When the settling velocity of grains (falling through
water, for example) is constant, the resistance to the

v=cgR /p

2.1 Description of Sedimentary Rocks movement (friction), which acts upwards, must be
equal to the force of gravity, which acts downwards
2.1.1 Textures (Fig. 2.2).

6 Rw (friction) = 4/3 gR®  (gravity)

Thetexturesof clastic sediments include external char-
acteristics of sediment grains, such as size, shape and
orientation. These properties can be described rela-
tively objectively and say a great deal about the origin Logv= 2logR+ c(a constant
and conditions of sediment transport and deposition.

By grain size we normally mean grain diametefThe settling velocity is sensitive to temperature varia-
but the two are only strictly synonymous in the casgons, which affect the viscosity of the water)(

v=cgR /u
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Fig. 2.1 (a) Sketch showing the principles involved in sievevelocity, i.e. weight increase as a function of time. This is
analysis and use of a sedimentation balance. Sieve analythierefore a cumulative grain-size distributiof) (Grain-size

is usually used for grain sizes down to 0.03-0.02 mm, butassi cation of clastic sediments. The grain siz§ {s often
with wet-sieving even ner sediment grains can be sieved. Ttaescribed in terms of values ( = —logd)

sedimentation balance gives us a direct expression of settling

We can measure the settling velocities of sedimerdte which is a function of their size. The change in
grains indirectly by measuring the density of the watehe uid density as progressively fewer grains remain
with suspended sediment sample with a hydrometan, suspension is therefore a function of the grain-size
which registers the uid density. We disperse the sanaistribution. This applies for small particles, where the
ple in a cylinder with a mixer so that at a start timeow of the liquid around the grain is laminar and the
T, we have an even distribution of all grain sizes, ancbncentration of grains is low.
therefore of density, throughout the cylinder. The indi- When the grains are larger than about 0.1-0.5 mm,
vidual sediment grains then sink to the bottom at the settling velocity increases, and turbulence develops
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weight, which is the precipitation from suspension, as a
function of time. This gives a direct cumulative curve.

Other methods are based on the refraction or dis-
persion of a laser beam passed through suspensions
producing a characteristic “scatter” which is cali-
brated against samples of known grain size. These
machines use very small samples and have a high
degree of repeatability. Equipment has also been devel-
oped which uses X-rays instead of light to produce the
characteristic scatter patterns.

It is important to note thaho method measures
the nominal diameter. In methods which measure
settling velocity, grain shape is a signi cant fac-
tor. A large, thin mica ake has a settling velocity
which corresponds to that of a considerably smaller
spherical grain. The diameter of a spherical grain
with the same volume and settling velocity is called

Fig. 2.2 The velocity of a falling grain in water is controlled the effective diamete(de). With the scatter method,
by the gravity forces directedownwardsand the resistance to aky grains are assigned a different, probably greater,

the ow around the grain which is directatbwards(6 Rwi). diameter than that indicated by the settling velocity
The force of gravity is a function of the volume of the grain%ethod

(4/3 gR®) and the density difference () between the grain
andthe uid ( g— f)

2.2 Grain-Size Distribution in Solid

around the grains. The frictional resistance therefore Rocks

increases, and in the case of larger grains (>1 mm)
the settling velocity increases approximately in prd-ightly-cemented sandstones can be disintegrated by
portion to the square root of the radius. It is nomeans of ultrasound in the laboratory and then
practicable to measure each grain, but the settliagalysed as loose sediment in the normal manner.
velocity can be measured indirectly. A hydromete€arbonate-cemented rocks may be disintegrated using
oating in a suspension of sediments and water meacids. However, we must bear in mind that new clay
sures the density of the suspension through timminerals may have formed through post-depositional
The rate of density reduction in the suspension @&teration (diagenetic processes), and that some of
a function of the grains’ size. By taking successivthe original minerals may have been broken down
readings of the density we may plot a curve whichmechanically or dissolved chemically. Consequently
expresses density reduction as a function of timi.is not certain that we are dealing with the orig-
Since density reduction is a function of settling velognal grain distribution. Diagenesis must be taken
ity, this curve can be calibrated to give a grain-siz&to account.
distribution curve. Well-cemented rocks must be analysed in thin sec-
When we analyse ne-grained sediments with #on by means of a petrographic microscope. It is
large clay fraction, or separate out clay fractions, dif cult to analyse the ner fractions (ne silt and
may be useful to use a centrifuge. We then increasky) in this manner and we must always remember
the acceleration termg in Stokes’ Law. There are alsothe “section effect”, i.e. that in most cases we will
“sedimentation balances”. Sediments suspended imat be seeing the greatest diameter of the grains. With
cylinder fall through the water column and accumuspherical grains, the relation between the real diame-
late on a balance pan at the bottom of the cylindder,d;, and the observed diametdg, can be expressed
This balance records and writes out the increase statistically:d, = 4do/
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2.3 Presentation of Grain-Size only has material from one bed. This ensures that it
Distribution Data represents deposition by a single sedimentary process.
If we take a sample at the boundary between two beds,
we will often get false bimodal distributions which

Grain-size distribution is one of the many types of nafs, , easily be mistaken for naturally produced bimodal
ural data which must be presented on a Ioga“thmé‘édiments, leading to interpretation errors.
scale for convenience. Wentworth’s scale is based on

logarithms to the base 2, and this is now the one most
widely found in geological literature. . ) o
For the sake of convenience, these data are com® Grain-Size Distribution Parameters
monly plotted against a linear scale. The phj ¢cale,
where =S log, d, allows convenient interpolation of Phi ( ) = S log, d (after Folk and Ward 1957) where
graphic data. The reason this negative logarithm is usgds the grain diameter in millimetres (as previously
is that normally most of the sediment grain diametete ned). The percentage of grains larger than a certain
(d) are less than 1 mm, so these will have a positivgrain size () is called thepercentile 30 means that
phi value (Fig.2.3). It is convenient to plot grain-size 30% of the grain population by weight is larger than
distribution data as a function of phi values, especialtjie grain size. For = 4 the grain size is 0.0625 mm
on cumulative curves. In normal descriptions of graigo that 30% of the sample is sand or larger grains.
size, however, it is more helpful to state grain size in
mm, so the reader does not have to calculate back from
ph'T‘;]a'“?s' . . . 2.5 Signi cance of Grain-Size
e simplest, and visually most informative, way o
presenting grain-size distribution data is by means of Parameters
histograms (Fig2.3). These show the percentage, by
weight, of the grains falling within each chosen subFhe mean diameter is an arithmetically calculated
division of the size range. It is then easy to see hoawerage grain size. Thmediandiameter is de ned
well sorted the sediments are, and whether the disthy the grain size where 50% by weight of the sam-
bution of grain sizes is symmetrical, or perhaps bi- gdle grains are smaller, and 50% are larger. Only in
polymodal, i.e. with two, or more, maxima. the case of completely symmetrical distribution curves
A cumulativedistribution curve shows what per-will the mean diameter (M) and the median diam-
centage of a sample is larger or smaller than a pater (Md) coincide. The mean will otherwise shift
ticular grain size. The steeper the curve, the bettirrther than the median in the direction of the “tail”
the sorting. Note that engineers use the inverse tegfithe distribution. If the sample has a wide spread
“grading”, whereby well graded poorly sorted. (tail) towards the ne grain sizes (larger phi val-
If we use probability paper, distributions which areises) and a relatively sharp delimitation at the large
lognormal (following a logarithmic distribution) will grain-size end, we say that the sample has positive
plot as straight lines and the slopes of these will reveskewness. This will be typical of uvial sediments.
the degree of sorting. Even if the whole distribution i¥here will be a fairly de nite upper limit to the
not lognormal, it often appears that the curve can lggain sizes that rivers can transport as bedload, while
regarded as a composite of 2—3 lognormal grain-sitleere will be no sorting of the ne fractions which
populations. These populations generally overlap, soe transported in suspension. Major variations in
that some sections of the curve represent a combinatiomw velocity, for instance during oods, will give
of parts of two populations, each of which may b@oorer sorting.
lognormal. Each population may represent a different Aeolian (wind) deposits are very well sorted
mode of grain transport, for example saltation, rollingFig. 2.5). They also have positive skewness because
(bedload) or suspension (Fig.4). there is an upper size limit to the grains which can
Itis important that we collect representative sampldze transported. Although the nest particles may be
for grain-size distribution analysis, i.e. each sampkemoved selectively, there will still be a “tail” of ne
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Fig. 2.3 Presentation of the same grain-size distribution datagarithmic normal distribution, like a Gaussian curve, will plot
as @) histogram, ) cumulative curve, andcf cumulative as astraight line
curve on probability paper. When plotted on probability paper, a
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are (and consequently the depth of the wave base), we
will have poorer sorted deposits because the ne frac-
tions will be deposited and mixed with coarser-grained
sediments which are carried out during storms.

Sediments deposited from suspension have poor
sorting and positive skewness. This is very typical
of turbidites. Clay suspensions which are deposited
on land as high-density suspensions (mud ows),
have negative skewness because they often contain
large clasts.

Kurtosis is an expression for the spread of the
extreme ends of a grain-size distribution curve in rela-
tion to the central part. This distribution parameter is
used somewhat less than the others, but relatively small
amounts of silt and clay can have a signi cant effect
on the properties of coarse-grained sand. Pebbles and
stones in otherwise ne-grained sediment may also be

Fig. 2.4 Grain-size distribution curve presented as a functiohnportant.
of grain size in values against a logarithmic cumulatve QOne of the most important points to bear in
percentage mind when interpreting grain-size distributions is
the availability of grain sizes supplied to the area
material. The ne material in dunes may also be provhere the process is taking place. Strong currents
tected by a cover of larger particl@ag) against further or wave energy will only be able to deposit coarse-
erosion and transport. Beach sand deposits, on @@ined sediments if there is coarse-grained sediment
other hand, are clearly negatively skewed, i.e. the digresent in the area. A source area where sediments
tribution curve shows a de nite lower limit, while thereare generated by erosion and weathering will often
is often a “tail” of larger particles, i.e. granules angupply specic grain sizes. Chemical weathering of
pebbles. The hydrodynamic conditions on a beach aaeid rocks (granites), for example, will lead to the
such that each wave brings some sediment in sdsfrmation of sediments consisting of quartz grains
pension. Whereas sand grains, particularly medium ¢orresponding in size to the quartz crystals in the
coarse sand, will rapidly settle from suspension and geanite, and clay (kaolinite, smectite, illite) formed
deposited on the beach again, ne sand, silt and clélyrough weathering of the feldspars. Weathering of
will remain in suspension longer. This ner materiabasic rocks (basalts and gabbros) will produce almost
will be transported further out and at a depth of sonexclusively clay minerals, and practically no sand
metres (1-50 m), depending on how strong the wavggains.

Fig. 2.5 Sorting and
skewness are grain-size
distribution parameters which
are suitable for distinguishing
between sediments deposited
through various processes and
in different environments of
deposition. Turbidites and
uvial sediments have a tail of
small sediment particles while
beach sand may have coarser
grains such as pebbles
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The grain-size distribution in a depositional area of specic modes of transport, and superimposed
also depends on the transport mechanisms carryingtexture features may reveal the transport history
sediment to the area. The grain-size distribution we of a grain. The surface texture of grains can best
observe in a sediment therefore re ects both the be studied under the scanning electron microscope.
hydrodynamic conditions and the grain-size popu- Aeolian sand grains may develop ne pitting on
lation of sediments available from the source area. their surfaces due to the collisions of grains during
Furthermore, although a particular grain-size distribu- transport, clearly visible under a binocular micro-
tion may be characteristic for a type of deposit, it does scope.
not point unambiguously to a particular environment i )
of deposition because similar hydrodynamic condi- L@r9¢ grains become rounded far more rapidly
tions can exist in different environments. Statisticd'@" smaller ones because the impact energy released
comparison of high resolution (minimufa Phi sam- N collisions with other grains Qecllnes in propor-
pling interval) grain-size distributions, applying pairdion 0 the cube root of the radius. Blocks may be
of Folk and Ward or Krumbein parameters, Ca}:punded after only a few hgndred metres or several
provide some diagnostic criteria for hydrodynami&lometres of transport. Gram.s less than 0.1 mm in
interpretations. diameter un_dergo Ilttl_e rounding even when car_ned

Sediments may change their grain-size distributioff’y 0ng distances in water, for example by tidal
by diagenetic processes at quite shallow burial as wEHeNts-
as at greater depth. The formation of the clay min-
erals kaolinite and smectite from feldspar and rock
fragmt_ants (volcaljlcs_) in a_se_dlm_ent certainly results @.7 Sediment Transport
very different grain-size distributions from those at the

time of deposition.
Sedimentary grains can be transported by water or by

air. In order to understand the transportation processes

we must know a little about the hydrodynamic (or aero-
2.6 Grain Shape dynamic) principles involved. When a liquid or gas
ows in a channel or pipe it exerts a force (shear stress)
against the walls or bottom. This force is counteracted
by friction from the walls.

1. Roundnesis a property of surface shape — whether Pure water without suspended sediment is a
it is smooth or angular. A visual scale is mosiNewtonian uid which obeys Newton's law:
commonly used. - dvdh
2. Sphericityis an expression for how much a particle
deviates from a spherical form, and is de ned as the A Newtonian uid has no shear strength, so it will
ratio between the diameter of a circumscribed circlee deformed even by an in nitely small shear stress
round the grain and the diameter of a sphere of tifdvdh).
same volume (thaominal diameter) = shear stressvhich is an expression of force per
3. We also use various expressions for grain shapait area (N/m). p is the dynamic viscosity expressed
such as (a)discoid or bladed for grains which in poise (g/cm/s or 0.1 N s/f) dvdhis the change in
are at, (b) Prolate or roller for grains with one velocity (dv) or velocity gradient (deformation veloc-
dimension considerably greater than the two otlity) as a function of distance from the boundadh)
ers, (c)equantfor grains with three relatively equal The viscosity of pure water decreases with increas-
dimensions and (d)blatefor grains with one large, ing temperature. Suspended material may also affect
one medium and one small dimension. viscosity, but the concentration of suspended material
4. Surface texturesare concerned with the nature ofmust be quite high (15-25%) before the viscosity
the surface itself, whether it is rough, smooth, pitncreases signi cantly. If the water contains a large per-
ted, scratched etc. Some textures are diagnostientage of swelling clay minerals (smectite), however,

We distinguish between three parameters:
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the viscosity will increase at lower concentrationdncrease as a function of velocity because of the eddies
The kinematic viscosityv is the dynamic viscos- which produce areddy viscosity ) (Fig. 2.6). The
ity (1) divided by density , i.e.v= p/ and units total shear stresses will then be= ( + p)/dvdh
are cnt/s.
We distinguish between laminar ow, where each
point in the liquid moves along a straight line parallel
to the bed, and turbulent ow, where each point fol2.8 Flow in Rivers and Channels
lows an irregular path so that eddies form (FX6)

Reynold’s number (Re) is a dimensionless numbgty o) types of water ow the forces acting on the
which describes ow in channels and pipes. It iyater must be in equilibrium. In most cases it is
de ned as: the force of gravity which balances bed frictional
Re= vhju forces. In _order_ to underst.and geological processes
in connection with the erosion, transport and deposi-
Herev is the mean velocityh is the depth of a chan- tion of sediments, it is important for us to be aware
nel or the diameter of a pipe in which uid is owing, of the relationships which govern the ow of water
is the uid density andu its viscosity. If Reynold’s in channels.
number exceeds a certain value, about 2,000, the ow If the channel has a cross-sectiérand we look at
changes from laminar to turbulent. The density & stretchL of the channel, the force of gravity will be:
water is 1 g/cm and the viscosity is one centipoise

(0.01 Ps= 0.01 g/cm/s). We see that the boundary Fi= -g-L-A-sin,
between laminar and turbulent ow corresponds to . ) . )
20 cm/s. where is the density of wateg is the force of gravity

This means that for the ow of water to be lami-(constant) and is the angle of slope of the chan-
nar the product of velocity (cm/s) and depth (cm) mu&el- The resistance to ow consists of frictional forces
not exceed 20. If the velocity is 1 cm/s, there will b@gainst the bed and against the air. If we disregard
turbulence if the depth (h) is greater than 20 cm. [fsiction against the air, the frictional forces are:
practice, then, ow in rivers and channels is always F,= -L-P
turbulent. For turbulent ow the expression for shear
stresses which applies to laminar ow, is no longewhere = shear stress (force per unit area) and is
adequate. The shear stress in turbulent ow will thethe area of the bed on which the forces are actihig.

Fig. 2.6 Diagram showing
principles of turbulent and
laminar ow and the shear
stress against the underlying
bed
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Fig. 2.8 Different forms of transport in water. Sediment grains
may be carried in suspension if the vertical component of the
turbulence is equal to the falling velocity of the grains. Larger

) . . _ grains are carried along the bottom due to the shear stress
Fig. 2.7 Flow of water in channels is controlled by the ratio

between the gravitational forces and the shear stress against the

bottom of the channel wheren is the coef cient of roughness of the bed=
0.01 corresponds to a smooth metal plate mrd0.06
the wet perimeter andis the length of a line along the o a shifting bed of gravel. Itis of great practical impor-
bed in a section along the channel. If the water ow hagnce to be able to calculate water velocity and thereby
a steady velocity, the force of graviBy will just equal  the erosion potential of arti cial channels.
the frictional forcer> (Fig. 2.7). Consequently: The Froude number is a parameter which is often
L-P= g-L-A-sin used to describe water ow:

or F=vi(g-hY?
A
= +g-5-sin . _
P wherev is the average velocityh is depth of water
and g the force of gravity. The Froude number is the
A/P is the cross-section of the channel divided byatio between the kinetic energy of the water masses
the wet perimeter, and we call this the hydraulic radiugwhich is proportional to the square of the velocity)
R. For ow in a pipe: and the force of gravity, which is proportional to the
depth,h. For low Froude numbers the water ows out
R= D/4 of phase with the bedforms, and current ripples or
cross-bedding develop. This is called the lower ow
The shear stresses)(R = D/4 increase in propor- regime. When the velocity, becomes high in rela-
tion to the square of the velocity € c - v?). tion to the depth of watet, rapid or shooting ow
This relation between shear stress and ow velocityevelops where the waves come into phase with the
can also be used for ow in channels where we havsoundary irregularities (Fig.9), which represents the
bedload transport (Fi@.8). Solving the two equations upper ow regime.
above with respect to the velocity)(we obtain: The transition between lower and upper ow
regimes corresponds to a Froude number of 0.6-0.8.
v= C(Rsin )Y¥2

This is the Cherzy equation and C is the Cherzy-9 Sediment Transport Along the Bed
number. Due to Water Flow

The value of C depends on the roughness of the
bed and on theshapeof the channel, particularly its \what actually gives owing water the capacity to carry

sinuosity _ _ _ _ sediment, and how are sediment particles transported?
~ Often used in engineering for calculating the veloc- we have seen that owing water exerts shear forces
ity of water in channels, is Manning'’s formula: against the stream bed. Frictional forces are converted

into turbulence in the overlying water, and have the
v=RZ3.(sin )¥? effect of transporting sediment particles along stream
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Fig. 2.9 (a) Sedimentary structures as a function of ow(c) Formation of current ripples and truncated ripples in a tidal
velocity, grain size and water depth. The Froude Number (Environment. ) Dunes formed on a coastline with high wave
is an expression of the velocity as a function of depth). ( energy

Ripples with clay pellets accumulating between the ripple crests.

bed. Under moderate ow conditions the largest par- The condition for sediment grains being transported
ticles will be transported along, or just above, the bad suspension is that their settling velocity must be
as bedload (Fig2.8). This takes place partly throughless than the upward vertical turbulence component.
rolling or slow creep, partly through saltation, i.e. th&his means that the grain must be transported upwards

grains jump along the bed. through the water at least as fast as it falls downwards.
Saltation can be partly explained througiThe magnitude of the vertical turbulence upwards will
Bernoulli's equation: be a function of the horizontal velocity (about 1:8).

Under normal ow conditions (< about 1 m/s) only
clay and silt will be transported in suspension. Under
high ow energy conditions, e.g. during oods, sand
and gravel may also be transported — at least partly —
HereP = pressureh = height above the stream bedjn suspension.

andv = velocity. We see that water which ows over Erosion and transport are a function of shear stress
a sediment grain on the bed will have a greater veloagainst the stream bed. This in turn is a function not
ity than water which ows under the grain. Bernoulli'sonly of water velocity but also of depth. There is a
equation predicts that the pressure above the grain mashnection between the ow velocity and the size of
be less than the pressure adjacent to the gRjinahd the sediment grains which can be transported but the
when this difference becomes suf ciently great it willwater depth is also important. Hjulstrem’s diagram
be possible to lift the grain from the stream bed. Thig=ig. 2.10 applies to channels about 1 m deep. Other
“airplane wing effect” does not work once the grain isactors which complicate these relationships are the
in the water above the stream bed, and the grain wiliscosity (and hence temperature) of the water and the
then drop to the bed again. density and shape of the sediment grains.

V2
P+g-h+ > = C(constant)
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increase in the density and viscosity of the uid phase.
The ow will then still have approximately the same
characteristics as it had without the sediment.

Another type of sediment transport is due primarily
to the density difference between a water mass carrying
suspended sediments and the clear water outside the
suspension. We call this phenomenaravity Row
(Fig. 2.11) and it includes turbidity currents and debris
or mass ows. The force of gravity causes move-
ment of sediment/water mixtures because they have
a higher density than their surroundings, i.e. they are
not in equilibrium with the ambient clear water mass.

N Gravity ow is thus distinguished from traction cur-
rents by the fact that it can take place in otherwise still
water. However, there are transitions between these
two fundamentally different processes and we often
have combined effects.

Fig. 2.10 Hijulstrem’s curve showing relations between grain

size, ow velocity, erosion and sedimentation. Fine-grained sed'2 11 Turbidity Currents
ments stay in suspension and are transported at low velociti€s,

but require higher velocities to erode than silt due to cohesion
Sediment in suspension will be carried down
submarine slopes because the suspension is heavier

. With ;mall grain sizes (silt and glay) the ow Veloc'than the surrounding clear water, forminguabidity
ity required to sustain transport is far less than th&rrent

velocity needed to erode a particular grain. This is

. : ) > It may be started by river water containing sus-
because cohesion between sediment particles, par &hded material entering a sedimentary basin. In
ularly clay, is such that once they are deposited, it

dif cul de th ) arine basins the difference in density between river
If cult to erode them again. , . (fresh) water and salt seawater is so great that even
Note that ne sand (about 0.1 mm) is the easie

di £t de. On the other hand . river water carries sediment in suspension, it will
sediment o erode. On the other hand, ner—gralnelﬂ most cases not be denser than seawater. In conse-

larger ones |n“seaw'ater. myty:reases the settllpg veloc@/ currents; instead the ow may become an over ow
of clays. Also pel_letlsanon , through clay _bemg eaterﬂume. In lakes, on the other hand, river water is often
by organisms, 1S 'mPO”a”t for the formation of rnan)/leavier, due both to suspended material and to its being
ne-grained clay sediments. colder than the lake surface water. It will then be able
to follow the bed downslope, and become a turbidite.
Submarine slides may also quickly evolve into tur-
bidity currents. River sediment entering a marine basin
will mix with the seawater so that clays occulate and
are deposited on the delta slopes. If the slope angle
becomes too steep, we get slides, which may result
We have shown that water or air owing over a surin turbidity currents. When ne-grained sediments are
face exerts shear forces on the substratum so tliaposited on slopes from suspension they have a very
sediment can be transported by what we refer to hgyh water content. Compaction, sometimes caused by
traction currents When we have a relatively low con-earthquakes, will cause upward ow of porewater and
centration of sediment in water (or air) there is littlanay result in liquefaction. This causes the sediments

2.10 Different Types of Sediment
Transport
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Fig. 2.11 Sketch showing different types of transport on slopes

to begin to ow even on gentle slopes because fridiottom of the current, where change in velocity as a
tion is reduced, and they may then turn into turbiditjunction of height above the bottom (velocity gra-

currents. dient) is greatest. The largest grains in suspension
The forces driving a turbidity current are: will thus be concentrated near the bottom of the cur-
rent. Near the bed, in addition to turbulence, we also

Fi=g0- -Vsin have shear stresses which will transport the grains in

virtually “pseudo-laminar” ow in a thin layer over
whereg is the gravity constant, is the difference the bottom. If the concentration of large sand grains
between the density of the current and that of tredong the bed becomes large, we also djspersive
surrounding watery is the volume of water along aenergybecause of collisions between the grains (see
certain length of the channel, with the cross-sectiddect.2.13.
(A) of a turbidity current with lengthL, and the We therefore nd that both the concentration of
angle of the slope. Acting against the movement asediment in suspension, and maximum grain size in
frictional forces F2) which, as long as the currentsuspension, decrease upwards from the bottom. If we
is not accelerating, must be equal to the gravitationdisregard internal friction, we obtain
forces. These are shear forces against the bed,
and against the overlying waterp, plus internal fric- g- -Vsin = (1+ 2)-A
tion and turbulence within the current which keep the
sediments in suspension. In order for the sedimewhereA is the area of contact with the bottom and the
grains to remain in suspension, the turbulence musterlying water. The ratio between the volunyg énd
be suf ciently strong to have an upward componerthe contact ared is approximately the thickness of
which corresponds at least to the settling velocity aghe ow H. The shear stresses are proportional to the
the coarsest grains. Turbulence is greatest near #wuare of the velocity = ¢\ .
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The velocity §) of a turbidity current is then: ner upwards. In most cases, apart from in proximal
turbidites, we also nd deposition of some ne mate-
v=—c-(g- -H.sin )1’2 rial in this layer, so there is poor sorting. An example

of this is Unit A of the Bouma Sequence (F&12.

Here the coefcient ¢ includes the coefcient of As settlement from suspension slows down, the
resistance for friction against the sea oor and againgtater will have time to sort the grains further, and
the overlying water. This corresponds to Chezy’s numve nd lamination and bedding structures. The B Unit
ber for uvial ow, so in many ways we can regard aexhibits parallel lamination which may be due to ow
turbidity current as an underwater river. just above theipper Bow regiméoundary. The C Unit

We see from the above equation that thick turbidexhibits current ripples and convoluted laminae and
ity ows will have a higher velocity than thin onesrepresents further velocity reduction, with deposition
and that thick ows can ow on gentler slopes thanin the lower ow regime. The D Unit has parallel lami-
thinner ones. This is because the shear stress agairaton and was probably deposited from the tail, which
the bottom and the overlying water is nearly indeperonsists of very ne-grained sediment. The E Unit
dent of the thickness of the ow. The ow velocity consists mainly of pelagic material, ne-grained clay
also increases with increasing density of the sedimemtad fossils that accumulated on the seabed during the
water mixture in the ow, but high density ows long periods (often thousands of years) between tur-
will have higher internal friction and require highemidity ows (Fig. 2.12). The E Unit is therefore not
velocities to keep the material in suspension. necessarily a part of the turbidite sequence.

A turbidity current can be divided into head, neck, The Bouma sequence, rst described by Arnold
body and tail. The sediment particles in the head arBauma in 1962, is an ideal sequence in the sense that
move somewhat faster than the front of the curreimt most cases we do not nd all the units developed.
itself. This leads to sediment being swept upwards afa some sequences, particularly those thought to have
then backwards towards the neck, where it mixes witleen deposited close to the base of submarine slopes
water from the overlying water mass. From there it iwhere the gradient is still fairly steep, we will nd only
carried backwards to the body and tail, where we nthe coarsest parts of a turbidity current deposited, Unit
a ner-grained, thinner suspension. When the turbidith or a sequence of A + B. We call theggoximal
current loses velocity, the largest particles in the headrbiditesThe nest-grained fractions of a turbidity
will settle out of suspension rst because of reducedurrent tend to be deposited beyond the foot of the
turbulence. Gradually smaller and smaller grains willope or out on the ocean abyssal plain. In these areas
settle and we get deposition of a bed which is fairlwe often only nd alternations between C-D-E, or just
massive, without internal structure, but which becomé-E. These are calledistal turbidites In many cases it

Fig. 2.12 (a) Bouma sequence in turbidite®) (Turbidites in a Late Precambrian sequence at Lillehammer, Norway. The sequence
is younging to theight
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may be dif cult to distinguish between distal turbiditeghat large stones do not sink rapidly towards the bottom
and alternations between silt and clay formed by traof the ow. In ows with high density and viscosity,
tion currents at great depths. Proximal turbidites whidblocks may remain near the surface of the ow until it
are well sorted may also resemble coarser sedimestidi es, through loss of water or reduced gradients,
deposited by powerful traction currents in submarinend becomes quite rigid as a result of increased den-
channels. sity and cohesion. The shear strength of the matrix is
At the base of turbidity sequences, particularly aiften referred to as matrix strength. Debris ows may
the base of the A Unit, we often nd well-developedbe rich in stones and other coarse material because
erosion structures, particularfute castsand groove of the matrix strength. Mud ows typically have a
casts Flute casts are formed by the turbulence ahore clay-rich matrix. But there is no clear distinction
turbidity currents when they pass over a substratubetween the two.
which consists of ner-grained sediments. The struc- Because of the high matrix strength, little sorting
tures, which point upcurrent, are produced by vorticgakes place in debris ows (FigR.11). Large blocks
in the turbulent ow eroding into the sediment surfaceare often concentrated at the front or on the sides of
Groove casts are formed by larger grains being draggé@ ows, and there may be less coarse material near
along the bottom. Even though ute casts and groowbe base of the ow because of the shear movements.
casts are typical of turbidites, they cannot be used asOn land, the density difference () between the
proof that we are dealing with turbidites because simew and its surrounding uid (air) is much higher
ilar structures can also be formed by various types tifan under water. Flows with a particularly low water
traction currents where there is turbulence and transentent and high shear strength will only ow slowly
port along the bottom, e.g. in uvial environmentsdown a slope, and we get transitions into what we call
Sequences resembling Bouma sequences may alssbiiuction(creep). Sediment ows with a higher water
produced by processes other than turbidity ows, forontent can move faster, however. In debris ows with
example rapidly accelerating uvial ows. To assisttheir high internal friction most of the shear forces
our interpretation we should therefore look at the entingill be released along the bottom of the ow, so that
sequence and also try to obtain palaeo environmentlaé overlying mass moves more or less as a coher-
information from fossils or oriented grains. On subent mass with little internal deformation. This helps
marine slopes there may also be very swift tractiolo reduce the total frictional resistance to movement.
currents, particularly in submarine valleys due to th8hear strength and viscosity tend to decrease with
focusing of the tidal forces, and relatively strong cuiincreasing rate of shear, and this means that when a
rents may go up the canyon as well. These tractioow rst gets going it will tend to accelerate.
currents are capable of transporting coarse sand and aDebris ows and mud ows normally have
times even coarser material. thixotropic properties: the shear forces must reach
a critical threshold before deformation (shear) takes
place, and the material loses much of its shear
strength following deformation. In clay containing
smectite (montmorillonite) this property is particu-
larly well developed. Under shear stress, water will be
released. The house-of-cards packing of clay miner-
Debris Rowsoccur both on land and under water, andls is destroyed, the clay particles tending to develop
represent a type of mass transport where the sedimepdfallel alignment, with the release of water which
water ratio is very much greater than in turbidityill reduce the shear strength causing shear weaken-
currents, resulting in high viscosity and high internahg. Some of the water in the bottom layer in which
friction during ow. This also means that the den-deformation is taking place will be lost to the other
sity of the mass is from 1.5 to 2.0 g/émwhile most sediments, however, and friction will mount again. If
turbidity currents have a density of 1.1-1.2 gfcor  large clasts enter the basal shear zone, friction will also
less. The high density of a debris ow means that aihcrease and the ow may stop.
clasts have increased buoyancy because of the dens&he stability of mud on slopes and the ow prop-
matrix. The high viscosity of the matrix also meansrties of mud ows depend on the clay mineral

2.12 High Density Mass Flows — “Debris
Flows” and “Mud Flows”
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composition of the mud and on the geochemistry sediments were riding as a plug on a wedge of water
the porewater and the ions adsorbed on the clay mifat reduced the friction against the bottom.
erals. The presence of potassium and sodium tend to
stabilise the mud.

Debris ows are often described in continentaR.13 Grain Flow
deposits, but are also found on submarine slopes. In
water the density difference between sediment and sur-_. . : .

rain ow is ow of relatively well-sorted sediment

roundings is far less than on land, so that the angle . . o .
grams which remain in a sort of suspension above the
) L . Substratum due to collisions between the grains. We
internal friction. Submarine mud ows, on the other o . S .
: . see this if we make a little landslide in a dry sandpit
hand, will not dry up and they can easily take up more .
or pour sugar out of a bag. Grain ow can develop

water as they move.

. . . only when the initial ow is near the angle of repose
Debris ows are particularly common in desert

deposits. This is because of the often powerful rairq{EIbOUt 34). ngnold (1956) descrlb_ed hO.W collisions
between sediment grains led #odispersive stress

storms which mobilise sediments that in a Wette]_r| . . .
: . owever, this stress is only signi cant near the base
climate would have been transported by uvial pro—fa ow, where we have rapid variation in ow veloc-

cesses. In addition, there is little vegetation in deseri S as a function of height above the basiv/@h).

to bind th iment th re mor il t . . ; o . :
0 bind the sediments, so they are more easily se ere grains with very different velocities will strike

motion. Also of great signi cance is the fact that the .
: o : one another, and transfer velocity components to one
clay mineral smectite is formed particularly through

weathering in desert environments. Clay containi another. Higher up in the ow the dispersive stress due
smeciite V\?i” expand when it begins t.o rainy reventirll}% collisions between grains will be considerably less
P g P gs the grains have far more similar velocities, despite

the water from Itenpg rapidly through the. soil pro turbulence. The dispersive pressure developed near the
le. Instead, water will be bound to the sediments an . . .

. . ase cannot support a thick layer of overlying sediment
the viscosity may be reduced enough for mud ows

with thixotropic properties to form. In continental envi-a?gggﬁiesf%rri grain ows have an upper thickness limit

ronments with freshwater th ntent of stabilisin ?t . . .
onments eshwater the content of stabilising sa Sand grains which avalanche down the lee side of

+ +\ i
(K7, N s low. sand dunes form small grain ows and are probably

The term “quick clays” is used for extremely L
. . . ._~one of the few signi cant examples of natural pure
thixotropic clays. Undisturbed clays have a relatively .
rain ow. Grain ow may also occur on beaches and

high shear strength, but after shaking or some other . .
; LT ... In shallow marine environments.
type of deformation they can ow like liquids, with
a very low internal friction. In Scandinavia, Holocene
marine clays which have been uplifted by glacio: .
isostatic rebound have been slowly weathered by p<,2r'—14 Lique ed Flow
colation of rainwater so that sodium has been leached
out, making them more prone to landslides and to foririquefaction isthe name given to a process whereby
mud ows. sediments lose most of their internal friction, and con-
Systematic surveys using modern coring and rematequently act almost like uids. This is the case when
sensing techniques, such as underwater cameras, sidepore pressure is equal to the weight of the over-
scan sonar and 3D seismic time slices, have showarden. When sediments are deposited, they have a
that large-scale debris ows are rather common omigh water content and the sediment grains are packed
continental slopes. in an unstable manner. As the overburden increases,
On the eastern slope of the Norwegian Sea a hutfe stress on the grain contacts increases, and the
slide (the Storegga slide) occurred about 8000 yedramework of the sediment grains may collapse sud-
ago, involving about 3500 kfof sediment. The slope denly. Earthquakes produce tremors which may cause
scar stretches for nearly 300 km and parts of the owhis structure to collapse, but it can also take place
extended up to 800 km across the deep ocean oor. Tharely as a result of stress (loading). When the packed
transport mechanism was chie y debris ow, where théramework of grains which was formed during
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deposition is destroyed, the grains can pack more

closely together. For this to be able to happen, how-

ever, water must ow out of the bed as the porosity

decreases. This leads to an upward ow of pore-

water and ne sediment particles, which may be as

great as or greater than the settling velocity of the

grains. This process is called liquefaction. The force

of gravity, acting on the contact between the grains, is

therefore neutralised, and friction between the grains

tends towards zero, resulting in liquefaction. If we ] - o
- Fig. 2.13 Relation between permeability and cohesion in

measure the pressure in the porewater, we nd th?«fdiments. In coarse-grained sediments water escapes quickly,

it increases during settlement (compaction) when thgsventing build-up of overpressure, and in ne-grained clayey
unstable grain framework is destroyed. At one stagediments the cohesion prevents mobilisation

the pore pressure will be approximately as great as the
weight of the overlying sediments. We can then use

Coulomb's Law: The stability of slopes can be estimated by calcu-
=C+(ySP)tan , lating the graynanonal forges acting on a particular

volume of sediment in relation to the frictional forces.

where = shear strengthC = cohesion, , is During construction work, slides may sometimes be

the weight of the overlying sedimen® = pore prevented by drilling wells which release the excess
pressure and is the angle of friction (about 3% pore pressure so that the effective stress and the friction
( vS P) is the effective stress. When the pore presacreases.

sure, P, approaches the weight of the overlying sed-

iments ( y), the friction component ¢ S P) tan ,
approaches zero. Fine-grained sediments like clay h
considerable cohesioit), and this will often prevent
clay sediments from sliding even if there is little fric-
tion. However, once a deformation plane forms, there
will often be movement mainly along it due to cohelt is dif cult to observe or take measurements of
sion in the rest of the clay. If we have coarse-grainadcks entirely objectively and consistently. Most types
sediments, i.e. coarse sand and gravel, compaction wafl measurements and observations have a consider-
lead to excess water owing out so rapidly that th@ble degree of inherent uncertainty, and the validity
overpressure will drop very quickly, assuming the highnd usefulness of results often depend on the expe-
permeability has allowed it to build up properly inrience and skill of those carrying out the eld work.
the rst place (Fig.2.13. It is therefore silt and ne It has turned out to be very dif cult to observe struc-
sand, the fractions most susceptible to liquefactiotyres which one does not recognise and understand the
that are likely to generate high-velocity subsea owssigni cance of.

Liguefaction can, as already mentioned, be triggered A good description of a stratigraphic prole

by tremors, e.g. earthquakes, and stress. Stresseslepends on good theoretical knowledge of sedimentary
sediments (soils) due to buildings, lls, etc. can lead tprocesses, and of experience from studies of similar
collapse of the grain frameworks and cause liquefamcks.

tion. Lowering of the groundwater table on a slope, for It is easy to forget to record or measure some of the
example down towards the coast, has a similar effgatoperties of a rock. In order to obtain a more com-
because of reduced buoyancy in part of the sedimeehensive description and avoid forgetting anything,
column. Extremely low tides or a combination of at may be a good idea to have a well-established rou-
strong ebb and a land wind can trigger a slide in ottine or even a checklist. Photographs from outcrops
erwise stable coastal sediments. This is because titecores may help when writing nal reports. If our
effective stress in the sediments increases when the seastigation has a de nite and limited objective, we
level is low. measure only the properties we think will be relevant.

95 Sedimentary Structures, Facies
and Sedimentary Environments
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A list of features which can be observed (measured 8117 Layering and Lamination
registered) in sedimentary rocks:

Most sedimentary rocks exhibit some lamination or

1. Textures — grain size, sorting, grain shape etc. bedding, but we also have massive (unlaminated)
2. Grain orientation — fabric. rocks. Lamination records variations in the sedi-
3. Sedimentary structures and their orientation.  ment composition as successive depositional layers are
4. Fossils. draped over the contours of the sedimentary surface.
The variations may re ect different grain sizes, sorting,
A Preservation or impressions, casts, or the fossigineral composition or organic mattdraminaeare
themselves, and their mode of occurrence.  |ess than 1 cm thick. Units greater than 1 cm are called
B Trace fossils. beds A bed will contain sediments which have been
deposited by the same sedimentary processes. Some
5. Colour. sedimentary processes, for example deposition of a tur-
6. Resistance to weathering and erosion. bidite bed, may be fairly rapid. Migration of a sand
7. Composition (a) Mineral (b) Chemical. dune to give cross-bedding takes somewhat longer,
8. Thickness and geometry of beds. while deposition of a clay bed from suspended material
9. Variations in texture and composition within a bednay take a very long time.

e.g. increase in grain size upwards or downwards Graded bedshave a grain size which tends to
in the bed (grading or inverse grading). decrease upwards within the bed. The opposite is
10. Type of contact between beds (e.g. erosional cogglledinverse grading. Normal gradinmay be due to
tact, conformable contact, gradational contact). deposition from suspension, when the largest particles
11. Association or any tendency to statistical periodend to fall to the bottom rst, as with turbidites, or
icity in the features of the strata in a pro le — bedo ow velocities dropping off during deposition in a
types, structures. river.

Inverse grading may be due to increasing ow

These observations form the basis for de ning€locity but if the increase in velocity is too high,
facies, which are a synthesis of all the data listed abotf2e result will be erosion. The supply of coarse mate-
which can be used to group certain types of rocks. The{l during transport and deposition may also produce
may be genetic facies, i.e. strata which one assuniB¥erse grading. In high density sediment currents
have formed in the same manner. All strata which cofdebris ows) we may get inverse grading; smaller
tain criteria which indicate that they were deposited iRarticles sink more easily to the bottom between the
shallow water can be described (in reality interprete§fde particles. Massive beds, or at any rate reasonably
as shallow water facies. In the same way we have gnassive beds without visible lamination or bedding,
vial facies, deep water facies, evaporite facies, and 88y be formed during very rapid deposition of sedi-
on. The facies concept can also be used to distinguidt¢nts from suspension. X-ray photography of appar-

carbonate facies. sandstone facies. the presence of weak lamination even in sand. Massive

sand beds occur due to rapid fall out from suspension.
In mudstones the primary lamination may be destroyed
. by intense bioturbation.
2.16 Sedimentary Structures On the surface of laminated sediment we may nd
erosion structures.
By sedimentary structures we mean structures in sedi-Water running over a plane surface, e.g. beach sand,
mentary rocks which have formed during or just aftewill produce small-scale, branched (dendritic) erosion
deposition. We distinguish betweprimary structures marks calledill marks. The ow of water may be due
which are formed at the time of deposition of théo runoff from big waves or from groundwater seep-
sediments, andecondarnystructures which are formedage at low tide. These structures are good indicators of
after deposition. inter- or supratidal environments, but they are seldom
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preserved because they are usually destroyed when the
water level rises again. Raindrop imprints are often
preserved on bedding surfaces, and are good indicators
of subaerial exposure.

2.18 Bedforms

Bedforms are morphological features resulting from

the interaction between particular types of ow and

the sediment grains on the bottom. A speci c type of

bedform will only form within a limited ow velocity

range and is also dependent on the availability of grain

sizes which can be moved by that ow.

Current ripples form in ne-grained sand when
the velocity exceeds the lower limit for sediment
movement.
Ripples and dunes have a stoss side upstream Wheitg 2.15 Aeolian dunes several metres high in the Navajo

erosion takes place and a lee side on which depo§andstone (Jurassic)

tion takes place (Fig2.14. They therefore migrate

as a result of the combined effects of erosion and

deposition. Current ripples form in ne-grained sandhave a wavelength of up to 40 cm. The ripple index is

when the velocity exceeds the lower limit for sedimer@n expression of the ratio of the wavelength divided by

movement. Sections through ripples show inclineifie wave height, and varies between 10 and 40. Waves

foreset laminae, a structure called “small-scale crog®ay generate oscillatory ow that produces symmetri-

lamination”. Ripples may also form in coarser sandal ripples, which have foreset laminae pointing in both

but there is an upper limit of 0.6—-0.7 mm for the graiwlirections.

diameter. Ripples are less than 3-5 cm high, and mayDunes are similar to ripples in shape and struc-
ture, and form in coarse-, medium- and ne-grained
sand, but require signi cantly higher ow velocities for
their formation. Dunes range in height from 5 cm up
to several metres, and wavelengths may exceed 10 m
(Fig. 2.15).

Cross-bedding(large-scale cross-strati cation) is
seen in cross-sections through dunes (Eig§). Each
lamination is called doreset bedand represents the
lee-side surface of a migrating dune. If the dunes have
straight crests the foreset beds on the lee side will form
a straight transverse plan¢aljular cross-bedding
Curved dunes have rounded foreset beds, atrdugh
cross-beddingthe laminae have a rounded surface
which is concave in the downstream direction. The
foreset lamination may form a relatively sharp angle
with the underlying bed, or may have a more tangential
contact. The latter is typical of trough-shaped sets.

Aeolian dunes may be many metres high, and
their cross-bedding will then be correspondingly large

Fig. 2.14 Principle illustration of dune and cross-bedding  (Fig. 2.15.
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At even higher velocities in relatively shallow
water, standing waves may produce antidunes when
the Froude number exceeds 0.8. The antidunes which
are produced when standing waves are in phase with
the bedforms develop resulting in low-angle cross-
lamination which dips up-current.

Both ripples and dunes are formed through sand
being transported along the bottom and deposited in
sloping strata on the lee side of the structure. In
consequence they always have dipping laminations
(foreset beds)which may lie at an angle (angle of
repose) of up to 35to the surface of the bed, though
such high angles are rather rare. Current ripples in
plan view may be straight, or form curved patterns
(sinuous crests)Ripples with a symmetrical cross-
section (symmetrical ripples) are formed by waves as a
rule. Asymmetrical ripples are formed by a predom-
inantly unidirectional current and their steeper side
faces downstream. Ripples with a high sinuosity are
also asymmetrical in most cases.

Tongue-shapedinguoid) ripples have a very high

Fig. 2.16 Cross-bedded sandstone which represents the |§|nu05|ty and asymmetry and. are “S“a'!Y formed
ing of a uvial channel above a coal bed. The grain size nedn Shallower water or under higher velocities than
upwards somewhat. It is largely trough cross-bedding reprstraight-crested types. Wave ripples in particular may
sented here. From the Tertiary sequence of Spitzbergen. (Phgﬁﬂit laterally into two ripples. This is called bifur-
A. Dalland) . . . . . .
cation. In intertidal zones ripples formed at high tide
may be eroded at low tide, and the crests become at-
tened. When the tidal at is submerged at high tide it
Whatever the size of the bedform, ripple movememoay also be below the normal wave base, resulting at
provides the basic mode of migration. Seabed survelack water in deposition of clay which tends to collect
pro ling records clearly show smaller ripples climbingin the ripple troughs. Current ripples with thin lenses
the stoss sides of larger ones (so-called “megaripplesf,clay between them constituiaser beddingWind
i.e. small dunes), which in turn are climbing the stos®ay generate waves moving in different directions,
sides of sandwaves. particularly at very low water, so that we nd two or
Cross-sections through dunes show “large-scaigore sets of ripples at an angle to each otieter-
cross-strati cation”, which is often referred to asference pattern)in most cases each bed with current
“cross-bedding”. This can be observed in real time dtipples represents a sort of equilibrium with deposits
seabed video recordings made during periods of strorgyecting current patterns. Isolated sand lenses in clay
tidal current ow, where gradual forward movement ofare calledenticular bedding
“megaripples” is seen, caused by sand cascading downNormally current ripples form completely horizon-
the lee side after reaching the crest. tal beds. In some cases, however, we nd examples
“Plane beds” (upper stage) may form when thef current ripples appearing to climb downstream in
shear stress against the bed exceeds the values whi@htion to the horizontal plane. They form several sets
produce dunes. In cross-section we only see plarefrcross-laminated beds delimited by erosion bound-
lamination, which is an internal structure, but on tharies, but with small internal erosion planes. These
bedding surface we may see very small ridges, whielie calledclimbing ripplesand are due to sedimenta-
de ne a lineation called primary current lineationtion taking place so rapidly that, in contrast to normal
parallel to ow. ripples, there is no equilibrium between erosion and
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Fig. 2.17 Hummocky
strati cation (After Harms
et al. 1975, Walker 1982)

sedimentation. Climbing ripples are therefore typical well-developed lineation on the bedding surface
of environments with rapidly declining ow velocity parallel to the direction of sediment transport is typi-
and consequently a high rate of sedimentation. cal of plane beds (Fig2.9). Antidunes are formed by
Sandwavesare large-scale transverse bedforméjgher velocities in the upper ow regime; the abso-
generally 2-15 m high, with a wavelength of 1504ute ow velocities required are lower when the water
500 m. They may be formed at ow velocities ofis shallow.
65-125 cm/s. Cross-strati cation may be symmetri- Below the ordinary, fair-weather wave base we nd
cal or asymmetrical on both sides of the sandwavdifferent types of sedimentary structures from those
depending on the relative strength of the opposirfgrmed through constant wave action. During storms
currents. in nearshore areas traction currents may develop and
At velocities of less than 1 m/sand ribbonsmay carry ne material (ne sand) from the beach out to
be deposited — longitudinal bedforms developed parajreater depths. This material is depositeti@®mmocks
lel to the currents. Sand ribbons are typical of subtidabnsisting of parallel laminae which form dome-
environments (20—-200 m), and they may be up &haped structures (Fi@.17). Because deposition of
20 km long, 200 m wide and less than a metre thick. beds of this type takes place during short periods
Relatively low-energy environments (<50 cm/s) arduring storms, they are often reworked by bioturba-
characterised bysand patchesand mud. The sand tion near the top. Hummocky strati cation is common
forming the patches probably only moves duringn sections through some shallow marine deposits and
storms. Lateral structures are typically current ripplesave-dominated deltas.
and small dunes.
Sandwaves often have current ripples (“smaller

dunes”) on their surface. This may also be the case W@lg Erosion Structures on the

QUnes. Bedforms are a funct'lon of both ow veloc- Underside of Sand Beds (Sole
ity and grain size. Current ripples are formed only
Structures)

in silt and medium-grained sand, while dunes require
medium to coarse sand. Upper ow regime plane beds
which have an internal structure of planar laminaA’/hen sand is deposited rapidly over ner sediments
tion are formed when the Froude number is abogilt and clay) there will also in very many cases
0.6-0.8. Plane beds typically develop in beach sartte an initial erosional phase, so that erosion hollows
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are formed in the substrate. These hollows Il with Chevron marksare erosion furrows with V-shaped

sand, and we get a sort oast We see these erosionstructures in the clay sediments on either side. The

structures on the underside (sole) of sandstone awvidtructure closes downstream, and is due to a cast

conglomeritic strata. We seldom observe these surfadesming in cohesive clay.

unless the bed is steeply inclined or inverted. Wherever Prod marksshow where an object has dug down

there are overhanging rocks, it is important to study thieto the clay and then been plucked out again by the

underside of the bed. current. As a result the steep side of prod marks is the
Flute castsare formed by static vortices in the watedownstream side.

eroding into the underlying sediments. Their sharp end Bounce marksre rows of more symmetrical marks

points upstream and they broaden in the downstrealae to objects being swept or bounced along the

direction. Flute casts (Fig2.18 are good indicators bottom.

of current direction, which is measured along an axis

of symmetry through the structure. They are typical on

the underside of turbidite beds, but also occur in uvial.20 Deformation Structures

sandstones as a result of uid turbulence.

Similar structures are formed around objects whicggiments are often unstable immediately after depo-
project up from the bottom, such as stones and largion and later movements will deform the primary
fossils. structures.

Gutter marksare longitudinal grooves up to 20 M peformation may be caused by four main factors:
deep and rather narrow (less than 20-30 cm) with a

spacing of 1 m or more. They are the result of chad- Shear stress due to water or sediment movement,

nelised ow, and ute casts or groove casts may be e.g. convolute lamination.

found along their margin. 2. Expulsion of porewater (liquefaction, dewatering),
Ridges and furrows may also be formed through e.g. dish structures, clastic dykes.

erosion of the substratum. Some are U-shaped or ¥ Heavier beds above lighter beds (inverse density),

shaped channels. Erosion structures formed by objectse.g. load casts and ball-and-pillow structures.

which are transported along the bottom are catterd 4. Gravitational deformation. Gravitation-induced

marks The objects may be fossil fragments or larger sliding, folding and faulting on a slope, e.g.

sediment particles. slumping.
Groove castare long, narrow erosion furrows dueb. Shrinkage, e.g. due to dessication, or permafrost
to something being dragged along the bottom. (ice wedges).

It is important to distinguish between these types
of deformation structures because they have com-
pletely different implications for interpreting deposi-
tional environments. They are not mutually exclusive,
however, and may be found in close association in the
same sequence.

Convolute laminationforms in ne sand or silt,
and is due to laminae, e.g. current ripples, being
deformed almost as they develop. Folded and inverted
(overturned) lamination is typical, and the structure is
deformed in the downstream direction due to the stress
induced by the water movement and the instability
(almost a state of liquefaction) of the sediments
Fig. 2.18 Flute casts on the lower surface (sole) of a coarsgrig. 2.19).

grained sandstone bed in the Ring Formation, Rena, South . - . . e
Norway. Note the small ute casts on the large ute cast struc- Dish structures(Fig. 2.19 are thin, clay- and silt

ture. Flute casts are casts of the erosion structures formed in @fafiched dish-shaped laminae in sandy sediments.
ner-grained underlying bed by vortices Their structure is due to the porewater which ows

—_—
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Fig. 2.20 Load cast structures at the base of a sandstone bed

in the Late Precambrian Ring Formation at Rena, Southern
Fig. 2.19 Sedimentary structures due to liquefaction and soNMorway. The picture covers an area of 3 m. (Bjgrlykke et al.
sediment deformation during the deposition process. See text1976)

upwards immediately after deposition, transportinghear stress parallel to it. The vector which acts along
clay and silt which become trapped in these thithe bedding is proportional to the sine of the angle of
laminae.Sand dykes (or clastic dykeaje intrusions dip, and acts as a compaction force which can slide
of sand upwards into cracks in a ner-grained sedand fold the beds. In the upper part of the slide, ten-
ment, due to porewater overpressure. The overpresssi@nal deformation is prominent, producing faulting,
reduces the friction between the grains and injectghile compression occurs near the base of the slide
water with sand into vertical fractures produced bgnd produces folding. The result is callsthimping
high overpressures or follows bedding planes as sill§ig. 2.21). Slumping occurs most readily where we
Overpressurised porewater with sand may rise right kave rapid sedimentation and therefore relatively thick
the surface and forreand volcanoes beds with a high water content and low shear strength.

Well-sorted sand has at the time of deposition ddeformation takes place when the shear stress exceeds
initial porosity of 40-45%, whereas recently depositeithe shear strength. The shear stress increases with the
mud contains 50-80% water. When sedimentation
is rapid, the mud has little time to lose its excess
water, and a sand bed deposited on top may then
sink down into the underlying silt and clay and form
load structuresOn the lower surface of a sand layer
we often see pillow-shaped depressions surrounded by
clay which has oozed up around them. If this process
continues, it will form isolated sand pockets in the
underlying clay:ball-and-pillow structures.Primary
structures such as ute casts often sink in the under-
lying mud and are deformed bgading (Fig. 2.20.

This mechanism also operates on a larger scale, for
example channel sand will sink down into surround-
ing clay (see “deltas”). Poorly compacted clay and silt
will be lighter than surrounding sediments, and ow
upwards to form clay diapirs. Fig. 2.21 Sediment beds which have been folded immediately

Gravitational deformation occurs in Sedimentgﬂer deposition (through slur_nplng) due to sliding on submarlne
Slopes. Note that the overlying beds are undeformed showing

which are deposited on slopes. These forces can (g this is not tectonic folding. From the Ridge Basin (Miocene-
resolved into a vector normal to the bedding, and Rliocene), California. Scale, John Crowell
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thickness of the unconsolidated sediments, but therebis compressed because the pores are full of cement.
not usually a corresponding increase in shear strengthconcretion therefore has a cement content which
with increasing thickness. Slumping may resembleorresponds to its porosity at the time of formation.
convolute lamination, but normally affects more thafarbonate concretions in clay may have a carbonate
one bed. Gravitational deformation also leads to fault®ntent re ecting 50-70% porosity if the matrix does
on a greater or lesser scale. Sliding of large volume®t contain carbonate. Concretions in calcareous rocks,
of sediment down slopes produces slope scarswth i.e. marls, contain clastic or biogenic carbonate in addi-
faultsand other types of “listric” faults are a result oftion to carbonate cement, and therefore have more
large-scale gravitational deformation in the upper pacarbonate than the matrix. In these cases the carbon-
of an area which is under tension (p. 84). ate content cannot be taken as an indication of the
Dessication cracks or mud cracks are examples pdrosity at the time of formation. Concretions often
contraction or shrinkage of sedimentary beds due tontain fossils, showing no sign of compaction while
dehydration. Cracks frequently form regular polygonshe same fossils are severely deformed and sometimes
often hexagons or orthogonal sets. Dessication cragdso dissolved outside the concretion. In carbonate
form only in clay and silt, and the cracks often becomsediments, particularly chalk, there are silica concre-
lled with sand, resulting in good contrast. The for-tions (chert). These are formed through precipitation
mation of dessication cracks requires that the bed$ nely divided amorphous silica to form a type of
be exposed to the air so that the sediments can diyert calledRBint The source of the silica is usually
out. In certain cases shrinkage structures may alamorphous biogenic silica, frequently sponge spicules.
form underwater through dehydration of clay miner-
als (smectite) as a result of variation in the salinity
of the porewate(syneresis) Shrinkage structures areo oo Trace Fossils
less regular than desiccation cracks and are not usually

interconnected. In the smectite-rich Eocene sediments ) _ ) _
from the North Sea basin and the Norwegian Sea seldace fossils are structures in sedimentary rocks which

mic data show large (several hundred metres widBfve been left by organisms that lived on and/or bur-
polygons which have been interpreted as shrinkaff@Vved in the sediment. Such organisms are extremely
cracks. sensitive to changes in the composition of the nutrient

When the porewater in sediments freezes to ice aRgntent, the sedimentation rate and bottom currents,
remelts, we also nd expansion and contraction whicfnd are therefore useful indications of the environ-

results in polygonal surface marks and associat®fnt (Fig.2.22a,b). Trace fossils are therefore good
vertical ice wedges. indicators of the depositional environments. They can

be classi ed taxonomically, i.e. according to the ani-
mal which left the traces, but it may not be possible
to determine which animal was responsible. The same
2.21 Concretions species may form several different types of trace
depending on the sediment composition and on its
Concretions are round, at or elongated structurd@ode of life. Furthermore, different animals may leave
which consist of cement which has been chemicallj2ces which are so similar that they are classi ed
precipitated in the pores of the sediment. The mo@f ©neé trace fossil. For these reasons a descriptive,
common types of concretion are carbonate (Ca|ci[gorphologlca! classi cation of trace fossns is us_ed.
and siderite) and silica (chert). Sulphides, particularly Trace fossils can also be classied according to
pyrite, also form concretions. where they occur in relation to the bed:
A characteristic feature of concretions is that any
laminations in the sediment pass through the concre- On top of beds (e.g. a thin sand or carbonate layer
tions. This shows that the concretion has been formed Epichnia).
through passive lling of its pores. As the overbur2. Within the bed (Endichnia).
den increases, the sediments around the concretion \8ill On the lower surface of the bed (Hypichnia).
be subject to compaction, while the concretion canndt Outside the bed (Exichnia).
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Fig. 2.22 Common trace fossils in different sedimentary facies (from Collinson and Thompson 1982)
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The impression made by an animal may createam the surface of the sediment. In thigritic zone
mouldor acastin the overlying bed. Organisms which(Fig. 2.22ab) we nd a number of different types of
burrow into sediments often secrete a cement whittaces from organisms which eat their way through
ensures that the walls of their burrows do not collapseediments, and which form different patterns. This is
These secretions also contribute to preservation.  called theCruzianafacies.Rusophycusnd Cruziana

When worms eat sediment, for example, it passase typical of the neritic zone and represent horizontal
through their digestive organs and their burrow re ligraces of arthropods which feed on the sediment sur-
with a sediment which has a somewhat differeritice. Rhizocoralliumand Teichichnusare other trace
composition from the surrounding sediments. Thissils that occur below th€ruzianafacies. In deeper
is particularly noticeable in burrows at the interfacevater where wave and current energy is even lower,
between two strata with different compositions. Theve nd ZoophycusandNereitesfacies. It is important
amount of bioturbation re ects nutritive conditions ando remember that these environments are primarily a
the sedimentation rate. With very rapid sedimentatidanction of wave and current energy, and cannot simply
there will be less time for organisms to burrow throughe correlated with absolute depth. In shallow enclosed
the sediments. Where we have very slow sedimentatiseas with a shallow wave base, e.g. the modern Baltic,
or an hiatus, the sediments will often be thoroughlywe nd an effective wave base of only 5-10 m in many
churned up by bioturbation, and thereby homogeniseateas, while elsewhere we may have stronger currents
Bioturbation is most widespread in marine enviroralong parts of the deeper trenches. In the epicontinen-
ments, but can also be found to a lesser extent in freght Cambro-Silurian marine sedimentary sequence of
water sediments. In poorly oxygenated environmentise Oslo area we ndNereitesfacies in the shales, but
there is, however, little bioturbation. the water depth was probably not more than 100-200

In high energy environments, e.g. above the faim, perhaps even less. In the deep oceand\ireites
weather wave base, we only have vertical trace fofacies may correspond to a depth of several thousand
sils, e.g.Skolithosor Diplocraterion The high cur- metres.
rent velocity prevents these organisms from crawling Trace fossils are very useful facies indicators and
around on the bottom; they have to burrow dowshould be noted whenever sedimentary sections are
into the sediment and live by Itering nutrients outexamined for facies interpretations. Certain trace fos-
of the water. To remain at the same level beneath this can be linked with animals that have fairly speci c
sediment surface they must move upwards or dowenvironmental requirements.
wards in their holes, depending on whether erosion
or sedimentation is proceeding in the area. Structures

or llings which re ect such adjustments are caIIed2 23 Facies and Sedimentary

“spreiten”. .
In modern marine environments we can study a Environments

number of organisms which create bioturbation struc-

tures. The most common are worms likgenicola The word “facies” is used in a number of geological
which make U-shaped traces in ne-grained sand amisciplines. A term such as “metamorphic facies” is
silt. Such traces (arenicolites) are also to be found thoroughly entrenched. Sedimentary facies have also
older rocks. Burrowing bivalves create various types ¢ééng been identi ed in sedimentology to distinguish
trace as well. Arthropods like crabs and prawns maketween sedimentary rocks which differ in appearance
burrowing structures in beach saridphiomorpha) and have formed in different ways. The term facies
These vertical trace fossils are grouped together in aan be used both descriptively and genetically. We
ichnofacies called th&kolithosfacies.Thallassinoids use terms like “sandy facies”, “shaly facies”, “carbon-
are more horizontally aligned networks of arthropodte facies” when we are describing properties of the
burrows. rock that can be observed or analysed objectively. We

Below the wave base and in other protected enuise terms such as “shallow water facies”, “deep water

"o " ou

ronments, for example the intertidal zone, we ndacies”, “turbidite facies”, “deltaic facies”, “intertidal

traces in the horizontal plane from organisms whictacies”, “aeolian facies”, “reef facies” etc., depending
live off blue-green algae and other organic materi@n which environment we believe the rocks represent.
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In these examples, the word “facies” represents ais reconstruct the ecological conditions at the time
interpretation, and is therefore not very suitable fasf deposition in the basin. Evidence of chemical pro-
describing sedimentary rocks objectively. For this re@esses such as weathering, diagenesis and precipitation
son it is important that we de ne the objective criteriaof authigenic minerals also supply important infor-
(observations) on which we are basing our interprenation about the depositional environment, as well
tations. as its early post-depositional history. Fig23is a

What we can do, then, is rst describe and take mediagrammatic representation of the major depositional
surements on a series of beds in the eld, and on tleavironments on a continent and the various transition
basis of certain criteria divide the series into faciestages to deep water.

The criteria will generally be texture, sedimentary Following an interpretation of the facies of each bed
structures, mineral composition, and, if present, alsw sequence of beds, we may try to group these into
fossils. Interpreting a facies in terms of depositionalhat we calfacies associationd hese associations of
environment is often very dif cult, especially since fewfacies can be related to large-scale processes in partic-
criteria are unambiguously diagnostic of one particudar environments. An association of facies coarsening
lar environment. In some cases it may be useful to ugpward from marine shales into delta front sand or
statistical methods for distinguishing between differemto coal beds of the delta plain facies may represent
facies and for describing facies sequences. a facies association typical of delta progradation.

What we observe and measure is a selection of theOther facies associations may represent transgres-
properties of the rock. When we describe a sedimesions or regressions in a shallow marine environment.
tary rock, we observe the results of processes whichlf we have a continuous sequence without breaks
have acted in the environment in which the rock wasinconformities) the vertical succession represents the
deposited. The sedimentary structures we observe falieral succession of environments. This, in essence,
us something of the hydrodynamic conditions durinig Walther's Law, named after the German geologist
deposition. Organic structures and fossil content heljphannes Walther.

Fig. 2.23 Schematic
representation of sedimentary
facies on a passive margin
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2.24 Alluvial Fans on the fan. In arid climates the water table under the
fan will be deep down, and when it rains the water

Alluvial fans are accumulations of sediment which h Will rapidly Iter down into the upper part of the fan.

. . he slope of the fan may then increase due to depo-
been transported by uvial processes or different forms. . .
: ition on the upper part. As a result these sediments
of mass transport (e.g. mud ows and debris ows

and deposited in valleys or on slopes fairly near the Y be transported with a high sediment/water ratio

. . as debris ows or mud ows. The upper part of the
erosion area. The fans form in areas that have cofi- : .
. . . . an may consist of large blocks or cobbles which form
siderable relief and are usually associated with faults . .

. o ; . . an open network system through which ner-grained
which keep uplifting the erosion area in relation to . . c

. . : . ﬁedlments can pass. In this way the sediment is sieved,

the area of deposition. This tectonic subsidence of the ~, . .
andsieve depositare formed.

alluvial fans is a necessary condition for their being -

. . ) . .~ Downslope on the fan, channels usually split into a
preserved in the geological series. Alluvial fan deposits . :
. . . number of smaller channels. This reduces the hydraulic
in older rocks may therefore supply important infor- . : .

. : . ..._radius of the channels and in consequence their veloc-
mation about tectonic movements during deposmoI . and hence capacity for carrving sediment. is low
Alluvial fans which have formed in areas with a high”’ pactty ying ’

. . ) - . ered. Sediment will therefore become ner-grained
relief but little tectonic activity, will merely represent : : L :
a stage in the transport of the sediments. For examp E(})wnslope, even if there is no reduction in the gradient.
: 'The water table will be deepest at the top of the

in glaciated areas we may nd alluvial fans on slope .
g . Y : P Fan, and shallowest at the foot. Alluvial fans are good
steepened by glacial erosion. They will be eroded again

if they are not rapidly covered by a transgression. groun_d water reservoir_s » €asy to_ tap pecause of their
Erosion on the uplifted block will form V-shapedporOS'ty and permeability. The circulation of ground-

. . yvater through an alluvial fan leads to strong oxidation
valleys (or canyons), and these will drain into the val- . .
of at least the upper part of the sediments, giving them

ley. The apex of the alluvial fan is usually near the . .
. . 4 red colour due to iron oxides. In most cases any
main fault plane and sediment transport from here wi . S -
rganic material will be completely oxidised.

tend to follow the steepest slope downwards so that tR o .
P P In arid climates there will be a great deal of evapora-

sediments W'”.be spread out n a fan (Figs24and . tion from the groundwater which emerges from the fan,
2.25. If there is only a short distance between adja- . ; . . L
nd the ions in solution will be precipitated as carbon-

cent valleys, and consequently between fan apices, the . . .
N d y P ate (caliche) and iron oxide. Water ows beyond the
fans will coalesce. If major drainage systems develop,. . . . . .
. tid alluvial fans inephemeral riverswhich only exist
larger fans will form further apart from one another. In

areas with a relatively humid climate, uvial processeg]cter heavy rain, and may then collectpfayalakes

will account for sediment transportation even high u\év:r:écg gg up each year, forming evaporite deposits

Humid fans will be dominated on the lower part by
uvial channels. These may drain a major portion of
the fan, and thus have a large hydraulic radius and a
greater capacity for transporting sediment, even if the
slope of the fan is not very great. In the lower part of a
humid fan cross-bedding will be fairly pervasive, while
the upper part will tend more to consist of massive con-
glomeratic beds. The foot (distal end) of the fan will
merge into the other sediments which cover the valley
oor. These may be lacustrine or uvial deposits.

A characteristic feature of transport and sedimen-
tation across and around arid zone alluvial fans is
that sedimentation takes place during short periods
in connection with the rains. However, the water
Fig. 2.24 Alluvial fan. Death Valley, California rapidly disappears into the ground, increasing the
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Fig. 2.25 An alluvial fan
developed along a basement
fault. The degree of
progradation of the fan into

the basin depends on the relief
along the fault, but is also
dependent on the rainfall and
the catchment area on the
upthrown block

surface sediment/water ratio, and eventually dries tianspiration, and in areas with vegetation, evapora-
to leave poorly sorted conglomeratic beds. It is impotion and transpiration may reach up to 2,000 mm/ year.
tant to remember that the sedimentary structures avdthout vegetation we nd a signi cant amount of
sorting we observe are only representative of the navaporation only when there is free water or damp
deposition phase. ground right up to the surface. Even if the water table
The grain size of the sediments on the fan is a funis shallow (less than 1 m), there is little direct evapo-
tion of weathering and erosion in the source area andration, but some water will be drawn up by capillary
transport capacity outwards across the fan. With uvidbrces and evaporate.
transport, the velocity and thereby transport capacity Plants are important in connection with evaporation
is both a function of the slope and the depth (hydraulmf groundwater as tree roots may penetrate more than
radius) of the channels (see the Cherzy equation). 10 m below the surface. Trees can be a major drain
The velocity is therefore much higher duringon groundwater reserves because they use water which
ooding. could otherwise have seeped into wells, rivers or lakes.
Dense forests may use water corresponding to 200—
500 mm of precipitation. In areas with limited water
reserves it may consequently be necessary to limit veg-
2.24.1 The Water Budget etation, particﬁlarly 0? varie):ies of trees Zlnd busheg
with a relatively high transpiration rate and no useful
A part of the total rainfall will sink into the ground andfunction. However, vegetation is important for stabil-
supply the groundwater. Another part will evaporate aising the topsoil and thereby preventing erosion. Much
the surface or ow on the surface into rivers (F&j26). of the water evporated from vegetation may return as
In hot, desert areas where the air is very dry, evapmin locally. Vegetation may also have an effect on the
ration may correspond to 2—-3,000 mm/year, i.e. moedbedq i.e. the amount of sunlight which is re ected
than the normal amount of precipitation in mostrom the earth’s surface, and this in turn may affect the
places. Plants also contribute to water loss througfimate.
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Fig. 2.26 Diagram showing the circulation of groundwater on land and under marine basins

Runoffis the fraction of precipitation which reaches Because freshwater is lighter than saltwater, it will
the rivers. The percentage of precipitation which Itersow over saline porewater and form pockets of fresh-
down to and recharges the groundwater is of particurater under islands. Freshwater may also ow from
lar importance. Rivers also have groundwater addedttte continents, following permeable beds beneath the
them if their surface is below the water table. If theicontinental shelf. Freshwater of high quality (little pol-
surface is above the water table they will lose water. lation) is scarce in many regions, and in recent years
consequence, rivers cannot be considered in isolationparticular a large number of geologists have been
from groundwater reserves. involved in mapping groundwater reserves.

In Itration of surface water into the ground depends
on the permeability of the soil cover and on the
vegetation. Clayey sediments allow far slower inl-2.25 Desert
tration of surface water than sand or gravel. Where

there are soil types with swelling clay (smectite grOUpbeserts are areas with little or no vegetation and we

Wh'Ch are very common in desert areas, the rS(Ean distinguish between different types of desert:
rains will cause these minerals to swell, further reduc-

ing their permeability. Consequently, inltration is1. Deserts due to low precipitation and high evapora-

reduced, and the runoff which creates oods increases. tijon in hot climates.

Ifthe earth is dry above groundwater level, water has o Deserts due to low precipitation in cold climates.

overcome the capillary forces which act against wat@r Deserts due to soil erosion.

percolating down through dry, ne-grained sediments.

We may nd a layer with air in the pores between the The rst two types of desert are largely governed

groundwater table and the water ltering down fronby meteorological factors. Areas which lie on the lee-

above (trapped air). side of major mountains will be dry. At about 30
Alluvial fans are porous and have a relatively goognd 30S high pressure areas predominate, result-

potential as water reservoirs, and we often nd springg in low precipitation. Since the prevailing wind

at the foot of fans. In dry areas the depth to thgt these latitudes will come from the east, we nd

water table can be most simply charted through seismifost of the deserts on the western side of moun-

recordings. tain chains. This is true of Asia Minor, the Sahara,
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California and Nevada in the northern hemisphere, and The lack of vegetation naturally means that aeo-
Australia, South Africa and Chile in the southern hemiian transport and deposition are important in deserts,
sphere. Inland areas surrounded by mountains tendbtat only a relatively small part of the desert areas are
have a desert climate. During the glacial periods thecevered by wind-blown sand.
was less evaporation and therefore less rainfall. North Large areas consist of bare rocks and mountains
Africa and the Sahara were then very much drier thawith little sediment. In other regions there is only wind
the present day. erosion (de ation), which leaves the ground covered
Iceland has good examples of desert regions whi¢armoured)by a layer of stones which protect it from
are due to a cold climate, and has problems with sdiirther erosion. Even in desert regions like the Sahara
erosion due to lack of vegetation in many areas. many areas are dominated by a uvial drainage pat-
Shortly after the withdrawal of the ice acrosgern. Although several years may pass between rains
Scandinavia there was a desert with considerable a@wothis area, a heavy rainstorm may transport so much
lian deposits, which formed before the vegetatiosediment that the uvial drainage pattern survives for
cover developed. Loess deposits are ne-grained sediany years.
ments which form largely through aeolian erosion and Large expanses of wind-blown sand are cattegs
transport from deserts and also from glacial sedimeriibey may be formed by the coalescence of different
exposed after glacial retreat. Large areas of China, faeolian bedformsBarchansare crescent-shaped iso-
example west of Beijing, are covered by up to severkdted aeolian dunes with a convex erosion side and
hundred metres of Quaternary loess. a concave lee side (Fig.27). Barchans are found

Fig. 2.27 (a) Aeolian dune from the desert in Death Valley,"Yellow Santl of northeast England (Old Quarrington Quarry,
California. ) Schematic representation of a an aeolian durfurham). This sand is equivalent to the “Rothliegendes” sand-
(barchan). €) Aeolian cross-bedding 4-5 m high in the Permiarstone of the North Sea
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mainly on the edges of the erg area, where there is (b) lakes formed as a result of damming by horsts
not enough sand to form a continuous thick cover. which have been elevated through faulting, or
Transverse dunes are common within e®gsif dunes damming by lava etc.
are long, straight sand dunes which may occur within
an erg but are also found in areas with incomplete sad Lakes formed by sedimentary processes,a&xlgow
cover. In the central zones very large dunes form which lakesin uvial environments, and delta top lakes.
may be over 100 m high and 1 km long.
Ancient aeolian deposits are recognised by: Lakes of glacial origin will have a relatively short
lifetime by geological standards. In 10,000-100,000
1. Their large-scale cross-bedding, up to 20-30 m aggars most of the lakes in Scandinavia and North
often with wind ripple marks on top of slantingamerica will have lled up with sediment, if we do
cross-bedded surfaces (foreset beds). not have another glaciation.
2. High degree of oxidation which gives a red colour. | akes of tectonic origin, however, will continue to
3. Good sorting — largely medium- to ne-grainedsypside. If the rate of subsidence keeps pace with the
sand. rate of sedimentation, a lake will continue to exist.
4. Lack of fossils or organic material. Extensive carbonate beds (freshwater carbonates)
and diatom deposits are also common in lacustrine

The lack of thin silt or clay beds between thebeﬁsins. Some of the largest lakes formed by rifting are

cross-bedded layers, and the general association V\ﬂB nd in East Africa, where a number of lakes occur
overlying and underlying sediments, are also importam ’

teria. O f the best-k | ¢ the actual rift valley system. Lake Victoria, which
(?nterla. ne ot the best- (nown examples of an aefaq janveen two rift valley systems, was formed by
lian sandstone is the Navajo Sandstone (Jurassic) iN18& onic movements about 100 000 years ago
Rocky Mountains. In Northern Europe there are aeo- In humid climates all lakes will have outlets in
lian sandstones in the Lower Permian (Rotliegend’e’:@)

d th ivalent Yellow Sand in East Enal e form of rivers or via the groundwater, but in arid
an € equivaient vellow sand In Eastern EnglanGimates lakes develop into evaporite basins without

(F||g.2.27)|.3 ian 1 I i tal . toutlets. Normal, non-saline lakes differ from ocean
n pre-Devonian times all continental environments .- i <overal ways:

were deserts in the sense that they lacked vegetation.
Also in these rocks, however, we can distinguistlw
between .dry and W.(at cllmateg, largely from the nature particles than in marine basins, producing more
of the uvial or aeolian deposits.

Sand d | . d q . distinct lamination.
and dunes are always moving and may end up4i, ., \vave and tidal energy and weaker currents

the'sea'l, St'l,l p‘?‘”'y, preserving an aeolian sorting and mean less erosion and resedimentation. Seasonal

grain-size distribution. variation in the in ux of sediments may produce
annual cycles in lacustrine sediments.

3. Limited water circulation makes it easier for the
water to develop layering based on temperature
(thermocline) and therefore also density (pycno-

How Are Lakes Formed? cline) between dense layers at the bottom and less
In principle we have three types of lake: dense water near the surface. This may restrict oxi-

dation of organic material and promote the devel-

opment of organic-rich sediments (source rocks) in

Low salinity leads to slower occulation of clay

2.26 Lacustrine Deposits

1. Lakes of glacial origin:

(a) lakes formed through glacial erosion, the deeper parts of the lakes. In warm climates the
(b) lakes formed through damming by moraines or temperatures of the lake waters are always above
by the glaciers themselves. 4 C which makes the water strati cation rather sta-

ble. In colder climates the water column will be

inverted when the temperatures falls t@Avhich is

(a) lakes formed in areas of rapid tectonic subsi- the highest density. This results in an oxygen supply
dence (rifting) or more uniform subsidence, to the lake bottom.

2. Lakes of tectonic origin:
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4. River water will generally have approximately the Amongst the most important ancient lacustrine
same density as lake water, and will therefore mideposits are the Karoo deposits of South and East
well and deposit sediments rapidly. Cold (glacialifrica, from the Carboniferous to the Jurassic periods.
river water or river water with a lot of suspended’hese sediments contain important coal deposits. In
material will be heavier than lake water, howevegastern China there are large areas of Cretaceous and
and will form turbidity currents along the bottom. Tertiary lacustrine sediments, which are also important

5. Lake sediments have a distinctly different faungetroleum-bearing sediments.
from marine basins. The geochemistry of lake The Green River Formation (Eocene) of Colorado,
sediments and the composition of carbonates aMd/oming and Utah, is a lacustrine sediment of great
evaporites are also different from those of marinextent which represents one of the most important
sediments. petroleum source rocks in the world.

Rifting associated with the opening of the Atlantic
By comparison with marine deltas, lacustrine deltaScean in Mesozoic times resulted in a large number
are among the most constructive of all (e.g. the Gilbeof lacustrine basins, and sediments deposited in such

Delta) because erosion in the basin is so limitethasins now underlie the continental shelves. In dry

Nevertheless, wind conditions, the size of the lake amédgions these turned into evaporite basins.

the composition of the sediments will be crucial fac-

tors. In large lakes we might have relatively high wave

energy which could erode sediments from the riv . .

mouth and deposit them laterally on beaches. %'27 River Deposits
Wind will also cause water to well up from the bot-

tom, increasing the circulation of oxygen along th&ransport of sediments in rivers depends on the gra-

bottom. dient and cross-section of the river, which determine
In dry regions we may get evaporitic lakes and lakébe ow rate, and on the composition and concen-

which dry up after each oodephemeral lakes) tration of sediment. In rivers which ow only during
Lake deposits are characterised by: and directly after the rains, but are otherwise dry

(ephemeral streamskequilibrium between ow and
1. Lack of marine fossils, but diatoms and algae maediment load is not achieved, so that even ne-grained
be important components. sediment is deposited in the channel when it dries up,
. Very ne laminations in clay and silt sediments. leaving a mud-cracked surface. Intensive oxidation of
3. Bioturbation structures may be found in lacustringediments, including silt and clay beds, is typical of
sediments, but they are less common than in marisach uvial deposits. There is little organic production
sediments. in areas with a dry climate, and clay and silt parti-
4. Chemical analyses of freshwater sediments wiles will therefore contain little organic material which
reveal low concentrations of the trace elementould act as a reducing agent. A low water table dur-
which are enriched in seawater (e.g. Cl, Br and Bing dry periods also contributes to oxidation of organic
Minerals formed in freshwater lakes may have chamatter.
acteristic isotopic compositions. Evaporites in lakes Most rivers have marked seasonal and annual ow
consist mainly of carbonate minerals; sulphates andriations. The ow velocity increases appreciably
chlorides are normally less common. with ow volume because the friction per unit vol-
5. The content of sulphur-bearing authigenic mineralsne of water is inversely proportional to the water
must be relatively low since there is little sulphatelepth. When water ow is greater than the capacity
in freshwater. However, organic material in lakesf the channel, the water ows out over the banks.
contains a fair amount of sulphur which can b&he water outside the channel will normally be very
precipitated as sulphides by sulphate-reducing baghallow and have a low ow velocity and ne-grained
teria. Sulphur may also be derived from volcanisediments, which have been transported in suspension,
sources. are then deposited as what we @lkerbank sediments
6. Lack of tidal structures and similar marine strucOverbank sediment may build up into elevated banks
tures is also an important indicator. called levees The resulting soil along modern rivers

N
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is often very rich and ideal for cultivation. In post- Braided streambkave a branched course, but in most
Devonian sedimentary rocks we often nd traces ofases the river channels are fairly straight. These rivers
plants, commonly roots, in levees. Levee deposits haaee branched because the river channel is not very sta-
parallel lamination and in some cases also current riple, and because sediment is deposited in the middle
ples, particularhclimbing ripples which are typical of of the channel, forming small islands or bars. Braided
rapid sedimentation. The primary sedimentary strustreams typically develop in coarse sediments contain-
tures, however, will often be partly or wholly destroyedhng little clay or silt which can form stable levées. A
by traces left by plant roots. higher stream gradient gives greater energy and greater

Major oods may cover the areas beyond the leverosion of the sides of the channel. An abundant sup-
ees as well, and clay and silt will be deposited on thepy of sediment leads to sediment being deposited
Rood plains Many rivers which carry a large amountmore rapidly than it can be eroded and transported
of suspended sediment gradually build up their bedswards, resulting in the formation of deposits in the
through deposition in their channels and on the lechannel. Braided streams are therefore also typical of
ees, so that the surface of the water in the channel®as where the velocity declines somewhat, e.g. when
may be considerably higher than the surrounding plaia.river widens onto a plain after passing through a nar-
During oods the water may then break through theow valley. The velocity and ow will in most cases
levee and ow down from the channel to the plainyary considerably with time. When the river is low it
forming temporary lakes several metres deep. Théll ow round bars of sand and gravel, while at high
lower Mississippi River is considerably higher than thevater and with strong currents sand bars will migrate
surrounding area, including New Orleans. The maj@s they are eroded on the upstream side and accumu-
Chinese rivers have also built themselves up abolae deposits on the downstream side. Gravel bars, on
the surrounding countryside, so oods can cause vetlye other hand, have rather complex patterns of erosion
great damage. and deposition.

However, the stability of the levées will determine Meandering rivers have a wavelength which is a
how much a channel can build itself up, and clayfunction of the breadth of the river. The wavelength
rich sediments form stronger levees than sand and sitapproximately 11 times the breadth or 5 times the
because of their cohesiveness. When the levees gieeius of the river. There is also a relatively regular
way, sand will ow out of the channel and depositatio (about 7:1) between the breadth and depth of the
sandy sediments in fans orevasse splaysn the ood river.
plain. They are characterised by thin sand beds, oftenMeandering rivers move in loops, with the great-
ning upwards, with an erosional base in the proximagst velocity at the outer bank so that erosion is
part (nearest the channel). However, we may also ntbncentrated there. The velocity along the inner bank
small sequences which coarsen upwards as a resultsofnuch lower, so sediment is deposited there. The
progradation of this fan, because grain size decreasew velocity and shear forces against the bottom
towards the edge of the fan. also decrease upwards towards the top of the bank
on the inner side of the bend, and sediments are
deposited ina point bar which re ects the hydro-
dynamic conditions. At the lowest point there is
a lag conglomerate followed by large-scale cross-
bedding due to the ow being in the upper part
We distinguish between relatively straight uvial chanof the lower ow regime. Then come current rip-
nels and curved channels. Curved channels are shaptas, and nally ne-grained sand, silt and clay sed-
rather like a sine curve. To describe the degree mhents corresponding to the lower part of the lower
curvature we speak of high and low sinuosityow regime at the top of the pro le (overbank
Sinuosity is de ned as the ratio between the lengtbediments)This produces a ning-up sequence from
along the channel and the length of a straight lingand to silt and clay (Fig.28).
through the meander belt, i.e. the length of the river The secondary ow, in a vertical section at right
valley. Meandering streambave a single channel andangles to the downstream ow direction, moves from
by de nition a sinuosity greater than 1.5. the outer bank where erosion takes place along the

2.27.1 Channel Shapes
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During oods the water may ow over the point
bar and form a little channel, athute This may be
widened by further erosion to become the main chan-
nel. This process is callezhute cut-off The sinuosity
may also become so high that erosion cuts a channel
through a narrow neck (neck cut-off), making a straight
course to a lower bend in the river. The whole mean-
der will then be abandoned by the river, and a small,
curvedoxbow lakds left, which will 1l with clay, silt
and organic matter.

Rapid subsidence and low sand/mud ratios will
increase the stability of the channels and we may nd

Fig. 2.28 Fining-upwards point bar sequence deposited by & anastomising chaljnel distribution where there is

meandering river little or no lateral acretion of the channel (F&30.
When the whole river channel shifts course (avul-

bottom, and up the inner (point bar) bank where depgion) the abandoned channel will 1l up with mud and

sition takes place. This is a result of a difference iform a clay plug.

hydrostatic pressure because the surface of the water

slopes inwards towards the inner bank due to cen-

trifugal forces. If we combine this movement with the 28 Summary of Fluvial Sedimentation
main ow of water down-river, we nd a corkscrew

or helical movement (Fig2.29. At each bend in the luvial fairly simole i inciole. Wi
river the helical ow reverses direction. The point ba uvial processes are fairly simpie in principie. We
pow the physical laws which govern the ow of water

becomes asymmetrical, with coarser material on tk h I qt ¢ of sedi y ter. Th
upstream side, so that a perfect ning-upward pro | N channets and transport of sediment In water. 1he
reat variation in composition, structure and geometry

is not developed. The upper ne-grained part and t . . .
P PP g P emonstrated by uvial deposits is due to all the vari-

overbank deposit will also be lacking. Variations in bl hich | ¢ t and sedi tation. A
the depth of water in the channel will also lead tg0'es which inuence fransport and sedimentation. AS

departures from the ideal ning-upward sequence. we have seen, the most important factors are:

1. Climate, particularly precipitation and seasonal dis-
tribution of precipitation

(a) in catchment areas
(b) along river valleys — vegetation stabilises river
banks.

2. The drainage area

(a) size
(b) type of rock being supplied
(c) topography — tectonic uplift.

3. Subsidence of the alluvial plain.

In order for thick uvial series to be deposited
and preserved, the uvial plain must be located in a
tectonically subsiding area.
Catchments with a lot of shale and other ne-
grained sedimentary rocks will produce sediments with
Fig. 2.29 Diagram showing how the ow in a vertical section® hlgh clay anq silt Coment_' The pr(_)dUCtS from weath-
reverses direction in each bend (helical ow) ering of eruptive rocks will contain a considerable
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Fig. 2.30 Different types of
uvial channels. The type of
uvial channel determines the
distribution and geometry of
sand bodies and depends on
the sediment composition and
slope variations in the water
ow

amount of clay, mainly kaolinite, illite and smectiteyelatively little of the drainage from Africa enters the
which increases the cohesiveness of the sediments &mdian Ocean. The major rivers follow old drainage
stabilises the uvial channels. The climate along theystems, the main features of which have existed
river plain may be very different from that in thesince the Mesozoic, and which often seem to have
drainage area but some vegetation can be supporteEn governed by Mesozoic rifting along the Atlantic
by the groundwater close to the river also in dry clieontinental margin.
mates. In humid climates the vegetation will help to As mentioned in connection with uvial sediments,
stabilise the river channel and reduce the velocity tfie erosion area will determine the composition and
the oodwater outside the channel. grain size of the sediments which are transported by
The ow of rivers on the river plain will also dependrivers and deposited on the delta. The Mississippi,
on the groundwater table. The river will contributdor example, drains extensive tracts of Palaeozoic and
water to the groundwater if it is lower than the surfacgounger sediments which contain a large percentage
of the river, and groundwater will ow into the river if of shale, and the river therefore transports a high
the reverse is the case. percentage of clay and silt in suspension. Areas of
metamorphic and acid eruptive rocks will give sandier
sediments because of their quartz and feldspar con-
tents. Deltas prograde outwards into a sedimentary
basin and form a surface calleddelta topnear the
lake or ocean level. The waves break againstiiea
Large deltas require drainage areas with suf cient précont, beyond which is theelta slope
cipitation to produce high runoff. They are formed The formation of a delta can be depicted as a bat-
along passive plate margins where extensive drainaifge between the uvial development of the delta and
systems can unite into large rivers. The greater partit$ erosion by marine forces. We therefore distinguish
the drainage from North and South America and Africaist between river-dominated deltas, which prograde
ows into the Atlantic Ocean. Only minor rivers enterfar out into the basin and consist largely of uvial sed-
the Pacic Ocean from the American continent, aniéments, and deltas which are eroded more rapidly by

2.29 Delta Sedimentation
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Fig. 2.31 Classi cation of delta types based on the relative strength of waves and tidal energy in relation to the rate of sediment
input. After Fisher et al. 1974

marine forces (tide and waves) and consist largely between these three extremes. The Mississippi, how-
marine sediments (Fi@.31). ever, comes near the river-dominated end in a marine
River-dominated deltas are often referred to anvironment because the sediments are ne-grained
constructive deltas, since they tend to prograded rather cohesive. The delta front is also protected
more rapidly into the basin without much marindrom big ocean waves by a shallow shelf.
reworking. Tide- and wave-dominated deltas are often High rates of sediment supply also favour uvially-
called destructive deltas. dominated deltas. The Rhine is fairly wave-dominated
We may therefore distinguish between three mass well, because the sediments are rather coarse-
types of deltas: (1) river-dominated, (2) tide-dominategrained and the sedimentation rate is lower. The
and (3) wave-dominated. Most deltas fall somewhef@anges and Mekong deltas are typical tidal deltas.
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The difference in density between the river watewill then sink into the underlying clay because of their
and the water in the marine basin plays a major role. higher density. The uvial channels therefore sink into
most cases river water will be lighter than saltwatethe mud and this contributes to their stabilisation, with
even if it contains a good deal of suspended mattie consequence that channels change cofaaal-
rial. In deltas, river water will therefore ow far out sion)less frequently. Because of this subsidence while
over the salt watethypopycnal Bowpefore salt- and sedimentation is continuing, the channel sand may be
fresh-water mingle. If the river water and the watethicker than the depth of the channel. The long strings
in the basin have the same dengitypmopycnal Bow) of sand which may then be preserved in the mud-rich
there will be more rapid mixing of the water masses ianvironment are calleldar-Pnger sands
axial Bow and the sediments will settle out of suspen- During oods large quantities of silt and clay are
sion more rapidlyHyperpycnal Rowwhere the river deposited in overbank areas between channels, and
water is denser than the water in the basin, takes plabese sediments are stabilised by vegetation. In the
only in lakes as a rule and leads to the ow of riveMississippi delta, sedimentation is very rapid so that
water along the bottom of the delta slope, with eraghe channel and the levees build up above their sur-
sion of the delta front and formation of turbidites omoundings. This means that the average gradient of the
the basin oor. channel decreases. Sooner or later the channel will

In studies of modern deltas we must also takeave to nd a new, shorter route (through avulsion) to
into account the fact that most deltas are rather otlte ocean, and which therefore has a somewhat greater
of balance as regards progradation in relation to selpe. At any given time most of the sediments are
level because the Holocene transgression after tlieposited in one delta lobe prograding into the ocean
last glaciation raised sea level by more than 100 mantil the slope becomes to low. A major avulsion will
In the Niger delta we nd beyond the present delt¢then start the formation of a new delta lobe.
front deposits which are 12-25,000 years old, which We can see that the Mississippi has constantly
corresponds to the last advance of the last glaciationshifted course, and has consequently been a focus
of sedimentary activity in historic as well as mod-
ern times (Fig2.32. The present course has extended
the modern delta far out and should have been aban-
doned for a shorter course towards the southwest, to the
Atchafalaya basin. However the ow in this direction
has been arti cially limited because of its importance
The Mississippi drains a huge area of the Nortfor transport to and from towns like New Orleans
American continent (about 3.2 10° km?) with an which lie on the present channel.
average precipitation of 685 mml/year. It carries vast When a delta lobe is abandoned, it slowly subsides
quantities of sediment (about % 10° tonnes/year) because of compaction and tectonic subsidence, while
with a high clay and silt content, and the gradient cfedimentation takes place elsewhere. The abandoned
the lower part of the river is extremely low (aboutobe may sink below sea level before the uvial sup-
5 cm/km). ply returns to this part of the delta and another delta

In the 200-300 years during which bathymetritobe is deposited in the same area, allowing intervening
measurements have been taken in the area, it has bdeposition of thin marine beds. Thin layers of carbon-
possible to record considerable progradation. The higle or shale represent periods of local transgression
clay and silt content gives the sediments great coh@bandonment faciesyhich are time equivalent with
sion, making the uvial channels relatively stable. Clayegressions in the prograding delta lobes. Between the
and silt sediments which are deposited on the deli@lta lobes in the interdistributary bay facies wave
plain have a high porosity and water content (60—70%gnergy is very low and there may be little or no beach
but they loose much of their porosity by compaction gsand) deposits between the marine mud and mud
shallow depth. Sand will be deposited chiey in thedeposited above sea level.
channels, and in mouth bars were the channels entein vertical pro le we observe alternations of uvial
the sea. Well-sorted sandy sediments, which have omlgannel sediments: levee deposits, crevasse splays and
about 40-45% porosity immediately after depositiomossibly marine sediments (Figs33and2.34).

2.30 River-Dominated Deltas
(Mississippi Type)
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1337

Fig. 2.32 Sedimentation in the modern Mississippi delta. Whethe sedimentation has changed during the past 7,000 years. Each
the river water breaks through the levees, crevasse channels ki@ of the delta appears to be active for 1,000-1,500 years
splays are formed, which help to Il the areas between the cha(toleman and Prior 1980)b) Sedimentation in the last few 100
nels (Coleman and Prior 1980%) Delta lobes which show how years

Fig. 2.33 Fluvial channels in
a clay-rich delta environment.
The channel sand is denser
than the clay and will sink
into the underlying mud. Clay
diapirs may form as a result

Fig. 2.34 \Vertical section
through modern Mississippi
delta sediments. From
Coleman and Prior (1980)
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Even small variations in sea level have a stronfgprced back over the bank at the mouth. The wedge
in uence on delta sedimentation. In a section whereraduces the cross-section of the river, and the velocity
uvial facies gives way to a marine bed, it is often dif-increases somewhat in consequence &Eigp). Spring
cult to know whether this represents a transgressidides will force the river water up the channel and may
due to arise in sea level or whether this part of the deltause it to over ow its banks.
was abandoned by the uvial system and is subsiding. The channel mouth bar itself is a very characteris-
Only if we can correlate a transgressive bed over tlie deposit which grades upwards from delta mud to
whole area can we assume that it is due to changesll-sorted sand on top. Because of brackish water and
in sea level. Transgressive carbonate or thin sandstdhe high rate of sedimentation, there are few organ-
beds are the most useful for regional correlation.  isms which live right at the mouth of the channel, but
bioturbation may occur in the surrounding sediments.

The delta front is the area where uvial and marine
forces meet, and we can virtually quantify the marine
in uence on the delta. Tidal forces are a function of
At the channel mouth the uvial water ow rapidly the tidal range, and from wave measurements we can
loses its energy, and all the sand which has been traatso estimate thevave powerWhile wave power near
ported along the bottom (tHeed load)is deposited in the beach is estimated to be 0.08410" erg/s on
the form of achannel mouth ba(Fig. 2.34). Most of average for the Mississippi delta, it is 010" erg/s
the suspended material is also deposited fairly rapidfgr the Nile, and 20.6< 10 erg/s for the Magdalene
at a relatively short distance from the mouth. While thRiver (Wright 1978). In rivers like the Mississippi,
river water, which is lightest, ows out of the chan-which has a shallow pro le beyond the delta front,
nel, salt and brackish water ow back in along thenost of the wave power dissipates before it reaches the
bottom, and may encroach a long way up the chadelta front. Deltas which develop into deep water right
nel when the rate of uvial ow is low. Marine fossils by the continental slope are exposed to the greatest
can therefore be transported quite a way into the uvialave power, because waves are not damped before
environment. During oods the saltwater wedge ishey reach the delta front. The River Magdalene in

2.31 Delta Front Sedimentation

Fig. 2.35 Flow of fresh and
salt water at the mouth of a
river channel (after Wright
and Coleman 1974)
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Venezuela is a very typical example. The thickness aifdthe pore pressure attains the pressure exerted by
the lateral extent of the delta-front sand is a measuretbe overlying sediments, the effective intergranular

wave power. Powerful storms may, however, erode vadtesses will be equal to zero. There is then no friction

quantities of sediment, far more than evenly distributdzetween the grains, and the sediments can ow like

wave power would have achieved. a liquid (liquefaction) The resulting instability may

Wave-dominated delta front facidgmve a typical cause diapirs of mud to be squeezed up into the sand
coarsening-upward sequence: from pro-delta clay bed. The Mississippi delta is characterised by rapid
increasingly sandy sediments and nally well-sortededimentation, and we nd diapirs of overpressurised
cross-bedded sediments with a low angle of dip, i.e.cdays. Clay diapirs rise like salt diapirs because they
beach faciepro le. We often nd traces of plant roots are less dense than the more compact clay, silt or sand,
at the top of such sequences, and this shows that thieich have lower water contents.
sand bank has had vegetation right down to the shore-The stability of sediments also depends on the
line. It was probably protected by shoreline barriershemical composition of the porewater. In freshwater,
which absorb most of the wave energy. Vegetation catay mineral particles with negatively charged sur-
offer protection against both uvial and tidal erosionfaces will repel one another. In saltwater these surface
and mangrove swamps such as those in the Niger dedtarges will be neutralised by cations (NK* etc.) so
are particularly effective. There will always be soméhat clay minerals occulate.
erosion on a delta front. Whether the delta progradesDeltas which prograde out into deep water will
or is broken down by marine forces depends on tlievelop a slope which may vary greatly. The force of
supply of sediment. The delta front will be fed withgravity acts on the sediments in the delta front and on
sediment — particularly sand which migrates from théne slope so that shear stresses develop in the sedi-
channel mouth bar — along the beach in the wave zomeents. When these stresses exceed the shear strength
We often call this “strike feeding” because sedimentf the sediments, the sediments will be deformed by
transport is parallel with the strike of the shoreline, i.esome sort of gravity-governed process. This may take
along a horizontal line. This is in contrast to the tranglace through sliding and slumping which in turn may
port in channels, which is parallel with the dip of thegenerate turbidity currents, or steep fault planes may
deposit. develop, i.egrowth faults(Fig. 2.36). The name was

If there is little erosion of the channel mouth barintroduced during early oil exploration and refers to
the channels will extend far into the sea, and little sethe fact that beds would thicken (grow) on the down-
iment, least of all sand, will be supplied to the rest daulted side. The growth fault plane gradually de ects
the delta front. and attens out with depth.

The growth fault may form near the delta front and
lead to this part of the delta subsiding rapidly, resulting
ey in very thick deposits with delta front facies stacked on
2.32 Stability in a Delta top of one another (Fig.37).
Sediments which are deposited in a delta possess very
high porosity, and clay- and silt-sized grains form a
very unstable structure after deposition. Clay and silt
have a low permeability, however, and will expel water
only very slowly. If sedimentation is rapid the sediment
load will increase faster than the water can ow out,
and overpressure will develop in the porewater. This
means that more of the overburden is carried by the
porewater, reducing the effective stresses between the
sediment grains and as a result also the compaction.

The friction between grains, which is a function of the

effective stresses, is greatly diminished, and in Copyg 2.36 Main features of growth faults. The rollover anti-
sequence so is the shear strength of the sedimenti®es may be traps for oil and gas
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Fig. 2.37 Section through a prograding delta system showing potential traps for oil and gas (Brown and Fisher 1977)
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2.33 Tide-Dominated Deltas develop, and in each channel one transport direction
will dominate. Signs of transportation in two opposite
A |arge tidal range affects delta sedimentation Ve@irections have often been used as a criterion for tidal
strongly and in a number of ways. The lower paI(ﬂe[JOSitS. This will apply to the whole area, but we can-
of a major river has a very low gradient, so wheRot always expect to nd cross-bedding with opposite
the sea level rises and falls by 6-8 m it causes greatrrent directions in the same channel deposits.
uctuations in the gradient, with the tidal range often
affecting river ow as much as 50-100 km upstream .
During good tide the river surface gradient is Eeverseg'34 Wave-Dominated Deltas
and a great deal of sand (bedload) and biological
material will be transported up-river. The differenc&Vave-dominated deltas have a vertical sequence very
between ebb and ood decreases gradually up the rivéike that of a beach. Little of the uvial part of the delta
and the periods of rising water (when the tide comes preserved, and instead of distinct deposits at each
in) will be shorter, right down to 2—3 h. This must bechannel mouth (distributary mouth bars), the waves
compensated by higher ow velocities. Consequentlgistribute the sediments in a continudosach ridge
itis often only the ow up the river channel during highalong the delta. The result is a coarsening-upward pro-
tide which gives rise to shear forces against the bottohe which is not always easy to distinguish from a
strong enough to transport a bedload. Sand depositeshch deposit outside a delta. In a wave-dominated
in such rivers has structur@sedforms)vhich indicate delta, however, beach ridges form right in front of the
transport up the river. It is very important to remembatelta top deposits, which often contain coal beds from
this when studying older rocks. vegetation, whereas beach pro les formed by barrier
Rivers in areas with high tidal ranges broadeislands have alagoon behind them. The rst unambigu-
markedly as they approach the sea because of the evas proof that one is dealing with a delta, however, is if
greater volumes of water to be transported out and ite beach ridges are found to be cut by uvial channels.
At the outermost point a broad estuary forms, withn addition to the Rhone and the Niger deltas, the Nile
clay and sand banks cut by channels which transpaielta is also a good example of a wave-dominated delta
tidal water. The Thames and the Rhine are exampleskif). 2.38 Here sediment supply to the delta has been
modern rivers with well-developed tidal estuaries.  greatly reduced through the building of the Aswan
The mixing of fresh and marine water also causd3am, which traps sediments, and the balance between
occulation of mud and deposition in the more prosediment supply and wave erosion has been disturbed
tected parts of the estuary between sand bars. Estuaspethat the delta is now retreating. This is a modern
deposits are therefore characterised by a mixture efample of how progradation or destruction (transgres-
sandstone and mudstone, often with marine fossafon) of a delta depends on a very sensitive balance
which may be transported several kilometres upstredmtween sediment supply and erosion.
by the salt wedges along the bottom. Tidal ats are
often found in the inner parts of the estuary. Tidal chan-
nels are oriented at a high angle to the coastline, bpt35 Coastal Sedimentation Outside
in the outer part waves may produce elongated bars Deltas
which are oriented parallel to the coastline. The geom-
etry and orientation of the sandbars are very different
from those associated with wave-dominated deltas alflpst sediment transport to the sea takes place via
coastlines, where the sand bars are parallel to the co&€rs which drain into deltas. In uvially-dominated
Tide-dominated deltas are characterised by the f&gltas, the greater part of the sediment is deposited
that the erosion due to tidal currents is very strorigere.
Compared to erosion by waves. The uvial chan- On destructive deltaS, a great deal of sediment is
nels have cross-sections which are too small to alloifoded and transported out into the sea or along the
transport of water out and in, and the result is théoast. Coastal areas between deltas are very largely
development of a broad belt of tidal channels, whicBUpplied with sediment which has been eroded from
farthest out are separated only by narrow ridges of safiiltas and transported along the coast by waves and
and clay. Very often separate ebb and ow channeg®astal currents. Since the surface of the coast slopes



2 Introduction to Sedimentology 71

Fig. 2.38 The Nile delta system is an example of a wave-dominated, destructive delta system. (Fisher et al. 1974)

outwards, the direction parallel with the shoreline catmansport takes place along the coast from east to west.
be de ned as thstrike of the deposit, and the directionBecause the active part of the Mississippi delta lies as
normal to the coast is called tlap. far east as it does today, less sediment arrives at the
Sediment supply parallel with the coast is ofteffexas coast. The fact that this coastline is subsiding at
called “strike feeding”. If the supply of sediment alonghe same time leads to transgression of the coastline.
the coast is greater than the erosion rate, the coasis example shows that if the supply of sediment due
will build out into the sea and we will get regressionio strike feeding cannot match subsidence, the result
through coastal progradation. If sediment supply is lessll be a transgression.
than the rate of erosion, the coast will retreat, and we
will get transgression.
Because there is a nite amount of sedlmenjc belr?§.36 The Shore Zone
transported along any stretch of the coast, engineering
constructions which are sometimes built to accumu-
late sediment and prevent erosion at a particular spdie shore zone is where land and sea meet, and we can
(groynes) will as a rule lead to increased erosion alostistinguish between different types:
other parts of the coast. This has great practical sig-
ni cance in areas with high coastal erosion. Beach. Rocky BeachThe beach is covered with pebbles
sedimentation must therefore be seen, not in isolation, and blocks or solid rock representing ancient, resis-
but in the context of the overall sediment budget along tant bedrock. Much of the coast of Norway is of
the coast. this type, but only 2% of the coastline of North
The Mississippi delta is the greatest source of America. Rocky beaches form in areas which have
sediment to the Gulf of Mexico, although there are been uplifted tectonically, and where the coast
a number of minor rivers in Texas. Here sediment erodes metamorphic or eruptive rocks.
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2. Sand or Gravel Beachrhis is the most common 3. Tidal range.
form of beach zone where we have active sedime#- Vertical pro le off the beach.
tation or erosion of older sediments (makes up 33% Supply of sediment from land or along the coast.
of the coastline of North America).

3. Barrier Island This is a beach which is separated The morphology of the beach zone and nearshore
from the main coastline by a lagoon. Common iBreas is the result of interaction of various features
North America (22%), but less common in othefg|ated to wave activity. As waves approach land, they
areas. will be affected by friction against the bottom. The

4. Muddy CoastlinesBeach zones which consist basiyepth at which this starts depends on wave height and
cally of clay are formed where we have sedimenigngth. When the depth becomes less than about half
with a very low sand content, and where there ie wave length, friction against the bottom will be
little wave activity to wash out or enrich any san@reat, the circular wave motion (orbit) will be dis-
the sediments might contain. We nd this in part§orted and oscillatory sediment transport will affect the
of clay-rich deltas and estuaries and where thegaped, producing ripple marks. The depth at which
is abundant vegetation along the beach zone whigdls occurs is called theave baseDunes are formed
protects the clay sediments against erosion (€@ sediments which are deposited when the waves
mangrove forest). break, and are at the same time the reason for the waves

5. Cheniersare isolated sandy beach ridges on coasigleaking precisely there. There is thus an interaction
mud ats. They are abundant along the coastlingetween the wave regime and the bottom geometry in
around major deltas like the Mississippi and thgeach sediments. In addition to breaking on fitre-
Amazon. They require low tidal ranges, modershoreitself, we often nd that waves break at two or
ate wave energy and abundant mud, and a limitggkee places offshore, and at each of these places we
amount of sand. nd a sand bar.

In the French Riviera (e.g. Nice) the beaches are

The composition of beach sediments varies greatbyften full of rounded pebbles with less sand. This
depending on the materials available and the gradeisfbecause they are near mountains supplying coarse
mechanical and chemical breakdown of the mineralgasts and also close to a shelf edge. Sand is then eas-

Quartz sand is the most widespread because qualjzeroded from the beaches during storms while the

is the most stable of the minerals we nd in mostoarse clasts remain.

beach sediments. But on volcanic islands, which con-

sist largely of basalt, there is no quartz, and we get

sand derived from basalt or volcanic glass. Carbonajeg7 Prograding Beach and Barrier

sand is formed locally from the broken skeletons of Se

. . . quences

carbonate-secreting organisms. This does not only hap-

pen in tropical regions, e.g. the Bahamas, but also

along coasts with cold climates. In many parts ofhe progradation of a beach will produce a charac-

Norway, for example, the beach sand consists vef§fistic coarsening-up sequence (Fg89 which will

largely of carbonate sand from molluscs, barnacle@bey Walther's Law of facies succession. The ver-

bryozoans and calcareous red algae. tical sequence will represent the environments from
Beach pro les are formed by wave power acting othe shelf to the shoreline. The transition between

the coast and depend on a number of different factorshelf mud and ne-grained sandstones with ripples
may represent the wave base. Isolated sand layers in

mud may have been deposited near sherm wave

base whereas the transition to continuous ne-grained

sand may represent théir-weather wave base

a. Average wave height The thickness of the sequence from the fair-weather

b. Size and frequency of storms wave base to the foreshore is an expression of the

c. Angle between the commonest orientation of th@ave energy at the coastline when the sequence was
waves and the beach. deposited.

1. The composition of the available sediments.
2. Wave power
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Fig. 2.39 Diagrammatic section through a sand deposit with some typical sedimentary structures. Just under normal fair-weather
wave base, 5-20 m, “hummocky” strati cation occurs

Bioturbation occurs in the lower part of thisBecause the exposed beach is arich source of sand, the
sequence. Below the wave base it usually takes ttwnd will tend to blow sand from the beach and rede-
form of horizontal feeding traces, and in the lower angosit it as aeolian dunes, usually where it is trapped
middle shorefaces, where there is relatively high wal®y vegetation. Aeolian sediments therefore often cap
energy, as vertical traceSKolithosfacies). As erosion ancient beach pro les, but the aeolian dunes may also
and reworking intensify, the preservation potential die eroded and not be preserved in the geological
bioturbation is reduced and it becomes less frequentcord.

The formation of sand bars and erosion surfaces on

the upper shoreface results in cross-bedding, usually

trough cross-bedding, r_epresentmg ow in the uppeé.38 Barrier Islands
part of the lower ow regime.

In the breaker zone there is an upper ow regime,
producing a planar facies which in vertical sectioBarrier islands are beach deposits which are separated
will appear as very low-angle cross-bedding. On tHgom the mainland by a lagoon. They form long, thin
beach we often have a beach bar which is oodegand ridges which are often only a few hundred metres
only during storms, and a depression behind it calléd a couple of kilometres broad, and which rise up to
a runnel, which helps to drain the backshore area-10 m above sea level.
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Fig. 2.40 Transgressive and regressive barrier systems. (from Kraf and John 1979)

A vertical section through the part of a barrier islaneach deposits can continue to grow through grad-
facing the sea resembles an ordinary beach depasil deposition of sand in the beach zone, but the
(Fig. 2.40. We nd a coarsening-upwards sequencareas behind them sink below sea level and form
from marine clay to beach sand, often with vegeta protected lagoon with clay sedimentation. More
tion on top. On the lee side, facing the lagoon, thetecalised transgressions may be caused by compaction
is little wave power and clay, mud and often oysteand subsidence of sediments along a coastline where
reefs are deposited in the lagoon. Barrier islands dtee sediment supply is insuf cient to keep pace with
very well developed along long stretches of the coat$te subsidence.
of North America, particularly off Texas, Georgia and One prerequisite for forming barrier islands is an
North Carolina. There are several indications that bamdequate supply of sand, so that the island can grow
rier islands are due to transgressive conditions suahd keep pace with the transgression. This sand cannot
as those of Holocene times. This is certainly thiee transported across the lagoon, and must be added
case along the eastern coast of the southern Noalong the length of the islands parallel to the coast
Sea. When the ocean rises in relation to the langstrike-feeding from deltas or eroding coastlines).
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During storms or hurricanes the sea level may rise Ebb-tidal deltasconsist of a channel dominated by
due to wind stress, and waves may break over aellb currents with smaller ood-tide channels on the
through the barrier island. An erosion channel is thesides. At the ocean end of the channel sediment is
formed through the island, andveashover fan delta deposited in a sand ridge which is similar to a channel
develops at the rear, out into the lagoon. A delta of thmmouth bar in an ordinary delta. This sand ridge, which
type can form in a matter of hours during a hurricanés calleda terminal lobe, issubject to wave erosion,
Barrier islands may extend for tens of kilometres, band smalleswash barsnay form, which reach above
they will not form a continuous belt along the coassea level. In areas with strong wave power, ebb-tidal
Water has to circulate between the lagoons and tHeltas will be less obvious because of erosion and fur-
ocean through gaps between barrier islands. The gdbper transport along the barrier ridges. Ebb-tidal deltas
are calledtidal inlets and the distance between themwill be characterised by greater water depths than ood
will be a function of the tidal range. Both seaward antidal deltas.
landward of the inlets small sandy deltas may develop Flood tidal deltasform inside the lagoon and are
in response to ebb and ood currents respectivelyell protected from wave erosion. Here the water ows
(Fig. 2.41). Flow at ebb tide will normally be strongerinto ow channels which branch inwards in a ood-
than that at ood tide. This is due to the pro le of thetidal delta, where the sediments are deposited on a tidal
lagoons. At high water in the lagoon the volume ofat. Ebb currents move back along the edges of the
water which must ow out to compensate for a speci @uter side of this delta and may form smsfiillover
lowering of sea level is greater than the volume need&mbeswhen ebb-currents penetrate over the edge of the
to raise the water level in the lagoon correspondinglpod-tidal delta. Flood-tidal deltas are associated with
at low tide when the area of the lagoon is smaller. Thehallower channels than ebb-tidal deltas and are not
tidal inlets are therefore capable of transporting moeroded very much by waves.
sediment out during the ebb, and structures indicating Tidal channels Il with sand which forms an
this ow direction may predominate (Fi@.41). Inlets upward- ning sequence overlain by tidal at sediments
are characterised by an erosional base, and lateffailg. 2.42). In areas with carbonate sediments or cohe-
migration of inlets produces a characteristic ningsive clays, erosion due to lateral migration of tidal
upwards sequence. The strong currents in tidal inleteannels results in intraformational breccias.
often generate sand waves which tend to migrate in Barrier island deposits thus consist of a long, thin
the ebb direction, but they may also be modi ed bypody of sand. The thickness of the sand layer will
ood currents. correspond to the depth of the wave base plus a few

Fig. 2.41 Tidal channels

with tidal deltas forming
between barrier islands. The
barrier islands and the
channels will migrate laterally
and deposit channel facies
sediments by lateral accretion.
Note that the ebb-tidal delta
outside the barrier is much
more exposed to waves than
the ood-tidal delta in the
lagoon
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Fig. 2.42 (a) Interpretation of a vertical section in a tidal environment (From Walker 19B9B€&ction through a barrier beach cut
by a tidal inlet channel into the lagoonal facies

metres which correspond to the height it builds up to The average tidal range in the open sea is only
above sea level. about 50 cm. Along the coasts, however, we often get
In areas with a larger tidal range, this lateral migrancreased interference by tidal currents. This is par-
tion will be rather pronounced, and ning-upwarddicularly true around large islands where tidal waves
sequences will also be common. converge on the lee side and can build up, and also in
If the barrier islands are drowned by a transgressidpays along the coasts. In long, narrow bays we may
a carpet of clay and silt will be deposited over thesget a high degree aEsonanceThis occurs if the bay
sandstone deposits. This represents the ideal stra@s a length and depth which cause tidal waves which
graphic trap for oil and gas. Compaction or tectoniare on the rebound to reinforce the next incoming tidal
tilting will cause the sandstone deposits to inter ngewave. The highest tidal range which has been mea-
with mud from the lagoon deposits, which are a goosured is 16.3 m in the Bay of Fundy in Canada. In
source rock. Oil will be able to collect in the top ofsome areas around the British Isles the tidal range may
the barrier ridge sand or in ood-tidal delta depositbe up to about 12 m, and there are also large ranges in
(or washover fansyvhich represenpinch-outsin the the German Bight and adjacent parts of the North Sea.
muddy lagoon sediments. Tidal waves also move anticlockwise in N hemisphere
around centres with zero tidal range (amphidromic
points), with the tidal range increasing radially with
2.39 Tidal Sedimentation the distance from the centre. This is typical of the tidal
pattern in the North Sea.
Tidal range is an important factor in coastal sedimen- The width of the continental shelf plays a major
tation. We distinguish between: role in determining tidal ranges. When tidal waves
enter shallow water, their velocity is reduced due
1. Microtidal environment (tidal range less than 2 m)to friction against the bottom. When the water
2. Mesotidal environment (tidal range 2—4 m). depth and the velocity decline, the height of the
3. Macrotidal environment (tidal range greatetidal wave will increase, so that the total energy
than 4 m). ux is maintained. The tidal range, which is thus
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the height of the tidal wave, therefore increasesarly lithi cation, carbonate beds in particular can be
inwards across the shelf. Where there are embagworked to form intra-formational conglomerates and
ments along the coast, tidal waves become focusdmleccias.

so that the tidal range increases towards the mid- Tidal cycle duration is about 12 h and 25 min,
dle of the bay. This is true of the east coast ofith currents switching direction every 6 h, and we
the USA, off Georgia, and of the German Bight irsometimes nd good examples of cross-bedding with
Europe. opposite current directions. This is not always the case

If the shelf becomes even wider, as in an epicomA tidal environments, however. Some tidal channels
tinental sea, tidal power will gradually be exhaustedre dominated by ebb ow and others by ood currents.
due to the high frictional resistance. This is the case drhis is because the ebb and ood often nd different
the present Siberian continental shelf where the tidedeminant pathways. Bipolar cross-bedding is therefore
very low (<10-20 cm). Wind stress may set up ratherot an essential feature of tidal channels. Storms with
large storm tides. When the water is very shallow, as @pposing wind directions may also produce some form
the Bahamas Bank, friction damping takes place ovef bipolar cross-bedding.
much shorter distances. In a regressive sequence tidal channels will be

The great epicontinental seas, in Ordovician armerlain by lagoonal sediments (F&42).

Cretaceous times for example, were also characterised?. Flaser Bedding Consists of clay laminae in a
by low tidal ranges. matrix of sandstone with ripple cross-lamination. The
About 1/3 of the world’s coasts have tidal rangeslay occurs mainly as inll in ripple troughs, but
greater than 4 m (macrotides), 1/3 have mesotidesy also drape over the ripple crests as well. Flaser
(2-4 m) and 1/3 microtides (less than 2 m). Smaliedding forms as a result of alternating periods of cur-
inland seas, like the Mediterranean, the Black Sea arehts or wave activity, and slack water. The clay settles
the Baltic Sea, are too small to keep pace with thaut in the slack water periods in a tidal environment,
attraction of the moon and the sun, and have small tidhlough this type of bedding may also form in other
ranges. This is also true of lakes. environments where there is rhythmic sedimentation,
1. Tidal Channels The inlls may resemble u- such as in certain uvial environments. On tidal

vial channels or submarine channels in that they forrats, clay and silt will settle out at high tide to be
ning-upwards sequences. Channels formed in estdeposited between ripples formed by the ebb and
aries in fact are often connected to uvial channebod currents. Here the ne sediment may consist
systems. Tidal channels which are not part of a rivgartly of clay pellets (faecal pellets from marine organ-
delta, however, tend to be lled with sandy sedimentisms) which settle out faster than clay-sized particles.
from the surrounding tidal at, because they hav&laser bedding belongs to a type of structure which
no supply from land. Channels will often erode theiwe get with mixtures of sand and claienticular
banks and cause them to collapse, and this may reswgdding represents isolated laminae or lenses of
in the formation of intraformational conglomerates ifand in mud.

the sediments are slightly lithi ed. The inner parts of a tidal shelf often have embay-

Lateral migration of tidal channels may proiments consisting of very muddy sediments, usually
duce typical epsilon cross-bedding which is theith abundant bioturbation. Mollusc shells in the
result of lateral accretion of point bars in the tidamud (Fig. 2.43 are often eroded and deposited as
channel. shell lag.

Tidal channels often contain a bed of marine fos- 3. Tidal Bundles The best identifying feature for
sils at the base, and marine trace fossils. Channélal environments is regular lamination consisting of
on tidal ats which are not associated with deltasne sand and mud, making up tidal couplets that each
(i.e. those in estuaries) will not receive much clasepresent a tidal cycle. Both modern and ancient tidal
tic material from land. Conglomerates and brecediments show a regular variation in the thickness of
cias in these tidal channels will therefore typicallyuch couplets, re ecting the energy levels of spring and
be of the intraformational type, derived by locaheap cycles. Regular laminations re ecting tidal cycles
reworking of tidal at sediment. Because of theirare often called tidal bundles (Fig.44).
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Fig. 2.43 (a) Tidal channel on a tidal at in the muddy facies of the inner part of a tidal at (near Wilhelmshaven, Germany).
Erosion by tidal channels in this mud produces a lag of mollusc shi)I84¢llusc in living position

exceed 1,000 km. Continental shelves are generally
very at areas which may be cut by deeper channels
transporting sediments across the shelf from nearshore
or deltaic environments.

The study of sedimentation on modern continental
shelves is complicated by the fact that sea level was
more than 100 m lower only 10,000 years ago. This
means that most shelf areas have not yet reached an
equilibrium with respect to the modern environment.
Sandy shelf deposits are much more dif cult to core
than muddy sediments and the commonly used gravity
corer has to be replaced by vibro-core equipment.

Most shelf areas are below the wave base for normal
waves (fair-weather wave base) and sedimentation is
governed largely by tidal currents and storms.

When the wind is landward, waves will usually
approach the beach obliquely, resulting in wave refrac-
tion effects, particularly on relatively steep beaches
with high wave energy. This will produa# currents
where the water piling up against the beach has its
return ow seawards. Rip currents are often rich in sus-

Fig. 2.44 Tidal bundles. These are bundles of laminae whicRended material and transport material from the beach
re ect the tidal cycles between spring tides. From the Lattowards the shelf. Another component of wave energy
Precambrian Wonoka Formation, Patsy Spring, Flinders Ranggstransmitted parallel with the beach as longshore cur-
Australia rents, contributing to the longshore drift of sediment
transport.

During onshore storms the sea level near the coast
may be raised by several metres due to the combined
effect of wind stress, tides and the low barometric
The shelf extends from the nearshore environmeptessure associated with storms. The increased poten-
to the shelf edge, where there is a rather abrugial (elevation) of the coastal water due to thesarm
increase in slope, usually at a depth of 200-500 raurgeswill result in strong bottom currents which are
The width of the shelf varies considerably, and magapable of transporting sediment further out onto the

2.40 Shallow Marine Shelves
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shelf. Storm surges may transport ne sand and mutlis 20-100 km broad. The gradient is a function of a
in suspension, but not as true turbidity currents. In thimumber of different factors, but the stability of the shelf
case the increased potential of the coastal water is ##ge constitutes a major control factor. The steepest
driving force and not the density difference betweeslopes are therefore to be found off carbonate banks
the current and the surrounding water, as with tuwith well-cemented coral reefs and carbonate beds
bidites. Hummocky cross-bedding is a characteristiehich have high shear strength. In areas with rapid sed-
sedimentary structure produced by the deposition whentation, loose sediments have little shear strength
coarse particles from suspension during storms, aadd submarine slides, slumping and formation of tur-
rounded, undulating sand surfaces tend to form. Fineidites occur, maintaining relatively gentle slopes (1—
particles will be transported further, into areas witR ). Where sedimentation is slower the sediments have
lower energy. more time to consolidate, and will be more stable. The

In many modern shelf areas tidal currents are impasteepest submarine slopes in clastic sediments (greater
tant transport mechanisms, in combination with ratkan 10) are therefore found in submarine canyons,
strong storm currents. Sediments deposited in thithere erosion cuts into older, well-consolidated
environment are characterised by rather abrupt transedimentary strata.
tions from well-sorted sand to mud and from biotur- Along passive continental margins the continental
bated to non-bioturbated strata. slope is associated with the transition from continental

The main characteristic of tidal shelves is the mobikrust to oceanic crust. In areas with a large supply of
ity of the clastic sediments, on scales ranging frosediment, the shelf may have prograded beyond this
the diurnal tidal cycle to annual (storm augmentedjoundary.
cycles and gradual long-term movement of the largest
bedforms. In shelf areas with relatively strong tidal
currents (> 150 cm/s) we may detrrrows andgravel
waves At velocities of less than 1 m/sand ribbons 2
may be deposited — longitudinal bedforms developed
parallel to the currents. Sandwaves are large-scale
transverse bedforms, generally 2—15 m high, with a
wavelength of 150-500 m. Sandwaves require currefihe continetal slopes are enriched in organic matter
velocities exceeding 60—70 cm/s. Cross-strati cationompared to the shelf and the deep ocean.
may be symmetrical or asymmetrical on both sides of This is because the slope is where we have the great-
the sandwave, depending on the relative strength of test upwelling of nutrients from the deep. We also nd
opposing currents. low oxygen content in the water column on continental

Relatively low-energy environments (< 50 cm/s) arslopes, allowing much of the organic matter produced
characterised bysand patchesand mud. The sandto be retained in the sediments. There will also be
forming the patches probably only moves duringigh productivity on shallower slopes in front of deltas
storms. because of the large nutrient supply from river water,

Shelf sediments characteristically accumulate htit the organic matter may be greatly diluted by rapid
relatively low overall sedimentation rates (1-10 mnelastic sedimentation. On the continental shelf the sup-
1,000 years). ply of nutrients is small and the prevalence of stronger
currents and turbulence means that most of the organic
production there will be oxidised.

Out in the open ocean basin organic production is
relatively low, due to a limited supply of nutrients.
Much of the planktonic organic matter is oxidised near
Continental slopes are the areas between the edgehaf sea oor by deep currents of cold, oxygenated water
the mostly very at continental shelf which commonlyfrom the polar areas.
lies at a depth of 200500 m and tbentinental rise Sediments deposited on the continental slope are
where the ocean deep begins at a depth of 2—4,000therefore more promising as source rocks for oil than
The continental slope gradient is typically 2+&nd shelf and deep-water facies.

42 Organic Sedimentation on the
Slope of the Continental Shelf

2.41 Continental Slopes
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2.43 Sediment Transport on Submarine and unusually high ow velocities which may be
Slopes linked with storms which create wind-induced shear
forces which sweep the water up against the coast
o . storm tides)and may cause currents to develop along
Grayltat|onal processes are naturally important on S“i?fe bottom and down the submarine canyons. However,
marine slopes.

) high ow velocities have also been measured with-
Gravity forces can be represented by forces (VeSUt it being possible to associate them with storms or

tors) normal to, and parallel to, the slope. The COn;y stress. The most powerful ow velocity is most
ponent parallel to the slope consists of shear forc‘éﬁmmonly directed downvalley, but upvalley-directed

which may'overcome. the shgar strength of the Se‘%‘t’reams have been observed with velocities of up to
ment, causing slumping. Sliding of large volumes (50 cm/s

sediments downslope produces extensional faulting in Detailed measurements in the submarine canyons

the upper part of the slope and compression in et ihe coast of California reveal that the highest ow
lower part. Gr_awtanone_ll instability on the.slopes MaYotes are oriented up the canyon in a way which seems
also develop into debris ows and turbidity currents,, jicate that they are generated by internal waves
Collapse of the s.ed|ment.gra|n frgmework may cau$&)m the ocean basin, and not by gravitational forces.
sudden compaction and liquefaction of the slope Se%’urrents may then develop when the waves “break”

mepts. ) h I | against the coast or the continental shelf.
raction currents may, however, also play a part On" ., verfy| currents in submarine canyons are capa-

the submarine slopes, particularly in canyons but alf)?e of transporting sand, sometimes in rare instances
near the toe of the slope, where we may hawa- o0 coarser material. These are frequently not tur-
tourites— deposited by currents owing parallel to theygiry, cyrrents, butraction currents which transport
slope contours. and deposit better-sorted material. Turbidity currents
have been observed in submarine canyons as well, but
de nite (observed) examples were only low-velocity,
2.44 Submarine Canyons low-density turbidity currents with a maximum veloc-
ity of 70-100 cm/s. In submarine canyons we thus

These are valley-shaped depressions which extd@ve both traction currents, which are controlled partly
from the top to the bottom of the slopes, down tgy tidal forces, and turbidity currents. Downward-
2,000—4,000 m. In some cases they may start in shBlOving currents driven by tidal forces may, if they
low water near the beach, in others close to the edge@ntain much suspended material, turn into turbidity
the shelf. The height from the bottom of the canyon tgurrents. The downward-moving currents have both a
the top of the slope on each side may be up to 2,000 fgPMponent of traction and gravitation.
We are dealing with enormous topographical features, The relief of submarine canyons is due partly to ero-
which would have been very impressive indeed if theion down into the underlying sediments, and partly
had been on land, towering structures on the scalet8flack of deposition in the canyon while the adja-
the Grand Canyon. cent beds were being deposited. During low sea level
Shepard et al. (1979) systematically gathered daitands rivers may prograde closer to the shelf edge and
on currents and sediment transport in submarif&nce supply more sediment to the submarine canyons,
canyons and found that tidal currents are of gregﬁus feeding submarine fans. At sea level highstands,
importancealsoat great depths in submarine canyongurrents in the submarine canyons and the shelf may
Current meters have shown that currents bath up €rode shelf and slope sediments and deposit pure sand
and dowrthe submarine canyons, and that they switc®nlapping an erosional unconformity at the toe of the
every 6 h like tidal currents in shallow water. Currenganyon.
velocity is often only 10—20 cm/s, but in many canyons Most of the canyon itself is an area of sediment
velocities of up to 40 cm/s occur sometimes, powetansport and erosion. Deposition takes place where
ful enough to transport ne to medium-grained sandhere is a change of slope near the basin oor. Here
The ow velocity tends to be greatest in the uppethe channel de ned by the canyons splits up into
part of the canyon and diminish downvalley. Mosgeveral channels which build depositional lobes called
sediment transport takes place during these episogiPrafan lobegFig. 2.45.
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Fig. 2.45 Model of submarine fans deposited at the foot of sulbdeposits resembling those along uvial channels. The pattern of
marine slopes. Submarine fans have channels which sometirsbgting depositional lobes resembles that of deltas. (Brown and
meander. On the sides of the channels we nd ne-grained levéasher 1977)

Fig.2.46 Submarine fan model showing progradation and shifting of lobes similar to delta lobe shifting. One of the main differences
between submarine fan and delta facies is the absence of wave reworking. (Walker 1984)
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As the lobes build up, the gradient of the slop@.45 Sedimentation Along Continental
is reduced and a new channel will form in a part Margins and in Epeiric Seas
of the fan where there is a steeper slope (Rig6).

This produces lobe-shifting similar to that observed ) ) )
in uvially dominated deltas. Each lobe will tend to”S discussed above most of the sediment derived

build a ning-upwards sequence, with conglomeratgom, land is deposited in riyer deltas and distributed
and coarse sand near the base. On the sides of the Cﬁgl@_twely close to the shore line by longshore transport.
nels ne-grained material in suspension is depositeuqere is, however, also signi cant sedirnentation'fL.Jr-
as thin-bedded turbidites. The levee builds up on bomer away from the dgltas and the coastlines. Turpldltes
sides of the channel, and resembles a river levee. 6'ﬂd debris ows can in some cases transport sediments

the submarine Amazon delta slope there are weljundreds of kilometres offshore. Debris ows repre-

developed meandering channels. The distal fan is a8t @ very ef cient type of sediment transport which

dominated by ne-grained sediments deposited as thif@" carTy sediment far beyond the continental slopes
graded ne sand, silt and clay. Progradation of Sulp_ecause there is little internal shear deformation, only

marine fans may also produce an upwards—coarsenﬁfgIhe base a_md the top of the ow. . )
sequence (Fig.47). In ne-grained shales we may nd evidence of rip-

ples indicating traction currents. Storms and spring

tides may produce rather high velocities (20—-40 cm/s)
on the sea oor far away from land and these currents
are capable of transporting silt and ne sand. Clay

should not produce ripples, but the clay is often com-

posed of pellets of clay aggregates, often also with
some organic matter. These clay particles behave like
silt but they have lower densities and may be trans-
ported by traction currents forming small-scale ripple

cross-lamination.

There may also be signicant contributions of
aeolian dust from deserts and of volcanic ash. In
Palaeozoic times, before there were many land plants,
aeolian dust was more important, but even today much
of the sedimentation in the South Atlantic and Paci c
Ocean is aeolian.

2.46 Sedimentation Along Island Arcs
and Submarine Trenches

Submarine trenches form along converging plate
boundaries where oceanic lithospheres are disappear-
ing into a subduction zone. Along these converging
plate boundaries sediment basins with very special
deposition environments are formed. There are three
main sources of sediment:

1. From the continent.
2. From island arcs, which may consist of continental
crust, oceanic crust and/or volcanic rocks.

Fig. 2.47 Vertical sequence through a submarine fan (Walke: Pelagic sediment, including biogenic sediment and
1984) wind-blown volcanic ash.
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These have quite different compositions. Sediment The sediments may be pelagic oozes or distal tur-
which is added from the continent is deposited in deltdmdites. Since the oceanic plate is moving towards the
and in turn lls the basin behind the anback-arc island arc, the sediments on the oceanic crust have
basin) Sediments which are formed on the island ardseen deposited further away from the sediment source,
are rich in volcanic material, and this will characterisand in consequence we do not normally have very
deposits in small basins on island arcs dark-arc thick sedimentary sequences in the subducting plate.
basins Back-arc basins may also receive volcanic sedhe accretionary prism consists of a series of sliding
iments from the island arcs. During the initial subdudaults which are steepest near the surface and have a
tion phase fore-arc basins will tend to be characterisémver gradient downwards. They are often draped with
by turbidites deposited in relatively deep water, bw blanket of pelagic sediments (F@j49.
sediment lling may convert them into a shallow water Listric faults of this type are similar to those we nd
environment which may include carbonate sedimenis. plate boundaries with tension (rifting) but the rela-
A structural high separates the fore-arc basin from thige movements are in the opposite direction (reverse
actual slope down to the submarine trench. faults). Sediments which are still not very consolidated

Beyond the deep sea trenches a signi cant amouteind to deform along the imbricated faults and develop
of pelagic sedimentation takes place on a relatively atarious kinds ofdrag folds Continued movements of
ocean crust. Some of the sediments get scraped off the imbricated fault planes cause this slope to become
subducting volcanic crust and stacked up in what avery steep locally, and conglomerates and fan deposits
called “accretionary prisn@(Figure2.48. Some sed- may become unstable and slide. Lithi ed carbonates
iment may also be carried down with the subductingnd sandstones will break up and form large blocks in
plates. The supply of sediment to the deep-sea trenclaemore clay-rich matrix. Volcanic rocks may also be
themselves is often very limited, which is why theyncluded in this package of broken-up sediments and
do not Il up with sediment. They represent the greatbe incorporated into coarse conglomerates with large
est depths in the ocean (up to 10 km) and this can bicks callecblistostromesThe blocks, which lie in a
explained isostatically by the fact that the oceanic plateatrix of clay sediments, may be from a few metres up
which is undergoingubductionis cold, and therefore to several hundred metres across. The result is called a
heavy. The downward movement acts against the dirdectonic melange
tion of heat ow, resulting in low geothermal gradients The sediments in an accretionary prism are sub-
and therefore dense crust. jected to strong tectonic deformation prior to deeper

Fig. 2.49 Sedimentation in a
submarine trench
(accretionary prism) near
Japan. Sedimentation is very
much in uenced by the
relative movements
(thrusting) of the rock units
piled up in the prism (from
Taira et al. 1982)
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Chapter 3
Sedimentary Geochemistry

How Sediments are Produced

Knut Bjarlykke

The composition and physical properties of sedimeand water at relatively low temperatures. At tempera-
tary rocks are to a large extent controlled by chemicaires above 200-25CQ these processes are referred
processes during weathering, transport and also duritogas metamorphism which is principally similar in
burial (diagenesis). We can not avoid studying chentihat unstable minerals dissolve and minerals which are
cal processes if we want to understand the physidhkrmodynamically more stable at certain temperatures
properties of sedimentary rocks. Sediment transp@md pressures precipitate.
and distribution of sedimentary facies is strongly in u- At low temperatures, however, unstable minerals
enced by the sediment composition such as the contantl also amorphous phases may be preserved for a
of sand/clay ratio and the clay mineralogy. The primarpng time and there may be many metastable phases.
composition is the starting point for the diagenetic Many of the reactions associated with the dissolu-
processes during burial. tion and precipitation of minerals proceed so slowly
We will now consider some simple chemical anthat only after an extremely long period can they
mineralogical concepts that are relevant to sedimeachieve a degree of equilibrium.
tological processes. Reactions will always be controlled by thermody-
Clastic sediments are derived from source rocksamics and will be driven towards more stable phases.
that have been disintegrated by erosion and weath&he kinetic reaction rate is controlled by temperature.
ing. The source rock may be igneous, metamorphic Silicate reactions are very slow at low temperature
or sedimentary. The compositions of clastic sedimerasd this makes it very dif cult to study them in the
are therefore the product of the rock types within thiaboratory.
drainage basin (provenance), of climate and relief. The Biological processes often accompany the purely
dissolved portion ows out into the sea or lakes, wherehemical processes, adding to the complexity. Bacteria
it is precipitated as biological or chemical sedimentfiave been found to play an important role in both the
Weathering and abrasion of the grains continues dureathering and precipitation of minerals. Their chief
ing transport and sediments may be deposited aodntribution is to increase reaction rates, particularly
eroded several times before they are nally stored iduring weathering.
a sedimentary basin. In this chapter we shall examine the processes
After deposition sediments are also being subjectbetween water and sediments from a simple physical-
to mineral dissolution and precipitation of new mineehemical viewpoint. A detailed treatment of sediment
rals as a part of the diagenetic processes. For the mgsbchemistry is however beyond the scope of this
part we are concerned with reactions between miner&igok.
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confused with ionisation potential. Recent authors
have proposed the term “hydropotential” for the con-
cept, to avoid confusion.

lonic potential (I.P.) may be de ned as the ratio
between the charge (valen&and the ionic radiui:

4
R

IP =

The ionic potential is an expression of the charge
on the surface of an ion, i.e. its capacity for adsorbing
ions. Small ions carrying a large charge have a high
ionic potential while large ions with a small charge
have a low ionic potential (see Fig.2).

Fig. 3.1 The strong dipole_of water molecules causes them t0 |5ns with low ionic potential are unable to break the
be attracted to cations which thereby become hydrated. Small . L
cations will be most strongly hydrated and less likely to b onds in the water molecule and therefore remain in
adsorbed on a clay mineral with a negative charge solution as hydrated cations (e.g."NK™). This means
that the ion is surrounded by water molecules with their

Jegative dipole towards the cation (F&2).

Water (HO) consists of one oxygen atom linked t L )
two hydrogen atoms, with the H-O-H bonds formin This is because the O—H bond is stronger than the
an angle of 105 (Fig. 3.1). The distance between the ond which the ca’Flo_n forms with oxygen (M_Q bond-
O and the H atoms is 0.96 A, and between the hydrogg}g' M = metal); this is partlcglarly true of alkali metal
atoms 1.51 A. Water molecules therefore have a strofﬁ?s (Groupl)and mpst alkallhe earth .elements.(Group
dipole with a negative charge on the opposite side frofh -P- <3)- Metals W't,h an ionic potential only slightly
the hydrogen atoms (Fig.1). This is why water has Iow2e+r chZnthhat frqu',rfd to for? M__O bonds, namely
a relatively high boiling point and high viscosity, an g°", Fe, Mn", Li" and N, » will be the most
why it is a good solvent for polar substances. Anothéﬁrongly hydrateo!. The hyd'ratlon str'ongly affgcts the
consequence of this molecular structure is that watefemical properties of the ion and its capacity to be
has a high surface tension, important for enabling péarglsorbed or enter into the crystal structure of a mineral.
ticles and organisms to be transported on its surfacgiCe the ions are surrounded by water molecules, we

The capillary forces which cause water to be drawn lﬂfn use the expression hYdfated _rad|us to describe
through ne-grained soils are also a result of this hig -e ;pace occupied by the .|on and its water molecules
surface tension. within a crystal structure (Fig.3).

A number of concepts are particularly useful for If the M-O bond is approximately equal in strength

describing and explaining geochemical processes: to the O-H bond (I.P. 3-12), the metal ion replaces
one of the hydrogen atoms to form very low solu-

lonic potential bility compounds of the type M(OH)_(See Fig.3.2).
Redox potential Eh Examples of these_so-cal.led hydroxides that we com-
pH monly encounter in sedimentary rocks as a result
of weathering are Fe(OR) AIl(OH)3 and Mn(OH},.
These hydroxides have very low solubility.

lons with high ionic potential (>12) form an M—O
bond that is stronger than the H-O bond, giving soluble
anion complexes such as $8, CO:°° , PO;%° and
releasing both of the Hions into solution.

This approach can be used to explain the behaviour
for elements on both sides of the Periodic Table
lonic potential is a term introduced by V.M.(electropositive and electronegative) which form ionic
Goldschmidt to explain the distribution of elementbonds. The elements in the middle, however, have a
in sediments and aqueous systems. It must not geeater tendency to form covalent bonds in which the

Hydration of ions in water
Distribution coef cients
Isotopes

ok~ wnNE

3.1 lonic Potential
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Fig. 3.2 lonic radius and charge (valence) for some geocherselubility, forming hydrolysates (e.g Al(OH), Fe (OH}), High
ically important elements. lons with low ionic potential areonic potentials make soluble cation complexes likesCCand

soluble as cations (e.g N&K™) while ions with intermediate SO?;‘g . The ratio between these parameters - the ionic potential -
ionic potentials will bond with OH groups and have very low can be used to explain their behaviour in nature

Fig. 3.3 lonic radius (in Naked radius (r)
Angstrom units) of hydrated Hydrated radius (R)

and non-hydrated (“naked”)
ions of alkali metals and
alkaline-earth metals. The

smaller ions have higher ionic
g Li*,r=06A Na", r=095A K*,r=133A Rb", r=148A Cs"'r=1.69A

potentials and form stronger N " N . >
bonds with water molecules R=38A R=36A R=33A R=32A R=32A

so that they become hydrated.

This hydration effect is
reduced with increasing
temperature

Mg*,r=065A Ca™,r=10A Sr*r=113A Ba™ r=143A
R=42A R=4.0A R=4.0A R=3.0A

strength of the M-O bond is not merely a function ofhe chlorides (i.e. NaCl, KCI), these are mainly
the valency and radius, and the picture becomes falts of cations with low ionic potential, and of
more complex. The concept of ionic potential is neveanions with high ionic potential, e.g. Cag@H,0,
theless still useful; we see that during weatherinflapCO3; and carbonates such as Cafi€alcite),
elements with low ionic potential remain in solutionrCaMg(CQ)2 (dolomite) and MgC@(magnesite).
along with the anionic complexes of metals and non- The principle of ionic hydration and the size of the
metals with high ionic potential. This is re ected inionic radius are capable of explaining a whole range
the composition of seawater. The hydrolysates, @i geochemical phenomena. Among the Group | ele-
the other hand, become enriched on land as insolments of the Periodic Table, we know that"Land
ble residues or through weathering fAIFe€**, Mn**, Na' are enriched in seawater. This because the strong
Ti%*, etc.). Note also that F& and Mri* which occur hydration prevents absorption on clay minerals which
in reducing environments have lower ionic potentiaisually have a negative surface chargé, Rb* and
and are much more soluble thatand Mrf*. Cs', on the other hand, have larger ionic radii and con-
The most soluble ions remain in the seawataequently are less strongly hydrated. This leaves them
until they are precipitated as salt when seawataith a more effective positive surface charge which
is concentrated during evaporation. In addition tfacilitates their adsorption onto clay minerals, etc.
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This is demonstrated in nature during weatheringe reaction i = 2H* + 2e (electrons) is de ned as
and transport. While similar amounts of potassium ari = 0.0V at 1 atm and HMconcentration of 1 mol/l at
sodium are dissolved during weathering of baseme®® C. Different conventions have been used to assign
rocks, the potassium concentration in the sea is muplus and minus values. In geochemical literature,
lower (K/Na ratio of only 1:30). This is becaus€ ks metals with a higher reducing potential than hydro-
more effectively removed by adsorption because it gen are assigned negative values, e.g.=Nda" +
less protected by hydration. The same is true to an eveh = S 2.71V, while strongly oxidising elements are
greater extent for Rband C$, which are adsorbed given a positive sign, e.g. 2F= F» + 2e= 2.87V.
even more readily. These ions therefore have a rela-list of redox potentials shows which elements will
tively short residence time in seawater, between beiagt as oxidising agents, and which will be reducing
delivered by rivers and then removed by accumulatirgggents. Reactions which result in a negative oxidation
sediment. potential (E) will proceed spontaneously, while those

With regard to Group 2 elements, Mgfor example which have positive voltage will be dependent on the
will be more strongly hydrated than Cabecause it is addition of energy from an outside source. We can
a smaller ion. As a result, Mg has a greater tendencypredict whether a redox reaction will occur by using
to remain in solution in seawater. However, despite tiidéernst’s Law (see chemistry textbooks).
fact that the Mg/Ca ratio in seawater is 5, it is calcium
carbonate which is the rst to form through chemi-
cal and biological precipitation. Dolomite or magnesit
do not precipitate directly from seawater and this is ir%f'3 pH
part due to the strong hydration of Mg Normally, if .
we had naked (unhydrated) ions, Mgg€énd FeCQ The ionisation product for water is H* - OHS =
would be more stable than Cag®ecause M§" and 10514, The concentration of Hin neutral water will
Fe"™ have greater ionic potentials and stronger bondirg 1. pH is de ned as the negative logarithm of the
to the C@S ion. However with increasing tempera-hydrogen ion concentration, and is therefore 7 for neu-
ture the hydration declines because the bonds with tirel water (at 25C). However, the ionisation constant
dipole of the water molecules become weakerMg (product) varies with temperature, e.g. at 125he
then more likely to be incorporated into the carbonaienisation constant for water is [fi- [OH®] = 10>12
mineral structures. Therefore during diagenetic prom other words, neutral water then has a pH of 6. It is
cesses at 80-10C, magnesium carbonates precipitatgnportant to remember this when considering the pH
more readily even if the M/ Ca™ and F&*/Ca™ of hot springs or in deep wells, for example oil wells.
ratios are low. Even if Mg is preferred in the carbon- In nature the pH of surface water mostly lies
ate structure and also in the clay minerals, very littleetween 4 and 9. Rainwater is frequently slightly acid
magnesium is usually available in the deeper parts dfie to dissolved C& which gives an acid reaction:
sedimentary basins except in the presence of evaporites
with Mg salts. H20+ CO, = H2CO;3 (carbonic aciyl

HoCOz = H* + HCO3 = 2H" + CO%°

Humic acids may give the water in lakes and rivers
a low pH. Sulphur pollution from burning oil and coal
gives SQ, which is oxidised in water to sulphuric acid:
Oxidation potential (E) is an expression of the ten-
dency of an element to be oxidised, i.e. to give up 2SO + Oy + 2H,O = 2H,SOy
electrons so it is left with a more positive charge.
This potential can be measured by recording the In areas with calcareous rocks or soils this sulphuric
potential difference (positive or negative) which arisescid is immediately neutralised and the water becomes
when an element functions as one electrode inbasic, as is the case across much of Europe. By con-
galvanic element. The other electrode is a standardst, in areas with acidic granitic rocks as in the south
one, normally hydrogen. The oxidation potential obf Norway and large areas of Sweden, the rock does

3.2 Redox Potentials (Eh)
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not have suf cient buffer capacity to counteract aci®.3.1 Distribution Coefbcients
rain or acidic water produced by vegetation (due to
humic acids). Organic material also contains a certa\in

. hen a mineral crystallises out of solution, the com-
amount of sulphur, and drainage of bogs, or drought, .. . . .
- . o position of the mineral will be a function of the compo-
can produce an acidic reaction. This is becaus& H

. L . sition of the solution and the temperature and pressure.
from organic material is oxidised to sulphate when th.? . . . .
i . race elements which are incorporated in the mineral
water table is lowered, allowing oxygen to penetrate : " L
: . . structure are particularly sensitive to variations of these

deeper in these organic deposits.

factors. With constant temperature and pressure, the
The water near the surface of large lakes and the . - . L

. 1 concentration of an element within a mineral which is
sea can have a high pH because ,0® consumed

due to high organic production (photosynthesis). Ifmtéemg precipitated, is proportional to its concentration

. X - . n the solution. The ratio between the concentration of
organic material decomposes (oxidises) on its way

0 . . ) .
. . . an element in the mineral and its concentration in the
the bottom, CQ is released again, causing the pH to ) . . .

@ g g P Solution (water) is called the distribution coef cient.

decrease with depth since the solubility of the L£O A number of elements substitute for Cain the

increases with the increasing pressure. . . o
) 9P calcite lattice: MiA™*, Fe™ and Zrf* have distribution
CO; is also less soluble in the warm surface water

than in the colder water at greater depth, coef cients (k) < 1. This means that they will be cap-

Seawater is a buffered solution, with a typical p'_tlured, so that the mineral becomes enriched in these

close to 8, though this varies somewhat with tempergl_ements relative to the solution.

ture, pressure and the degree of biological activity.
Eh and pH are important parameters for describing

natural geochemical environments, and the d|agramkhere is about 17, that is to say the manganese con-

323;/”3;% combining these two parameters is PartiCantration in the calcite is 17 times greater than in the

The lower limit for Eh in natural environments is
de ned by the line ER= S 0.059 pH, because other-
wise we would have free oxygen, and the upper lim
corresponds to ER 1.22S 0.059 pH, beyond which

Mn™*/Ca™ (mineral)= k - Mn**/ Ca"*(solution)

solution.

At low temperatures (2%) Mg**, Srt*, Ba** and
Na* have distribution coef cients <1. This means that
fhe mineral phase will contain proportionately less

f these elements than the aqueous phase. Fdr Sr
free oxygen would be released from the water. ﬁ q P

| t bH limits at 4 and 9 i wral K is about 0.1 (0.05-0.14) in calcite, such that the
we aiso set pr imits a an N natural Vg, content in calcite is relatively low. The Sr con-

Rent in aragonite is considerably higher because the
Sr** ion, which is larger than the C&ion, is more
easily accommodated within the lattice. By analysing
trace elements in minerals like calcite we can infer
something about the environment when the minerals
precipitated. Limestones with a high content of stron-
tium may have had much primary aragonite which
was replaced by calcite. Calcite containing signi cant
amounts of iron must have precipitated under reducing

. . conditions because only Fewould be admitted into
Variations of pH and Eh are the major factor§he calcite structure

involved in chemical precipitation mechanisms in sedi-
mentary environments where there is not strong evap-
oration (evaporite environments).
The solubility of many elements is highest in the>-4 Isotopes
reduced state and they are precipitated by oxidation.
This is particularly characteristic of iron and manA number of elements occur in nature as differ-
ganese, whereas others such as uranium and vanadénnisotopes: the atomic number (protons) is constant
are least soluble in the reduced state. but there are different numbers of neutrons. They

ronments, we can divide the latter into four mai
categories:

1. Oxidising and acidic
2. Oxidising and basic
3. Reducing and acidic
4. Reducing and basic
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therefore have the same chemical properties although 180 = 1807160, 0id 180/ 605g S 1 - 1000
their masses are slightly different. Isotopes which are P

radioactive (unstable) break down at a specic rate This standard may be the average composition

characteristic for the isotope species (the disintegratigp seawater, called SMOW (Standard Mean Ocean

constant). By analysing the reaction productvsa;ormqﬂi,ater)_ Another commonly used standard is PDB (Pee
in the nzénervalg they can be dated. TH&RbS®'Sr Dee Belemnite), which is the composition of calcite
and the™K S™Ar methods are the ones most COMih a Cretaceous belemnite. The calcite (Car@as

monly used in determining the age of rocks. The raticf?recipitated in the sea and its composition was in

between lead isotopes can also be employed becayggjiprium with the seawater at normal tem
, A / peratures
235, & 207ppy 238 | & 20 2387 & 20
of the 255U S20Pb, 258 S0P and?*°Th S20Pb (15-20C). There is more80 in calcite than in the

reactions. water (positive fractionation), but with higher temper-

Dating sedimentary rocks is a complicated proceyres the less effective fractionation of oxygen lowers
dure and the results are often dif cult to Interpretyp 180 yalues. The relationship between the two
The main problem is that clastic sediments are COMfandards is:

prised of fragments and minerals which have been

eroded from older rocks and the measured radio- 18 _ 18

metric age may be strongly inuenced by the age Osmow = 1.031- “Oppg + 30.8

of these source rocks. Separating the newly formed

(authigenic) mineral to be dated, can be particularly PDB values are preferred for carbonate minerals

challenging. while the SMOW scale is mainly used for water sam-
The fact that isotopes have different masses caugeas and silicate minerals.

fractionation to take place through both chemical and Hydrogen has two stable isotopés} and?H (deu-

biological processes. The simplest example is watéerium), and an unstable ong (tritium), which has

H>0, which contains two oxygen isotopes and twa half-life of 12 years. The hydrogen isotopes are

hydrogen isotopes. The oxygen isotopes are fractioeven more strongly fractionated than oxygen isotopes

ated through evaporation, with moré@ﬂ) evaporating during evaporation. Water molecules with deuterium

than HZLBO. This is because tH€O isotope has greater (heavy water) have lower vapour pressure that water

mass and a phase change from uid to vapour therefongoles with hydrogen.

requires more energy.%iQO has higher vapour pressure In meteoric water there is a linear relation between

than H20. This is the reason why rainwater and icéhe deuterium/hydrogen ratio (D/H) and thé€O.

contain les$®0 than seawater. The isotopic composition of seawater has varied
Isotope fractionation is a function of temperaturghrough geological time, though not so much during

however, and is much more effective with evaporatiatie last 200-300 million years. During glacial periods,

at low temperatures than at high ones. The explarseawater acquires more positivifO values because

tion for this is that at high temperatures the energje water bound as ice has more negatt? values.

of the molecules are so great that the difference Rainwater (meteoric water) has normafO values

mass betweeO and'®0 is of less consequence. Atfrom —2 to —15. The values become more negative

low temperatures the isotopic separation evaporatitmwards higher latitudes, and near the poles one can

is much more selective so that the water evaporatednigasure 120 values of about -50 and (°H) values

more enriched if®0. When water vapour condenseslose to —350 (see Fig.4). Minerals that form in sea-

to rainwater, molecules witO are most stable. Rainwater show decreaséd0/ 180 ratios with increased

and snow becomes enriched in the heavier isotopmbient temperature during formation. THEO/ 160

(180), so that the water vapour remaining in the aiatio in carbonate secreting marine organisms, for

becomes more enriched 0. Most of the evapora- example, is thus a function of both temperature and

tion takes place at low latitudes and the water vapour galinity. The seawater changes it$80 values by

the air has a progressively low&O-content towards around 1-1.5%o. Isotopes can thus provide important

higher latitudes as the air cools and it rains. The coproxy evidence for palaeoclimate studies.

centration of oxygen isotopes is expressed in relation Cold freshwater gives strongly negativ&®O val-

to a standard: ues, whereas evaporites are enriched®@ isotopes
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which is the assumed composition of the porewater
during precipitation (Fig3.6). Similar calculations can
be done for other precipitated minerals, for example for
quartz using the®0 fractionation as a function of the
temperature for quartz.

Carbon has two stable isotope€@ S 98.9% and
13C § 1.1%). During photosynthesis a greater propor-
tion of 12C0O, than13CO, forms organic compounds,
becausé?CO; has a smaller mass. Organic material is
therefore enriched if?C relative to atmospheric GO
and HC@ in seawater. The isotopic composition of
carbon is expressed a¥°C values:

B¢ = B3¢/ t2c(sample)t3cr *2C(std)S 1] - 1000
Fig. 3.4 Ratio between the isotopic composition of seawater

and freshwater. Evaporites will deviate from the mixing line .
between these endmembers All samples are compared against a standard of

marine calcite, the PDB belemnite, which by de ni-
tion has 3C = 0% PDB. The isotopic composition
(positive 180). Shallow marine carbonates that aref dissolved carbon (C§) has been relatively constant
diagenically modi ed by freshwater, give lowef®0  during the last 300-400 million years, but limestones
values than marine carbonates deposited in deepah nevertheless be dated and correlated using differ-
water. ences due to variation in the composition of seawater.
Stable oxygen isotope analyses were rst usetbwards the end of the Precambrian the composition
by Urey, in 1951, to demonstrate past temperatug# seawater seems to have been more variable, and
changes in seawater. By taking samples throughtigere this type of correlation is particularly valuable
cross-section of a belemnite it was possible to regisince there are no fossils. In large massive limestones
ter annual variations in seawater temperature from 1§k isotope composition does not change signi cantly
million years ago (Fig3.5). during diagenesis, because the volume is so great.
The precipitation of newly formed (authigenic) min-Atmospheric C@ has 13C = —7%o. Land plants have
erals gives an oxygen isotope composition which in average 13C value of —24 (-15 to —30%0), and
a function of the composition of the porewater itmarine organisms have a similar range of values.
which the mineral is precipitated, and the tempergreshwater containing GOeleased by the breakdown
ture. If the porewater isotope composition is knowrsf organic matter, and groundwater Itered through a
the temperatureT] can be calculated, and vice versa.soil pro le, will take up CO, with negative 13C values

The calcite precipitation formula is: from roots and organic material.
Bacterial fermentation of organic material
T = 16.9S 4.38080¢am S8 Owated+ (2CH;O = CHy + COy) forms gas (methane) which
is very strongly enriched it?C ( 13C = 55 to —90%o)
0.1¢80carb S Owater)? and CQ which is positive (}3C = + 15).

Thermal breakdown (thermal decarboxylation) of

Here the values for calcite are given in PDB and fasrganic matter produces3C values of —10 to —25.
water in SMOW. We see that if thé®0 value for cal- The strontium isotope ratic?{Sr/ 86Sr) in seawa-
cite is 0 (PDB) and seawater has 0 (SMOW), the tenter has varied considerably through geological time
perature is 16.9C, which may have been a typical sedFig. 3.7). This is because there are two radically dif-
temperature when the standards were precipitated.)ferent sources of strontium in seawater. Continental

The above formula can be expressed graphicallyeathering supplies mu&iSr to the sea since granitic
enabling the temperature to be read off a curve ascks contains relatively high concentrations of rubid-
a function of the isotopic composition of the calciteijum which can decay t8’Sr. Dissolution of basalt at
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Fig. 3.5 Analyses of oxygen isotopes in a Jurassic belemnite from the centre to the outermost layer. Colder water during the winter
is recorded by lowet0/160 ratios. We can see that the belemnite lived for 4.5 years and died in the spring. (From Urey et al. 1951)

the mid-oceanic ridges will supply strontium with alurassic — Cretaceous, the creation of new warm sea-

relatively low 87Sr/ 85Sr ratio because basalt containsoor will lead to a transgression onto the continents.

a little potassium and also rubidium. This reduces the gradients and hence transporting
When there is rapid seaoor spreading a greaapacity of rivers, limiting the supply of clastic mate-

deal of water passes through the mid-oceanic ridgeml to the ocean.

so that the seawater receives much Sr with a low Since the Jurassic, th#Sr/88Sr ratio has risen

8731/ 883 ratio. During such periods, for example in thalmost continuously, and by analysing marine calcitic
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Fig. 3.6 Relation between the isotopic composition of porewater and carbonate cement, as a function of temperature (from Saigal
and Bjgrlykke 1987)

Fig. 3.7 87Srf8sr ratio in
seawater from the Cambrian
to present. Based on
MacArthur et al. (2001). This
ratio re ects the relative
contribution form weathering
of continental rocks with high
contents of’Sr and exchange
with basaltic rocks with low
contents of”Sr on the
oceanic spreading ridges

fossils such as foraminifera, one can obtain rath@¥7sny 143Nd) was used to correlate reservoir rocks
accurate age determinations. This applies particulagth in- eld and regionally.
to the Tertiary period, when the rise in tAésr 86Sr
ratio was particularly rapid (Fig.7).

The isotopic composition of clastic sediments ca, .
also be used for stratigraphical correlation. Then it ca$1'5 Clay Minerals
be more useful to employ isotopes which do not go
into solution and react with water, but retain the origA number of minerals are referred to as clay min-
inal age of the rocks from which they were eroded. larals because they predominantly occur in the nest
the North Sea and on Haltenbanken the ratio betwegrain-size fraction (clay fraction) of sediments and
the rare earth elements samarium and neodymiwsedimentary rocks. However, this is not an accurate
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de nition, because the clay fraction contains manynore covalent and stronger. The potassium content in
other minerals than those we call clay minerals, andica corresponding to the formula of mica is about
because the clay minerals themselves are often lar@ KO, while illite has a greater or lesser de cit of
than 4um (0.004 mm). By “clay minerals” we usually potassium. Smectite (montmorillonite) has the same
mean sheet silicates which consist chie y of oxygerstructure except that most of the potassium is replaced
silicon, aluminium, magnesium, iron and watern(® by water (HO"), other cations or organic compounds
OH"). Clay minerals in sedimentary basins are partlfe.g. glycol). There are strong indications that smectite
derived from sheet silicate minerals occurring in metaonsists of small particles of 10 A, plus water.

morphic and eruptive rocks (e.g. biotite, muscovite and lllite is most likely comprised of several layers
chlorite), but during weathering and transport thessf these small 10 A particles stacked on top of one
clastic minerals are typically altered from their initialanother.

composition in the parent rock. In an atmosphere of glycol vapour, smectite will

Mica (muscovite and biotite) lose some potassiuswell from 14 to 17 A, while illite is unable to expand
which is replaced by water ¢4, HsO") to form illite because there are numerous layers bonded together
(hydro mica). Clay minerals are also formed throughith K* or other cations, for example NHSmectite
weathering reactions, for example by the breakdown bés a very high ion-exchange capacity and to some
feldspar and mica. Clay minerals which are formed bgxtent can exchange ions in the octahedral layer. The
the breakdown of other minerals within the sedimenstability of smectite declines in agueous solutions with
are called authigenic. high K*/H* Na*/H* ratio and with increasing tem-

Sheet silicates have a structure consisting of sheeerature, and it converts to illite. Vermiculite has a
of alternating layers of Si@tetrahedra and octahe-structure reminiscent of the smectites, and also under-
dra. In the tetrahedral layers, silicon or aluminiungoes ion exchange and thus charge de cit in the tetra-
atoms are surrounded by four oxygen atoms. In theedral layer, so that the bonding between each layer
octahedral layers the cation is surrounded by six oxis too strong for much swelling to occur. Vermiculites
gen or hydroxyl ions. Both bi and trivalent ions carare mostly trioctahedral, containing mostly Mg or Fe
act as cations in the octahedral layer. In sheet silia the octahedral layer.
cates with trivalent ions (e.g. Af) only two of the Glauconite is a green mineral which forms on the
three positions in the octahedral layer are occupieskabed. It is a potassium and iron bearing silicate
and such minerals are therefore called dioctahedrabmewhat similar to illite and contains both di - and
With bivalent ions (Mg*, Fe™) all three positions trivalent iron. It is therefore formed right on the redox
must be lled to achieve a balance between the podioundary, and during periods with little or no clastic
tive and negative charges, so these minerals are caltsdlimentation this can result in relatively pure beds of
trioctohedral. glauconite.

The main method of identifying clay minerals is Kaolinite consists just of a tetrahedral layer and an
X-ray diffraction (XRD), by which the thickness of theoctahedral layer and is very stable at low temperatures.
sheet silicates is determined using X-rays which aféhere are no positions in the structure where exchange
diffracted according to Bragg’'s Lawn = 2dsin . can precede easily, which gives kaolinite a much lower
Here is the wavelength of the X-ray, the angle of ion exchange capacity than smectite. At higher tem-
incidence andl the thickness of the re ecting silicate peratures kaolinite becomes unstable and will convert
layers;d is thus a function of angle. to illite if K-feldspar or other sources of potassium are

Sheet silicates may also be identied by meanavailable (at 130C) or pyrophyllite (AkSizO10(OH)2)
of differential thermal analysis (DTA), which recordsat higher temperatures.
characteristic exothermal or endothermal reactions.  Kaolinite is part of the kaolin mineral group, which

Figure 3.8 shows the structure of some of the maiincludes dickite which tends to form at slightly higher
clay minerals. lllite consists of sheets with two layereemperatures (10C).
of tetrahedra and one of octohedra, bonded togetherChlorite is a mineral which consists of two tetra-
by potassium. This ionic bonding is relatively weakedral layers and two octahedral layers, totalling
so the mineral cleaves easily along this plane. THet A. The octahedral layer is lled with M@fand
bonds within the tetrahedral and octahedral layers @fe"*. Magnesium-rich chlorites are typical of high
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Fig. 3.8 Simpli ed illustration of the main groups of clay min- bonds are weaker because WMgs surrounded (co-ordinated)
erals. Their physical properties can be explained by their crystaith 6 oxygen. In the illite (mica) structure potassium is co-
structure. The chemical bonds between %icand & inthe ordinated with 12 oxygen molecules, resulting in weak bonds
tetrahedral structure are very strong. In the octahedral layers that produce a strong cleavage

temperature metamorphic rocks, while iron-rich ones Chamosite is an iron-rich chlorite mineral which
may form authigenically in sediments near the sea oaften forms close to the sediment surface in reduc-
or at shallow depth. ing conditions. Together with siderite, chamosite is
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an important mineral in sedimentary ironstones whickhe grains and hence little friction. The card house

especially in England, earlier were used as iron ore. structure may then collapse, releasing the interstitial
Clay minerals have a number of properties whictvater to produce a low viscosity clay slurry that will

distinguish them from most other minerals. Because @w even down very gentle gradients. The addition

their very large speci c surface area they have a great salt (NaCl or KCI) binds the clay particles so that

capacity for adsorbing ions, which is increased by thbe shear strength is increased, and this is employed

fact that clay minerals have negatively charged edgefen the ground has to be stabilised for buildings and

due to broken bonds. In water with a low electrolyteonstruction.

content, clay minerals will therefore repel each other. If

cations are added, clay minerals will then accumulate

a layer of positive ions (a double layer), and repulsio, .

bet\xeen npegatively ch;rged clay n}nlinr-zrals decFI)ines 56 Weathering

the strength of the electrolyte increases. Van der Waal’s

forces will therefore cause occulation more easily iThe composition of clastic rocks in sedimentary

saltwater, where repulsion due to the negative chargesisquences depends to a large extent on the supply of

reduced. This is why clays transported by rivers ocsediments from source areas undergoing weathering

culate into larger particles which sink more rapidly tand erosion. The physical properties of sedimentary

the sea oor. rocks are controlled by the primary sediment compo-
A colloid solution of clay in water is called sol, sition and changes during burial (diagenesis). We shall

which can be regarded as a Newtonian uid. Floccuhere brie y look at the processes producing sediments.

lated clay is called geland has thixotropic properties. Mechanical weatherings the physical breakdown

This means that the shear strength decreases wifirocks into smaller pieces which can then be trans-

increasing deformation so that it changes from a gpbrted as clastic sediment.

to a sol which consists of dispersed colloidal particles Chemical weatheringnvolves the dissolution of

in water (hydrosol). After a time without deforma-minerals and rocks and precipitation of new minerals

tion, it regains its strength. This is typical for smectitivhich are more stable at low temperatures and high

clays. water contents. Parts of the parent rock will then be
Sediments which increase their volume when thesarried away in aqueous solution by the groundwater

are deformed, are called dilatant. When the originahd rivers into the ocean.

packing of the grains is destroyed, the new packing Erosionis the combined result of the disintegration

may be less effective and the volume then increased.rock and the removal of the products.

Walking on a beach the deformation of the sand causesAs we shall see, biological processes are not only

increased porosity so that water is sucked into the saintportant in connection with chemical weathering

at the surface. but also with respect to mechanical weathering. Both
Norwegian clays deposited in the sea when thmechanical and chemical weathering, which are essen-

ice sheet retreated about 10,000 years ago, consistiafly land surface processes, are due to the chemical

crushed rock fragments and have approximately tiestability of rocks that were formed or modi ed under

same composition as the parent rock. During deposither conditions (at greater depths, higher pressures or

tion these clays acquired a markedly porous structutemperatures, or in different chemical environments).

with the minerals stacked like a card house. Saltwat€hey are no longer stable when exposed to the atmo-

helped to hold this structure together because it nesphere, water and biological activity.

tralised the negative charges. When the clays are ele-

vated above the sea by isostatic recovery of the land,

they are exposed to meteoric water. Even if the cl . .

has a low permeability, freshwater will slowly seeggﬁ'l Mechanical Weathering

through it and remove the saline water. This reduces

the strength of the clay’s structure and hence its stigneous and metamorphic rocks which have been

bility and the clay becomes “quick”. This is causedormed at many km depth at higher temperatures and

by overpressure and weak effective stress betwepressures are not stable when exposed at the surface.
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When uplifted and unloaded the rocks expan@reas, such as rain forest in the tropics, the weathering
mostly in the vertical direction, producing horizontafate is exceptionally high because so much humic acid
fractures gheeting parallel to the land surface. Thisis produced.
is because as the rocks near the surface are unloade8acteria and fungi, which are found in almost
by the reduction in overlying rock, they can expandll soil types, are active in breaking down minerals.
vertically but not horizontally. In this way the ver-Animals also contribute to weathering, and certain
tical stresses become less than the horizontal onegrine organisms such as mussels are able to bore into
and joints develop normal to the lowest stresses. Welid rock (seeChap. §. Microbiology has become a
see this most clearly in granites, which are homdkey area of research in the quest to understand how
geneous, while expansion in metamorphic and sediinerals are dissolved and precipitated.
mentary rocks occurs along bedding surfaces, along
tectonically weak zones with crushing, or along frac-
tures that were formed at great depth. Joints opengd . .
by stress release in turn provide pathways for groung—'&3 Chemical Weathering
water to circulate, increasing the surface area of rock
exposed to chemical weathering. There is no sharp demarcation between biological and

In areas that experience freeze-thaw cycles, frostemical weathering, because we nd biological activ-
weathering becomes very important. When watdy in almost all soils and rocks near the surface.
freezes in cracks in rock, it expands by 9% and cafhe chemical environment in water at the surface of
generate very high stresses, further widening cracte earth is very much affected by local biological
near the surface. The surfaces of exposed rocks aetivity, and in most cases it is biological processes
also subjected to daily temperature uctuations whicthat cause weathering to continue after rainwater has
cause greater expansion of the outer layers relativelieen neutralised through reaction with minerals. We
the rest of the rock. Desert regions in particular expeill therefore use the term “weathering” here for both
rience very wide daily temperature ranges, though tlohemical and biological processes.
importance of this process for mechanical weathering
has been questioned. The roots of plants and moss can

also contribute to mechanical weathering as they grg . .
into fractures, take up water and expand. ‘I'x’\{6'4 Weathering Probles (Soil Probles)

Both chemical and biological weathering are to a large
extent controlled by climate. The crucial factor is the
ratio between precipitation and evaporation in an area.
In areas where precipitation far exceeds evaporation,
Rocks are a source of nutrients for plants, and plarmsdsol problesievelop in which there is a net trans-
are capable of dissolving and breaking down the majport of ions down through the soil pro le as minerals
rock-forming minerals. Moss, which consists of algaare dissolved. In other words, we get weathering due
and fungi living in symbiosis, produces organic comto the fact that rainwater is slightly acidic (on account
pounds that can slowly dissolve silicate minerals. Evenf its CO, and SO, content) and contains oxygen.
in the earliest stages of weathering, we see that fungRainwater is initially undersaturated with respect to all
hyphae penetrate into microscopic cracks. minerals. Some minerals are only very slightly soluble,
Plant roots produce COwhich helps to lower others more soluble in this slightly acidic, oxidising
the pH and dissolve minerals such as feldspar amdter. Dissolved ions are transported down to the water
mica, thus freeing an important plant nutrient, potasable, but ferrous iron liberated from iron-bearing min-
sium. Plants also produce humic acids, which likewiserals will be oxidised and precipitated as ferric iron
strongly in uence the solubility of silicate minerals,(Fe(OH)}). Vegetation at the top of the soil prole
and also affect the stability of clay minerals. The prggroduces C@from roots and organic compounds, par-
duction of humic acids is perhaps the major factdrcularly humic acid, which will increase the solubility
in uencing the rate of weathering. In heavily vegetatedf silicate minerals. Similarly, aluminium derived from

3.6.2 Biological Weathering
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Fig. 3.9 Simpli ed Rainfall
representation of soil pro les
as a function of rainfall

(precipitation) and _
evaporation Ramhill
>

A
|
|
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a solution of feldspar and mica, for example, predow the rate of weathering is related to rock type, pre-
cipitates as Al(OH) but is less noticeable becauseipitation, temperature, vegetation, relief etc. We also
aluminium hydroxide is white. The uppermost partry to establish correlations between weathering prod-
of the soil prole, where dissolution due to under-ucts, particularly clay minerals, and these factors. By
saturated rainwater and organic acids dominates,sigsidying sediments from older geological periods, we
called the A-horizon. Some of the dissolved salts ar@an learn something about weathering conditions at
particularly iron hydroxide is precipitated in the B-those times. Weathering products will also bear the
horizon below (Fig.3.9). These may develop into astamp of the rocks undergoing weathering. The stabil-
layer of solid rock (hard-pan) cemented with iron andy of a mineral during weathering is largely a function
aluminium oxides and hydroxides. of the strength of the bonds holding the cations in the
Where precipitation is approximately equal to evaerystal lattice. Potassium (K in mica is held by weak
poration, there is less leaching within the soil pro lebonds (low ionic potential) which are responsible for
At a certain depth (about 0.5-1 m) carbonate withe pronounced cleavage. In biotite, theWand Fé&*
be precipitated and form an indurated layer (calcretd) the octahedral layer will also be weakly bonded.
which may be eroded and from conglomerates. During weathering cations like ¥ Na*, Ca™*, Mg**
The organic content is greater in the B-horizoand Fé*can be attacked by protons {Hwhich will
which is brown due to less oxidation of organic matreplace them and send them into solution. Chain sil-
ter, hence the tertorown-earth probledf evaporation icates like hornblendes and pyroxenes will also be
is greater than precipitation there will be a net upwanelatively unstable and rapidly weather. In feldspars
transport of porewater, causing dissolved salts from thige alkali ions are dissolved so that the whole mineral
groundwater to be precipitated high in the soil pro le.disintegrates. Stability is lowest in calcium-rich plagio-
clase, while pure albite (sodium feldspar), orthoclase
and microcline (potassium feldspar) are more stable.
3.6.5 What Factors Control Weathering The breakdown of these silicate minerals will pri-
Rate and Products? marily liberate alkali cations. Silicon and aluminium
have very low solubility and form new silicate min-

Because weathering is the most important sedimef@2IS, largely clay minerals, though some silicic acid
producing process, we are interested in understanditidpSiOs) goes into solution.
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1. 2K(Na)Al, AlSiz010(OH), (muscovitey+ 2H* (diatom) blooms and because silica is concentrated by
+ 3H,0 = 3Al2Sip0s(OH), (kaolinite) water evaporation. This helps enhance the stability of
+ 2K*(Na") smectite.

2. 2K(Mg, Fe}AISiz010(0OH), (biotite) Granites subjected to weathering over a very long
+ 12H" + 2e+ Oy = period often develop a special topography. Fractures
Al>Sip05(0H), (kaolinite)+ 4SiO; (in solution)+ and fault zones weather fastest and form valleys where
FeO0sz+ 4Mg™ + 6H,O + 2K* the groundwater collects, which further accelerates

3. 2K(Na) AlSiOg (feldspary 2H* + 9H,0 = the weathering. The more massive granitic areas will

Al;,SirO5(0H), (kaolinite)+ 4H4SiO, + K*(Na") stand out in the terrain, and because precipitation runs
swiftly down into the depressions between the ele-
We see that potassium has been replaced by hydvated portions, the topographic difference will become
gen ions in the new silicate minerals. The same applig®re and more pronounced. Granites surrounded by
to sodium in albite. The equations show that the reagedimentary rocks will, because of their high content
tions are driven to the right by low#H* and N&/H* of feldspar, normally weather faster than the sediments
ratios. which contain more quartz and other stable minerals.
The degree of weathering depends on how unddtarticularly if the sediments consist of quartzites and
saturated the water is with respect to the mineradales, the granite will form a depression in the terrain.
comprising the rock, and on the volume of water ow-The weathering products from granites will normally
ing through the rock. If the reaction products in thée quartz grains which form sand grains the same size
solution, K, Na* and silica (HSiOj), are not removed as the quartz crystals in the granite, and clay con-
by water ow, the reactions will cease. This is whysisting of kaolinite, and possibly also some illite and
weathering is always found to begin along cracksmectite formed from feldspars and micas. We have at
where water can penetrate (Fig.10. The vertical the outset a bimodal grain-size distribution with sand
and horizontal joints that often develop in response &nd clay, but very little silt.
pressure release when previously deeply buried rockBasic rocks (e.g. gabbro) will weather far more
is exposed at the land surface provide the initial pathapidly than granite because basic plagioclase (Ca-
ways. As the weathering process spreads outward fréetdspar), pyroxenes and hornblende are very unstable
joints, blocks of unweathered rock are gradually is@nd dissolve faster than silica-rich (acid) minerals.
lated. They have rounded corners and may becor@ring progressive weathering sodium, potassium,
entirely round (spheroidal weathering) (F&y11a,b,c). magnesisum and calcium will be removed by the
In desert areas, where there is little rainfall, weatherirgyoundwater but some potassium may be adsorbed on
proceeds much more slowly. lllite and montmorillonitelay minerals. The weathering residue will be enriched
may be formed under higher'#®H* and N&/H* ratios in elements with low solubility such as Ti, Al, Si
than kaolinite, and they are frequently formed wher@nd Mn (Fig.3.12). In a normal, oxidising weathering
there is less water percolation and the removal efivironment, all the iron will precipitate out again as
potassium or sodium is slower. iron oxide (Fe(OH3) while the magnesium will tend
There is often also a high silica content in th&o remain in solution. In areas with high rainfall the
water in desert areas due to frequent silica alg@encentration of ions like K Na" and silica will be

Fig. 3.10 Weathering of granites along extensional fractures
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Fig.3.11 (a, b) Weathered granite (North of Kampala, Uganda) showing different stages of weatheridgn¢entric — spheroidal
weathering in a basic intrusive rock, Weathering is much faster in the absence of quartz

diluted and kaolinite will precipitate. Where porewathe silica concentration in porewater because amor-
ter circulation is slower we may get a higher build-uphous silica is much more soluble than quartz.
of Mg**, Ca™* and silica concentrations in the waterln desert environments evaporation of water after
so that smectite (montmorillonite) or chlorite precirainfalls will concentrate silica in the porewater and
pitates. Smectite requires porewater with a relativelyjake smectite stable. FiguB12 shows analyses of
high silica concentration (Fig3.13 and is therefore rocks at various stages of transformation due to weath-
often found in sediments derived from volcanic rocksring. Weathering proceeds particularly rapidly in
that contain glass or soluble silicate minerals. Biogenamphibolites: N4, Mg** and C4* are quickly leached
sources of silica (diatoms, radiolaria) will also increaseut, while A1%*, Fe®* and T** become enriched. Kis
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Fig. 3.12 Chemical analyses of changes in the chemical conelements (Ti, Fe and Al) are enriched while there is a strong
position of samples representing progressive weathering of depletion of Na, Mg and Ca. Potassium is depleted but is
amphibolite compared to an unweathered sample. The stablisorbed on clay minerals in the soil

Amorphous
silica saturation

Fig. 3.13 Activity diagram showing the stability of some min- reduction in both these two parameters towardddher leftof
erals as a function of silica and the' K" ratio (after Aagaard the diagram
and Helgeson 1982). Weathering reactions are characterised by
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however to large extent adsorbed on clay minerals apdrent rocks. We can also get new minerals formed
much more Na than K' is therefore supplied to thein the source rock itself, and precipitation of new
oceans with the rivers. minerals through weathering.

After the alkali cations have been dissolved out of The more rapidly erosion and transport take place
the silicates and kaolinite has been formed, extrematpmpared to the rate of weathering, the closer the com-
slow leaching of quartz commences. When the concepesition of sediments is to the source rock. Glacial
tration of silica in the porewater is suf ciently low (seesediments represent one end of the scale in terms of
Fig. 3.13, kaolinite will be unstable and be replacedediment composition. Because glaciations are char-
by gibbsite Al(OH} or (A1,03¢3H,0). Since gibbsite acterised by very high rates of erosion and low tem-
cannot form as long as the porewater is in equilibriuperatures, chemical weathering will be very weak, and
with quartz, all the quartz must have dissolved rst oQuaternary sediments — including clays — will have
become encapsulated (e.g. in a layer of iron oxides).composition which essentially represents the aver-
Clearly, gibbsite will form far more rapidly during theage of the rocks which have been eroded. Sediments
weathering of basic rocks than of granites, since thleposited in fault-controlled basins (e.g. rift basins)
initial silica content is considerably lower. It takes dave a short transport distance between the site of
very long time to dissolve all the quartz in a graniteerosion and deposition and the sediments have lit-
The solubility of quartz at surface temperatures artté time to weather on the way. Clastic chlorite and
pH 7-8 is about 5 ppm, increasing at higher pH vabiotite break down relatively rapidly during weather-
ues. Alkaline (basic) water can therefore increase tieg and are therefore likely to be preserved in addition
solution rate of quartz. The end product of the weatle feldspar in rift basins. These unstable minerals are
ering process ifaterite, which consists of gibbsite andgood indicators of rapid erosion and/or cold climates,
iron oxides or hydroxides. Under atmospheric (oxidisince otherwise they are unlikely to survive.
ing) conditions with a neutral pH, aluminum hydroxide An analysis of the distribution of clay minerals in
and iron oxides may for practical purposes be regardetbdern sediments shows that we nd clastic chlo-
as insoluble. rite almost exclusively in high latitudes, except around

At low pH values, e.g. under the in uence of humidslands of basic volcanic rocks (e.g. basalts). Clastic
acids in humid tropical climates, aluminum is morehlorites from metamorphic rocks or altered basic
soluble than iron and selective leaching of3AMwill  rocks are more magnesium-rich than authigenic chlo-
produce iron-rich laterites. Aluminum hydroxide camites, which are iron-rich (chamositic). In temperate
be dissolved at low (acidic) or high (basic) pH valareas with moderate to high precipitation, weathering
ues and may reprecipitate as aluminum oxide, whigitoceeds relatively rapidly. In desert areas weathering
has a lower iron content and is thus a higher grageoceeds very slowly because all weathering reactions
aluminium source (bauxite). require water. The type of weathering and the distri-
bution of clay minerals are clearly related to latitude
(Fig. 3.149).

3.7 Distribution of Clay Minerals Smectite 'and' illite are typical of deserts .because
. . . the weathering is much slower when water is nearly
and other '_A‘Uth'gemc _M'nerals absent. When feldspar and other unstable minerals are
as a Function of Erosion altered (weathered) gradually in a dry climate, alkali
and Weathering ions and alkaline earth ions such a$ Ka", C&* and
Mg?2* will not be removed rapidly enough due to little

3.7.1 What Determines the Type of Clay ~ Percolation of fresh rainwater. . ,
Minerals We Find in Sediments Rainwater will cause some dissolution of minerals

. and, during the periods of drying, the silica con-
and Sedimentary Rocks? centration may be higher so that smectite becomes
stable.

When rocks are subjected to erosion and weather-As a result we will usually get illite or smectite
ing, clastic minerals are broken down and perhapsrmed as authigenic minerals because they are stable
somewhat altered, with respect to the minerals in thiethe presence of high#H" ratios in the porewater.
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Fig. 3.14 Simpli ed diagram showing the distribution of weathering and common clay minerals as a function of latitude and
rainfall. Cold areas and deserts are characterised by little weathering and more mechanical erosion

Smectite (montmorillonite) is thus a common clayreas that we nd bauxite for the aluminum indus-
mineral in desert areas, and its ability to swell whety. Iron-rich laterites may have an iron content of
wet renders sediments very plastic during oods. Thisver 50%, and in some areas (e.g. India) have been
expansion of smectite also lowers its permeabilitgxploited as iron ore. Laterite forms a very hard
and may be the reason why water can ow ovecement-like crust over the weathering prole and is
the surface for a long time before sinking into thalso virtually devoid of nutrients, so crop cultivation is
ground. In addition, capillary forces will prevent rapidmpossible. In East Africa (especially Uganda), how-
percolation of water through dry soil. On the oceaaver, erosion has incised through a layer of Tertiary lat-
oor near desert regions we nd that illite and smec-erites. While the laterite cover remains on at elevated
tite are typical minerals, brought there by aeoliasurfaces, fresher, more fertile, rocks and weathering
transport. material is exposed in the valley sides. The vegetation

In tropical areas where precipitation is relativelyn some tropical areas is more abundant, even if the
high, the rate of weathering will be very rapid. Thisoils are very poor in nutrients, because the vegetation
is not only because weathering processes accelenaeycles those nutrients which are available. If the veg-
with temperature, but also because vegetation produegation is removed and organic material is no longer
large amounts of organic acids (humic acids) whicproduced, oxidation and the absence of humic acids
are very effective in breaking down silicate mineralgincreased pH) will lead to precipitation of oxides and
Microbiological organisms such as fungi and bacteriaydroxides which make the soil hard and uncultivable.
also help in the breakdown process by producing CO Volcanic ash consisting of glass and unstable vol-
which forms carbonic acid, $#COs. canic mineral assemblages may alter to smectite on

Gibbsite (A%03¢3H,0) and iron oxides (haematite,land or on the sea oor. In deep sea sediments zeolites
goethite, FeO3e3H,0) are constituents of the lat-like phillipsite are common.
erite which we nd only in tropical areas with rapid Areas with volcanic rocks, particularly amorphous
weathering and slow erosion. Whereas iron oxides ameaterial (volcanic glass), will often form zeolites.
also found at higher latitudes, gibbsite occurs almo¥hese require a high concentration of both silica and
exclusively in humid tropical areas. alkaline ions in the water, which is the situation when

Laterisation is a very slow process and takegass dissolves. Zeolites, particularly phillipsite, are
millions of years, even in tropical regions withformed authigenically on the Paci c Ocean bed and are
rapid weathering. It is therefore primarily in tropicaklso found in lakes (e.g. in East Africa).
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In summary we can say that the factors which deteacids, which in turn produced more rapid weathering,
mine which types of clay minerals are “produced” ifhas probably increased the supply of salts (since
the various areas are: Devonian times). This trend was sometimes slowed by
eriods with higher sea level that caused widespread

1. The rocks which are eroded/weathered (sourge .
fansgressions and converted huge tracts of coastal

rocks) . land areas into continental shelf (e.g. during the Upper

2. Rate of erosion . :
Cretaceous) reducing the weathering and the supply of
3. Temperature .
o salts and nutrients to the ocean.

4. Precipitation . . .
5 Vegetation Some ions like potassium (K are adsorbed to clay
6. egetatio minerals supplied by rivers (B in Fig.15. Sodium

. Permeability of source rocks and sediments (perca\-laJ,) is so strongly hydrated that it has a tendency
lation of water).

to remain in solution, while potassium will be far less

hydrated and can be more easily adsorbed onto clay

minerals and rapidly removed from seawater.

. . , Most of the elements which the rivers bring to

. . high latitudes (cold chmate}he ocean are precipitated by organic processes.
B rap.|d' erosion. . ) . Organisms can build their own internal chemical envi-

2. Ka(_)lmlte ~ hum|d_temperate and humid trOp'caji)nment, and use their energy to precipitate minerals
regions —good drainage. which are not normally stable in seawater. Carbonate-

3. Smectite (montmorillonite) — low precipitation Orsecreting organisms, e.g. foraminifera, molluscs etc.,

poor dramagg. Typlcal_of desert enwropments, b,WiII precipitate aragonite or calcite even when the
also forme_d n mperwous, e.g_. basaltic, rocks 'Water is cold and undersaturated with respect to these
more humld environments. Typically formed frorr\ninerals. Diatoms are so effective in precipitating sil-
vqlcaqlc rocks.. o _ica (amorphous silicon dioxide, Sy that in most
4. GlbbSlte—trop|cthum|d climate —long Weathe”n%laces the seawater near the surface in the photic
perlqd. ) ) , _zone (photosynthetic zone) is much more depleted
5. Zedlites - formed in areas W'th_ volcanic _mater_'%}vith respect to silica than to quartz. Organisms, when
and restricted porewater C|rculat|on.Requweahlqﬂey die, will in most cases start to break down
concentration of silica and alkali ions. by oxidation of organic matter and by dissolution
of the mineral skeletons. In reducing environments
much of the organic matter will however be pre-
served. In shallow tropical waters, like on a carbonate
bank, the seawater may be saturated with respect

) _to carbonate (calcite), but carbonate also accumu-
The ocean can be regarded as a reservoir of chemiqales in cold water like the Barents Sea because

dissolved in water. It looks as though the compoSine rate of dissolution is slower than the rate of

tion of seawater has not altered radically throughoB?ecipitation.

the geological ages from the early Pala(_eozoic until the The more ef cient organisms are at building skele-

present day, although there have certainly been sofg@s despite undersaturation, the more rapidly they will

variations. _dissolve. Diatoms, for example, dissolve to the extent
The supply of elements to ocean water from rivergs 99-99.9% before they have sunk to the seabed.

and by water circulation at the spreading ridges mugfnly a very small proportion is therefore preserved in

be balanced by a removal of the same elements frafqiments.

the ocean water (Fig3.19. The annual addition  ppotosynthesising organisms in the surface water

of salts dissolved in river water is about.>Q 10° use up CQ and produce oxygen and organic matter:
tonnes/year. The gure was probably less in the geo-

logical past because vegetation was sparse or absent. CO, + H,0+ nutrients= CH,O + O,
The development of land plants that produce humic

Typical distribution of various minerals:

1. Chlorite and biotite —

3.8 Geochemical Processes in the Ocean
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Geochemical processes in the ocean

Fig. 3.15 The chemical composition of the seawater remainsqual to the removal of dissolved components by precipitation
nearly constant over geologic time. The supply of ions in solwf minerals and adsorption on clay minerals. The most soluble
tion from rivers and from spreading ridges must therefore tmmponents (Na, Cl, KCI) are only removed by evaporation

This helps to keep the pH high so that carbonategplaced with nutrients, mostly from land. They can-
are stable or dissolve slowly. At depth in the absene®t be returned to the ocean before the sediments are
of sunlight, respiration and oxidation prevail, releaslevated and subjected to erosion and weathering. The
ing CO; and thus lowering the pH and increasing thamount of organic matter which is deposited in sedi-
solubility of carbonate. ments is a function of the rate of production minus the
The depth at which the solubility of carbonateate of solution.
increases relatively rapidly is called thesocline The The growth of authigenic (newly formed) minerals
depth where the rate of solution is greater than ttmn the seabed (C in Fig.15 is also an important pro-
rate of carbonate sedimentation is calleddhgbonate cess in removing elements from seawater. The most
compensation dep€CD). Near the equator the CCDsigni cant are the zeolites, which can develop where
may be at 4-5 km, becoming shallower at higher latsediments on the seabed have a high silicate or alu-
tudes. Carbonate can therefore still accumulate on thgnium content, particularly from volcanic material
sea oor even when the water column is undersaturatg@lass). They may remove NaK* and C&* from
if the rate of supply exceeds the rate of dissolutioseawater, but growth can also proceed very much at the
This is analagous to snow accumulating when the texpense of elements already present in the sediment
perature is above freezing so long as it falls quickée.g. in the Paci c Ocean). This applies particularly to
than it melts This solution of organic material liberphillipsite, heulandite, clinoptilite and analcite.
ates nutrients which can then be returned to the surfaceApart from this there is little direct chemical pre-
through upward ow. In this manner they are repeaipitation from seawater with normal salinity. This is
edly recycled. The annual biological production in thbecause biological precipitation is more ef cient in
ocean is therefore many times greater than the supany cases and prevents the build-up of suf cient con-
ply of nutrients from the land. That fraction of thecentrations of the elements needed for chemical pre-
organic production which has been removed from thapitation. Sulphate-reducing bacteria are active in the
ocean by preservation in seabed sediments must Ugpermost few centimetres of the sediment, however,
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removing sulphur from seawater in the form of sul3.9 Circulation of Water in the Oceans
phate and reducing it to sulphides which are then

precipitated (e.g. iron sulphides, FeS and HeS Qcean currents are driven by:

In areas that are almost cut off from the open ocean, '
where evaporation exceeds the freshwater rainfall agd The rotation of the earth (Coriolis effect)
supply by rivers, we nd that even very soluble salt$ Tiqal forces

are being precipitated. Under these conditions, thege pifferences in water density due to variations in salt
is enrichment of elements which are otherwise pre- content and temperature

cipitated only to a limited degree through biological, wind forces due to atmospheric circulation.
or chemical processes, such as Na, Cl, S, Mg and
trace elements such as B and Br. The amount of saltOcean currents are extremely important for redis-
thus precipitated in evaporites has probably varied venybuting heat from low latitudes to higher latitudes.
markedly throughout the geological ages. This circulation is strongly dependent on the topogra-
Biological and chemical precipitation, as describephy of the ocean oor and the distribution of ocean
above, are not suf cient alone to account for the ge@nd continents. Bottom currents in the ocean basins
chemical balance of the ocean. Important geochemicak very different from those at the surface, and often
reactions are taking place in the spreading ridges in tfev in opposite directions. While warm surface water
oceans (F in Fig3.15. Heat from the basalt that is ows from the equator to the poles, cold surface water
owing up along the spreading ridge, drives convectiosinks at the poles and ows along the ocean oor to
cells which cause ocean water to ow through théhe equator. Both currents are de ected by the Coriolis
basalts and up along the ridge. The seawater reaetfect, towards the right in the northern hemisphere and
with hot basalt (basic rock melt) and disolves mineratewards the left in the southern hemisphere. While sur-
containing iron and other metals. Since seawater cdace currents (like the Gulf Stream) will be de ected
tains sulphur (as S8), this leads to precipitation of eastwards, deeper currents will be de ected towards
sulphides, for example iron sulphides and copper suhe west of the oceans (e.g. the Atlantic Ocean). These
phides. When hot water ows up pipe-likehimneys deep-sea currents which follow the depth contours,
in the ocean oor near spreading ridges, it mixemay be strong enough to transport silt and ne sand,
with the seawater and again sulphides are precigind the resultant deposits are calésehtourites
tated. When water is oxidised, iron oxides and man- The vertical circulation of seawater is highly sensi-
ganese oxides are precipitated around the spreadiivg to variations in temperature and salt concentration.
ridges. In periods with glaciation at the poles, the temperature
gradient in the surface water owing from the equator
to the poles is far greater than in non-glacial peri-
ods (such as the Mesozoic). Oxygen-rich cold water
now owing down from the polar regions into the
ocean basins is important for maintaining oxidising
conditions in the deep ocean basins.
How long does an element spend in the sea after beingAnimals and bacteria use oxygen from seawater
delivered by rivers, before it is chemically or biologi-continuously (for respiration), and oxidation of dead
cally precipitated? Thisesidenceperiod is an expres- organic material also requires oxygen. If we did not
sion of how rapidly an element is removed comparduave this downward ow of cold surface water, the
to its concentration in the ocean. For example, sodiwwater in the ocean basins would be reducing. Some
has the longest period of residence (about 200 mdeean basins are isolated from this circulation, and we
lion years) because little sodium is removed throughay then have a more permanent layering of water
biological or chemical precipitation except in evaporbased on temperature and salt content. Warm surface
ite basins. The residence time for potassium is aboutvhter with low density can ow over heavier, colder
million years because it is more rapidly adsorbed ontzasal water without the water masses mixing to any
clay minerals and thereby removed. Rare earths hav@jor extent. The boundary between warm and cold
periods of only a few 100 years. water masses is called thermocline If the density

3.8.1 Residence Periods for Different
Elements in the Ocean
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difference is largely due to salt content, we call thecean basins was warm, salty water (aboutC)xom-
boundary ahalocline A pycnoclineis the boundary pared with the present situation with cold basal water
between two water masses with different densitie€@—-3 ) and a normal salinity. A higher average temper-
without a specied cause. Lakes in temperate arature in the oceans leads to reducecGGlubility and
cold regions have good circulation. This is due ta deeper carbonate compensation depth (CCD). The
water attaining maximum density at@, below which volume of water welling up from deeper water layers
temperature density inversion causes turnover. to the surface corresponds to the amount of down ow.
The addition of freshwater to a basin (e.g. Baltitf we have basal water with high salinity, the reduced
Sea, Black Sea) also leads to strati cation of the watelensity contrast results in less downward ow and con-
due to salt concentration because brackish water ovggquently less upwelling, so less nutrients are added to
on top of marine water with higher salinity. Evaporite¢he surface water.
basins produce water which is heavy due to its high We have seen that a number of different processes
salt content and therefore forms a layer which owsontrol the geochemical equilibrium of the ocean.
along the bottom. If a salinity strati cation becomesThere must also be an equilibrium between the addi-
established, it will weaken or destroy the circulatiotion and removal of chemical components for the
and lead to reducing conditions in the bottom layer. icean water composition to remain relatively constant.
the density contrast due to salt concentration is greafne conditions in which this equilibrium was main-
than that due to temperature, this will impede or preained, however, have varied through geological time.
vent the downward ow of cold, oxygen-rich surfaceDuring the rst part of the Earth’s history, up to about
water (Fig.3.16). 2.5 billion years ago, the atmosphere was reducing.
There are indications that in previous geologicdlost geochemical processes acted very differently
periods (e.g. the Cretaceous) the bottom water in thieen from the way they do now. Weathering was less

Fig. 3.16 Circulation of water in basins with a surplus of fresh-excess evaporation compared to freshwater input. The surface
water input compared to evaporation (Black Sea model). Thigater will then have the highest salinity and density and sink to

results in poor vertical circulation and anoxic (reducing) botthe bottom. This increases the vertical circulation and helps to

tom waters. The Mediterranean and Red Sea model representgntain oxic conditions
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ef cient because of the low oxygen concentration ifThe Atlantic receives a relatively large supply of clastic
the atmosphere and limited biological weathering. Theediment, in particular from seven major rivers: the
supply of ions to the ocean via rivers was consét. Lawrence, Mississippi, Orinoco, Amazon, Congo,
quently less. On the other hand, sea oor spreadindiger and Rhine. Exceptionally high sedimentation
was most probably faster with more seawater circuates characterise the Gulf of Mexico, where rapid
lated through the spreading ridges. Isotope studidsposition of thick sequences from the Mississippi
(87SrP8sr) of seawater in early Precambrian rockdelta has prevailed since Mesozoic times.
indicate that at that time the composition of seawater The South American and African continents drain
was more strongly controlled by circulation througmainly into the Atlantic. The water divide between the
the basalt on the spreading ridges. We can say thstantic and the Pacic Oceans lies far to the west
the chemical composition of the ocean was buffered liy South America, and that with the Indian Ocean in
material from the spreading ridge, i.e. mantle materiélfrica is far to the eastRig. 7.16.
(\Veizer 1982). The Paci c Ocean is surrounded by a belt of vol-
canic regions and island arcs. There are relatively
few rivers that carry large amounts of clastic sedi-
ment directly into the Pacic Ocean, in contrast to
the Atlantic. Sediment which is eroded, for example
on the Asian continent, is deposited in shallow marine
areas (marginal seas) such as the Yellow Sea and China
Clastic sediments are produced chiey on the corBea. The sediments are cut off from further transport
tinents and are brought to ocean areas through by the island arc running from Japan and southwards.
vial or aeolian transport. Island arcs associated wiifhe Paci c Ocean is therefore dominated by volcanic
volcanism may produce large amounts of sedimesediments.
compared to their area because they are tectonicallyVolcanic sedimentation takes the form of volcanic
active, which leads to elevation and accelerated emust and glass, which may be transported aerially over
sion. Volcanic rocks are for the most part basic arldng distances. After sedimentation, volcanic glass will
weather quickly, forming large quantities of sedimenttsirn into palagonite an amorphous compound formed
around volcanic island groups, while ne-grained volby hydration of basaltic tuff. Palagonite may then be
canic ash becomes spread over wide areas. Submafin¢her converted into montmorillonite or zeolite min-
volcanism may also produce some sediment, for exaerals. The zeolite phillipsite is very widely found in the
ple along the Mid-Atlantic Ridge, but this is veryPaci c, butis scarce in the other oceans. Pumice is also
limited. a volcanic product, and may drift oating over great
The main supply of clastic sediment is fed into theistances. The eruption of volcanoes in the Pacic
ocean through deltas, then transported along the co@stean area in historic times has shown that large erup-
and down the continental slope to the abyssal plairt®ons produce 19-101° tonnes of ash, and much the
Around Antarctica there is a signi cant amount ofsame amount of pumice and agglomerates.
deposition of clastic, glacial sediments. In areas in the Submarine volcanism, by contrast, produces very
middle of the Atlantic Ocean, far from land, the ratdittle ash to form sediment. The lava which ows out
of sedimentation is as low as 1-10 mm/1,000 yearsnto the seabed will solidify as an insulating crust on

3.10 Clastic Sedimentation
in the Oceans

Table 3.1 Review of the ratio between mechanical and chemical denudation of the different continents (After Garrels
and Machenzid 971

Annual chemical denudation Annual mechanical denudationRatio mechanical/chemical

Continent (tonnes/km) (tonnes/km) denudation
North America 33 86 2.6
South America 28 56 2.0
Asia 32 310 9.7
Africa 24 17 0.7
Europe 42 27 0.65

Australia 2 27 10.0
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Chapter 4

Sandstones and Sandstone Reservoirs

Knut Bjgrlykke and Jens Jahren

4.1 Introduction relative quantity of sand-sized grains, the composi-
tion of the sand grains, and the clay and silt content

. matrix).
About 60% of all petroleum reservoirs are sandstone(s; atrix) . -
If we use a four-component diagram we can distin-

outside the Middle East, carbonate reservoirs are less. . . .
) : Ish between clay, and sand grains which consist of
common and the percentage is even higher. The mgs

. . ) . uartz, feldspar and rock fragments (or unstable rock
important reservoir properties are porosity and permg- . :
L ; . ragments, U.R.F.) (Figd.1). Rock fragments consist-
ability, but pore geometry and wetting properties of the ) . .
. . ing of microcrystalline (or cryptocrystalline) quartz

mineral surfaces may also in uence petroleum produi;‘
t

. . : . ncluding chert) are usually classi ed together with
tion. Sandstones provide reservoirs for oil and gas, but . . ]

o . . . “the quartz mineral grains. Sandstones with more than
also for groundwater which is a uid that is becomin
. . 5% feldspar and a low content of rock fragments are
increasingly valuable. .

o alledarkoses If the percentage of rock fragments is
The outer geometry and distribution of sand bod-, . .

L . . . igh, we speak dfthic sandstonesvhich are normally
ies is determined by the depositional environment an

the reservoir properties. The internal properties (porog?nv‘ad from very ne-grained sedimentary rocks or

. o I, asalts and intrusive igneous rocks where one sand
ity, permeability) are, however, critical for petroleum’ . . .

grain often consists of several minerals.
recovery.

. . . _Quartz areniteor orthoquartziteare the terms for
The properties of sandstone reservoirs are functions . )
. . . ure quartz sandstones which contain less than 5%
of the primary composition, which is controlled by th

textural and mineralogical composition (provenance eldspar or rock fragments. Sandstones with moder-
te feldspar contents (5-25%) are caliarkoses

of the depositional environment and of the diagenet{xlhen granitic rocks and other coarse- to medium
r s near the surface and during burial. . o i
processes near the surface and gb [alned rocks are broken down by weathering or ero-

Sand and sandstones are rocks which consist Iargg : o
%n, they form sand grains consisting for the most part

of sand grains, i.e. sedimentary particles between 1/1§5 . .
S of single minerals, mostly quartz and feldspar.
and 2 mm in diameter. However, sandstones also con- - : .
The prerequisite for forming arkose is that not too

tain greater or lesser amounts of other grain sizes and .
. . . much of the feldspar in the source rock has been
we nd transitions to more silt- and clay-rich rocks.

weathered to clay minerals (e.g. kaolinite). Arkoses are

Most sandstones have a well-de ned upper grain-si . ) .
S . . pper 9 %ﬁerefore formed if granites and gneisses are eroded
limit with variable contents of silt and clay. If they have

- . rﬁ1p|dly in relation to weathering, and the sediments
a signi cant content of coarser grains (pebbles) we cal S : , )
. . _..are buried in a basin after a relatively short sediment
them conglomeratic sandstones. Most classi cation o .
. . ansport. In the great majority of cases arkose is there-
systems are based on the relationship between the . . . . .
ore associated with sedimentary rift basins formed

by faulting in gneissic and granitic rocks, i.e. conti-
- nental crust. In cold climates the rate of weathering
K. Bjarlykke ()
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Fig. 4.1 Classi cation of sandstones (from Dott 1964)

In tectonically stable areas with mature relief therpart of the matrix and it is then dif cult to distinguish
is far more time for weathering of both situbedrock this material from the primary matrix. Greywacke
and sediment in transit. In such environments sand p&-therefore typical of areas where the sand grains
ticles (grains) are deposited and eroded many timase derived from volcanic or basic rocks along con-
before reaching their nal deposition site. A greateverging plate boundaries (fore-arc, inter-arc, back-arc
proportion of the feldspar grains will then break dowibasins). Weathering of basic rocks will produce nearly
during transport and subarkoses or orthoquartzites watkclusively clay since there are no quartz grains.
be deposited. Orthoquartzites (or quartz arenites) areWe have seen that the various types of sandstone
the purest quartz sandstones, formed when weathexect different source rocks and areas with varying
ing has eliminated virtually all the unstable minerals ttectonic stability. Studies of different types of sand-
leave a concentration of quartz and some heavy mistone and their mineralogical maturity can therefore be
erals. This is particularly true of beach sand whengsed as palaeo-indicators of relief and climate, and also
nearly all the clay particles have been removed. Sanéitectonic deformation in the geological past.
deposited by rivers (uvial sand) is less well sorted
and may contain more clay. Sandstones with more than
15% matrix are calledreywackes — . .
Sand which is trar?spg\rlzed in suspension or throuéh2 Prediction of Reservoir Quality
mass ow (e.g. turbidites) can have poorer sorting, a
high matrix content, and grade into sandy mudston&se properties of all reservoir rocks are continuously
and form greywackes. Clay minerals in sandstonebanging, from the time the sediments are deposited
may form after deposition during diagenesis frorthrough to their burial at great depth and during
alteration of feldspar, mica and rock fragments. Thiany subsequent uplift. This is a combined function
makes the sediments less well sorted than at the timemechanical compaction and of chemical processes
of deposition. involving dissolution and precipitation of minerals.
Basic rocks like gabbro and basalt and minerals like At any given burial depth the properties depend
amphibole and pyroxene are inherently unstable botin the composition of the sandstones when at shal-
mechanically and chemically. Primary sand grains ¢éw depth, and on their temperature and stress history
volcanic or basic rocks may break down to beconturing burial. Practical prediction of the porosity and
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permeability during exploration and production is only  evaporation. Sand may also be cemented with
possible if the processes that change these parameterscarbonate cement near the sea oor.
are understood. (2) Mechanical compaction, which reduces the poros-
It should be realised that the starting point for ity by packing the grains closer together and
the diagenetic processes is the initial sandstone com- by grain deformation and fracturing, increas-
position. This is a function of the rocks eroded ing their mechanical stability. Mechanical com-
(provenance), transport, and depositional environ- paction is a response to increased effective
ments. Diagenetic models must therefore be linked stresses during burial and follows the laws of soil
to weathering and climate, sediment transport, facies mechanics.
models and sequence stratigraphy, and should be ing8s Chemical diagenesis (compaction), which
grated in an interdisciplinargasin analysis includes dissolution of minerals or amorphous
Diagenesis is often considered a rather specialised material and precipitation of mineral cement. The
eld of sedimentology and petroleum geology, but it  clastic minerals in the primary mineral assemblage
embraces all the processes that change the compositionare not in equilibrium, and there is always a drive
of sediments after deposition and prior to metamor- towards thermodynamically more stable mineral
phism. The most important factor in predicting reser- assemblages. Kinetics determine the reaction
voir quality at depth is the primary clastic composition  rates, which for silicate reactions are extremely

and the depositional environment (Fg2). The diage- slow so temperature plays an important ole.

netic changes also determine the physical properties(dj Precipitation of cement (i.e. quartz cement) will

sandstones, such as seismic velocitigsgndVs) and increase the strength of the grain framework and

the compressibility (bulk modulus, s€hap. 1). This prevent further mechanical compaction. The sand-

is also critical when predicting physical rock changes stone is then overconsolidated — not due to previ-

during production (see 4D seismichap. 19. ously higher stress, but due to cementation. Further
The main diagenetic processes are: compaction will then mostly be controlled by the

. . : . rate of dissolution and precipitation.
(1) Near-surface diagenesis. Reactions with fresh precip

groundwater (subsurface weathering). In dry In the following the diagenetic processes typical of
environments, with saline water concentrated hyifferent burial depths will be discussed.

Fig. 4.2 Schematic illustration of a sedimentary basin on anvironment. Fluvial, deltaic and shallow marine sediments will
continental margin. The primary composition of the sedimentse ushed by meteoric water after deposition, particularly in
is a function of the provenance, transport and depositionalmid climates
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4.3 Early Diagenesis 4.4 Redox-Driven Processes
on the Sea oor

As soon as sediments are deposited, early diagenetic
reactions start to modify the primary sediment comAcross theredox boundarythere is a high gradient
position. At very shallow burial depth (<1-10 m),in the concentration of oxygen and sulphate, and of
sediments have the maximum potential to react wiibns that have very different solubilities in oxygenated
the atmosphere or water, both by uid ow and dif-and reduced water. The redox boundary is usually just
fusion. Transport of dissolved solids by diffusion and—20 cm below the sea oor and represents equilib-
uid ow (advection) is most ef cient near the surface; rium between the supply of oxygen by diffusion, and
in the case of diffusion within about 1 m of the seabedts consumption by the (mostly biological) oxidation
The potential for sediments to change their bulk conef organic matter. The oxygen content in the porewa-
position after deposition is therefore much higher a&ér thus decreases rapidly below the water/sediment
shallow depth than at greater burial. Near the surfaggerface, providing a concentration gradient for the
on land, and also in the uppermost few centimetres dbwnward diffusion of oxygen into the uppermost
the seabed, the conditions may be oxidising, while aediments.
greater depth in the basin they are always reducing. The rate of downward diffusion of oxygen is a func-
Precipitation of minerals due to porewater concettion of the concentration gradient of oxygen in the
tration by evaporation can only occur on land or giorewater and the diffusion coef cient in the sedi-
shallow depth within enclosed basins (&&sap. §. ments. The diffusion coef cient in coarse-grained sand
On land, sediments are exposed to air and freghhigher than in mud and therefore sand tends to have
(meteoric) water. Weathering is partly due to rea@ deeper redox boundary than mud.
tions with oxygen in the atmosphere and partly due Oxygen can also be consumed in the sediments by
to dissolution of minerals in freshwater, which is inithe oxidation of elements like iron and manganese
tially undersaturated with respect to all the minerais minerals, but this is rare in marine environments
present. These are soil-forming processes which cand more common in continental deposits. In most
be considered to be examples of early diagenesis. marine environments there is enough organic matter to
In desert environments groundwater and occasiorsdrve as reducing agents and therefore little oxidation
rainwater may become concentrated through evapaf-iron in minerals takes place, which explains why
ration, causing precipitation of carbonates and alsoarine sediments do not normally acquire ared colour.
silicates. Coatings of red or yellow iron oxides ané notable exception is red oxidised mud which
clays frequently form on desert sand and this mayay form in marine environments characterised by
subsequently retard or prevent quartz cementationshdw sedimentation rates and low organic productiv-
greater depth. ity. These muds are not very common but occur in
In the sea, the water above the seabed is normadlgme deep-water facies and also in shallower water
oxidising. Only where there is poor water circulatiorenvironments with low sedimentation rates.
(poor ventilation) is the lower part of the water column Uranium is highly soluble in seawater as uranyl
likely to be reducing, though the phenomenom is mo(®0?*) and precipitates as reduced uranium oxide
widespread in lakes and inland seas like the Black S€BlO,) on organic matter in the water column and
However, even below well-oxygenated water, oxidisselow the redox boundary. There is thus a strong
ing conditions extend in most cases for only a fewoncentration gradient transporting uranium from the
centimetres into the sediments, since oxygen is quickdgawater down into the sediments. The adsorption of
consumed by the oxidation (decay) of organic matteranium onto organic matter settling on the sea oor
in the sediment. This is for the most part facilitatedoupled with restricted ventilation of the water above
biologically by bacteria. Accumulating sediments nothe sediment at the time of deposition, makes source
mally contain suf cient organic matter to serve asocks like the Kimmeridge shale strongly enriched in
reducing agents in the porewater. This organic maifanium, causing peaks on the gamma ray well log
ter is comprised of both the remains of bottom fauneurve.
and of pelagic organisms, including algae, accumulat- Iron and manganese may be transported upwards
ing on the sea oor, and also often includes terrestrighrough the sediments in the reduced state by diffusion
plant debris transported into the basin. and then precipitate on the sea oor as oxides because
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of their reduced solubility in the oxidised state. Irorto bedding (anisotropy) and this may be important for
may also be precipitated below the redox boundary geophysical modelling.
iron sulphides or iron carbonate (siderite), though iron Burrowing worms produce faecal material which
carbonates will not form during sulphate reductiormay develop into smectite-rich clays, which in turn
This is because all the iron will be precipitated as sulnay develop into chlorite coatings, thus improving
phide, which has a much lower solubility than sideriteeservoir quality. Early diagenetic formation of coat-
Manganese is not precipitated as sulphides becalisgs on quartz grains is extremely important due to its
of the high solubility of Mn-sulphides, but may berole in preserving porosity at greater depth.
precipitated as Mn-carbonate in the reduced zone. Most clastic depositional environments have some

At a depth where there is practically no more freerganisms producing organic matter which, at least in
dissolved oxygen in the porewater, sulphates can part, is incorporated within the sediments. Both sand-
used by sulphate-reducing bacteria. The reduction stbnes and mudstones nearly always contain signi cant
sulphates produces sulphides such as pyrite. amounts of biogenic material from calcareous, and

The composition of clastic sediments is modi edsometimes also siliceous, organisms and this may later
by the addition of new components produced locallge an important source of carbonate and silica cement
within the basin: at greater burial depth.

Marine organisms composed of aragonite dissolve
(1) Biogenic carbonates and silica. during .relatively shallow burial .an.d calcite precipi-

tgtes either as replacements within the fossils (neo-

(2) Authigenic minerals precipitating near the Seabemorphism) or as cement in pore space between the

such as carbonates, phosphates, glauconlt(?élirls
chamosite, sulphides and iron and manganese .

minerals. Carbpnate cement in sandstpnes may form Iayers pr
(3) Meteoric water- ushing causing leaching Ofconcretlons and_ln most cases is de_nved from biogenic

feldspar and mica and precipitation of kaolinitecarbonate’ pgrtlcularly from organisms composed of

beneath the sea oor. aragonlte. SlI!c;eous organisms composed of_opal (e.q.
diatoms or siliceous sponges) may be an important
source of micro-quartz coatings on quartz grains at
greater depth.

Carbonate cements in both mudstones and sand-
stones are mostly due to dissolution and reprecipita-
tion of biogenic carbonate or early aragonite cement.
Bioturbation plays an important role in changing th&here are usually no other major sources of carbonate
textural composition of the sediments after depositiogement. In the sulphate-reducing zone, carbonate con-
The burrowing organisms eat mud and thereby oxidiggetions form, often with a negative'3C due to the
organic matter and physically destroy the primary lan€0O, produced during sulphate reduction. Carbonate
ination. Sediments overturned by bioturbation becon@ncretions in cores may be mistaken for continuous
more exposed to oxidation at the sea or lake bottorarbonate layers but it is possible to recognise that
Bioturbation may reduce the porosity and permeabilihiey are concretions (Walderhaug and Bjarki@98.
of sandy laminae by mixing clay with clean sand.  Even if CG, is generated from organic matter, there are

Bioturbation will also destroy thin clay lam-few C&" sources available in sandstones or mudstones
inae, which may signi cantly increase the verticafor making calcite. Leaching of plagioclase can sup-
permeability and this may be very signicant forply some C&", which can be precipitated as calcite,
reservoir quality. Undisturbed primary lamination maut this can only account for very small amounts of
be evidence of rather rapid sedimentation giving littlehe calcite observed in such sediments. The distribution
time for a burrowing bottom fauna to become estalpf carbonate cement is related to facies and sequence
lished, or alternatively indicate strongly reducing corstratigraphy.
ditions restricting the fauna. Black shales usually have The evolution of pelagic planktonic calcareous
well preserved lamination due to lack of burrowingrganisms in the Mesozoic drastically increased the
organisms. The presence or absence of burrowing atsgply of carbonate on the sea oor, including in deeper
in uences the physical properties, particularly the difwaters. Before then most of the carbonate was pro-
ference in velocity and resistivity parallel and verticatiuced by benthic organisms restricted to shallow water

4.5 Importance of Biogenic Activity
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facies. Upper Jurassic and younger sandstones ofteactions between meteoric water and the land sur-
contain abundant calcite cement due to the “rain” dhce are an important part of the weathering process.
calcareous algae, foraminifera and other planktoniRainwater contains carbon dioxide (gGnd sulphur
organisms settling on the sea oor. Silica-producingioxide (SQ) from the air and is therefore slightly
organisms may also be important for diagenesis aadidic, producing carbonic acid ¢&03) and sulphuric
reservoir quality at greater burial. Organisms likacid (HoSOy).
siliceous sponges are composed of amorphous silicaSome of the rainwater seeps down to the ground-
which at higher temperatures will be dissolved andlater, and as long as the groundwater table is above
replaced by opal CT and quartz. Diatoms and radiea level, meteoric water will ow along the most per-
olarians may also be a major source of silica whiclmeable beds into the basin. Meteoric water will rst
will be precipitated as quartz. Diatoms appeared dutissolve carbonates and then slowly dissolve unstable
ing the Cretaceous and have been a major sourcenoiherals like feldspar and mica (Fig.3).
amorphous silica during the Cainozoic. Diatoms can Decaying organic matter in the ground produces
produce pure siliceous rocks like the Tertiary Montere§O, which is added to the groundwater, making it
Fm of California, which is both a source rock and anore acid. Humic acids generated by decaying plants
fractured reservoir rock. also hasten the weathering reactions. At the same
Biogenic carbonate is in most cases the matime this acidity is neutralised by weathering reactions
source of calcite cement. The distribution of suchith silicate minerals like feldspar and the dissolu-
cement must therefore be linked to sedimentary facig®n of carbonates which consume protons’YHAs
more speci cally to biological productivity relative the groundwater reacts with minerals and in some
to the clastic sedimentation rate. Environments wittases with amorphous phases, it will approach equilib-
low clastic sedimentation rates, particularly submarinmgum with many of the minerals present and this will
highs, often have high organic carbonate productionhappen rst with carbonates. In the case of silicate
minerals these reactions are very slow so the pore-
water may remain under- or supersaturated for a long

4.6 Meteoric Water Elow and Mineral time with respect to silicate minerals like quartz and

: : feldspar.
s Depending on the elevation of the groundwater table

and the distribution of permeable layers (sandstones),
Meteoric water is rainwater which inltrates thethe ow of meteoric water can extend beneath the
ground. Inltlally this water is distilled water and theresea oor far out into sedimentary basins. Reactions
fore undersaturated with respect to all minerals. Thetween meteoric water and minerals occur in the

Fig. 4.3 Diagenetic

processes in shallow marine
environments. Sandstones
deposited in these environments
will be ushed by meteoric

water ow and/or from the 1/
delta top, causing dissolution
of feldspar and mica.

Calcareous fossils and early
carbonate cement may be a
very important addition to the
composition of the sandstones.
The occurrence of siliceous
organisms such a sponges can
strongly in uence reservoir
quality at depth
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ground and are a kind of subsurface weathering along The rates of leaching of minerals like feldspar and
the groundwater ow paths. Leaching by meteorienica and the precipitation of kaolinite are functions of
water is generally strong in uvial and alluvial sedi-the ux of groundwater owing through each rock vol-
ments. Even within dry river beds there is a focusegime per unit of time. These are in principle weathering
ow of groundwater. reactions similar to those which take place during nor-
The groundwater level represents the head (potemal weathering in a humid climate. Cations like Na
tiometric surface) for groundwater ow and groundwaand K* are stripped from silicate minerals like feldspar
ter therefore has a potential to ow through sedimentsnd mica and brought into solution.
or other aquifers far below sea level. These reactions can be written as below:

2K(Na)AISizOg + 2H" + 9H,0 = Al,Sio05(0OH), + 4HsSi0s + 2K*(2Na")
Feldspar Kaolinite dissolved silica dissolved cations

2KA|3Si3010(OH)2 + 2H" + 3H, O = 3A|25i205(OH)4+ 2K*
Muscovite Kaolinite

We see from these reactions that lo#/K™* ratios The porewater does not have to be acidic for kaolin-
will drive the reactions to the right. Dissolution ofite to form, but the K/H* ratio must be low. If the pH
feldspar and mica and precipitation of kaolinite requiris high the K concentration has to be correspondingly
that the reaction products, NaK* and silica, are con- lower. Authigenic kaolinite may also form in impure
stantly removed and that there is a supply of nelimestones as a result of meteoric water ushing, and
freshwater which is undersaturated with respect tbe porewater is then certainly not acidic. Even if there
feldspar and mica. Without a through ow of wateris only a small amount of carbonate it will buffer the
these reactions stop because the reaction productscomposition of the porewater.
the right hand side of the equations are not removed. The average groundwater ux is determined by the
Groundwater must ow into the ground and up to theainfall and the percentage of water in Itration into
surface again or on to the sea oor. A clay coating othe ground. In moderately humid climates the rainfall
feldspar often remains and the dissolved aluminiumay be 1 metre/year and the in Itration in the order
and some of the silica is precipitated as kaolinite, saf 0.1-0.3 metres/year. High-permeability subsurface
there is a rather small increase in porosity and reducpdthways (aquifers) focus the ow. The aquifers may
permeability (Fig4.4a). The pores between the kaolinbe sand or gravel beds in muddy sediments. Meteoric
ite crystals may be too small (Figt.4h c) to be water may penetrate deeply into sedimentary basins
lled with oil so that the oil saturation is reduced inbecause of the potential created by the head of the
kaolinite-rich sandstones (s&hap. 20. groundwater table but the ux of meteoric water

The silica released from feldspar dissolution cadlecreases strongly in the deeper parts of basins.
normally not be precipitated as quartz because of the The meteoric water will gradually become less
low temperature near the surface, but remains in solurdersaturated with respect to minerals like feldspar
tion even if the porewater is highly supersaturateahd mica and its leaching capacity will gradually
with respect to quartz. Silica must, however, also l#minish. The mostintense mineral leaching will there-
removed along with potassium by the owing waterfore occur near the surface or at relatively shallow
If the silica concentration in the porewater increasetepth beneath the sea oor. In areas with low sedi-
too much, kaolinite is no longer stable and smectit@entation rates the total ow of water through the
will precipitate instead. This happens in sediments rickediment will be higher because the sediments remain
in volcanic material or biogenic silica and where théonger at shallow depth. If the sediment stays in
ux of meteoric water is low. In a desert environmenthe zone intensively ushed by meteoric water, the
evaporation of groundwater may increase the siliGmount of feldspar leaching will be high. In basins
concentration and make smectite more stable. with high sedimentation rates, synsedimentary faulting
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Fig. 4.4 (a) Scanning electron microscope picture of a sanddluminium released when the feldspar was dissolved by meteoric
stone (Brent Group) from the North Sea. The scale is 0.1 mwater. To thdeft, authigenic quartz is growing on clastic quartz.
(100 um). In the centre of the picture we see a cavity lefNote the relatively large pores between quartz and feldspar
by a dissolved feldspar grain. A clay rim around the feldspagrains and the small pores between kaolinite crysta)sPore-
remains undissolved, outlining the primary grain morphology. Iling authigenic kaolinite. We see that the pores between the
the upper part authigenic kaolinite crystals are forming smallkaolinite crystals are very small —only 1g2n (from T.E. Maast
(10-20 um) booklets. They have formed from the silica andinpublished)

(i.e. growth faults) may disconnect sand bodies from The early burial history of sandstones is not well
the main freshwater aquifers. The degree of feldspstudied for the simple reason that cores are not
leaching could then be used as an indication of th®rmally taken at depths shallower than 1-1.5 km
conductivity in the reservoir. in offshore basins, while onshore, erosion may have
River water and groundwater is usually supersateemoved most of the youngest sequence. Looking at
rated with respect to quartz but undersaturated wiiandstone thin sections one can often get the impres-
respect to amorphous silica. About 10-30 ppm dision that kaolinite is precipitated at a relatively late
solved silica is common in groundwater and shallostage because it is a pore- lling mineral that may
porewater while the solubility of quartz at 2Dis only subsequently be surrounded by quartz cement. More
4-5 ppm, showing that quartz does not form at lowetailed textural studies and isotopic evidence indicate
temperatures. In very alkaline water (i.e. E. Africathat the kaolinite is formed early and may be enclosed
lakes), quartz may precipitate at low temperatures. in quart cement. Pore- lling kaolinite must, however,
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have been hanging to the pore wall and may have begmssure necessary to in ltrate these pores. The total
pushed aside by growing quartz cement. water saturation will consequently then be higher in

The isotopic composition {80) of kaolinite sug- the reservoir rock.
gests that it precipitated at relatively low temperatures, Authigenic kaolinite usually occurs as clusters and
in the range 30-6(C, depending on the assumptionss rarely pervasive through the sandstones, allowing oil
made about the isotopic composition of the porewatty ow between and around the most densely kaolinite-
(Glasmann 1989). These temperatures are little higrmamented pores. However, if the kaolinite is altered
than should be expected during meteoric water ushe illite at greater depth, the damage to the reser-
ing and it is possible that some of the kaolinite may beir may be much more severe, due to permeability
recrystallised at a higher temperature, resetting the igeduction.
topic composition. Much of what has been described
or analysed as kaolinite has turned out to be dickite,
which has the same composition but often with thickez1
more blocky crystals. Studies have shown that dickite’
often replaces some of the kaolinite when temperatures
exceed 100C.

Another possibility is that kaolinite may form dia-During the rst part of its burial history (0—2 km)
genetically from other precursor minerals such asell-sorted sand is generally still loose if it is
gibbsite (AI(OH)) or amorphous aluminium com-not carbonate-cemented. Mechanical compaction may
pounds. Kaolinite could then form without meteoricevertheless be very signi cant. Experimental com-
water ushing since such reactions do not produce amaction of loose sand with an initial porosity 40—-42%
other cations like K which would have to be removedshows that, depending on grain strength and grain size,
In the North Sea basin abundant authigenic kaolitihke porosity may be reduced to 35-25% at stresses of
ite is found in the shallowest reservoirs (1.5-2 kn@0-30 MPa corresponding to 2-3 km of burial for
where there is very little or no quartz cement in sandhormally pressured rocks (Fig.5). The experimen-
stones and this is the best evidence that most of tte¢ data show that well sorted coarse-grained sand
kaolinite formed early at shallow depth. The fact thas more compressible than ne-grained sand (Chuhan
kaolinite is much more abundant in shallow marine aret al. 2002 2003. Overpressure reduces the effective
deltaic sandstones than those deposited on submasiress and will then preserve porosity due to reduced
slopes is also evidence that kaolinite forms at shallomechanical compaction.
depth. In sedimentary basins with normal geothermal gra-
dients, quartz cementation will stabilise the grain
framework and prevent further mechanical compaction
at about 2 km burial depth (80-100) (Fig. 4.6). At
greater depth, compaction is not primarily a function
of effective stress but temperature. In cold sedimentary
Meteoric water ushing dissolves feldspar and micéasins (low geothermal gradients) quartz cementation
and precipitates authigenic clay minerals, most comiay not start before 4—6 km burial depth and poros-
monly kaolinite. This dissolution produces holegy loss will then occur by mechanical compaction and
which are secondary pore spaces (secondary porosiggyere grain crushing up to about 50 MPa effective
but the precipitation of clay minerals like kaolinitestress.
reduces the porosity, so that there is little net gain The degree of porosity loss by mechanical com-
in pore space. Authigenic kaolinite tends to occur gmaction determines the intergranular volume (IGV) at
pore- lling minerals and this reduces the permeabilitthe onset of chemical compaction (quartz cementa-
Clean well-sorted sand may increase its speci c sution).
face and pore size distribution due to the authigenic The IGV measured in some North Sea sandstones
kaolinite. The smaller pores (<0.005 mm) in betweevaries from about 38 to 28% (Walderhati§96 and
the authigenic kaolinite crystals may be too small tthe net porosity after precipitation of 10% quartz
be lled with oil because of the high capillary entrycement will then be very different.

8 Mechanical Compaction
of Loose Sand

4.7 Consequences for Reservoir Quality
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Coarse-graind sand (30 MFa}

Fine-graind sand (30 MPa)
Coarsegraind sand (40 MPa)

Fig. 4.5 (a) Experimental compaction of ne-grained andloss as a function of grain size due to more grain crushing (from
coarse-grained sand showing that well sorted ne-grained sa@uhan et al. 2007)
is less compressible than coarse-grained sdidrlife porosity

€= e m e em Em e e Em o e e o e Em

Fig. 4.6 Before sandstones become cemented (at 80-00 small amounts of quartz cement (2—-4%7?) make the sandstone
they compact mechanically as a function of effective stressiffer and “overconsolidated” so that there is little mechanical
(depth) by grain reorientation and grain breakage. Relativebpmpaction (strain) at greater depth (higher stresses)

4.9 Sandstone Reservoirs Buried cemented, except where there is carbonate cement or
to Intermediate Depth (2.0-3.5 km, high geothermal gradients. This is well documented
50-120 C) in most of the North Sea basin and parts of the Gulf

Coast Basin (Sharp and McBride 1989, Bjgrlykke et al.
1992. In the Statfjord Field where the Middle Jurassic
In basins where there has been mostly continuous sirent sandstone is buried to 2.5-3 km, there are inter-
sidence, reservoirs buried to depths shallower thaals that are so poorly cemented that it is dif cult to
about 2.0-2.5 km are still loose or only poorlybtain good cores because the sandstone disintegrates
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in the core barrel. Loose sand grains may then Iporewater was highly supersaturated with respect to
produced with the oil (sand production). quartz through the dissolution of Opal A or Opal CT

Prior to quartz cementation or other types of cemeand while the quartz growth rate was low. At higher
tation the sand grains compact mechanically by slidingmperatures when unstable silicates like Opal A,
and reorientation. Sand grains may also fracture undepal CT and smectite have dissolved, the porewater
the overburden stress; coarse-grained sand compawils only be slightly supersaturated with respect to
more due to grain crushing than well sorted nequartz, insuf cient to precipitate quartz on the micro-
grained sand (Fig4.D). In basins like the North Seaquartz surfaces which requires higher supersaturation
the quartz cementation increases the rock strengthtlan normal quartz (Aase et 4996. Rhaxellahad not
2—-3 km burial depth (80-10Q) but coarse-grained evolved before the Upper Jurassic and so older sand-
sand may additionally show signi cant compactiorstones like the Middle Jurassic Brent sandstones do not
due to grain fracturing. have this type of micro-quartz.

Poorly sorted sandstones and sand with rock (lithic) At temperatures above about 100-120some of
fragments lose much of their porosity at rather shalvhat we have called kaolinite has recystallised to dick-
low (1-2 km) depth. Quartz cementation strengtheiit®, which has the same chemical composition. Dickite
the rocks at a faster rate than the increase in vaften occurs as slightly thicker crystals and can also be
tical stress from the overburden. Only 2—-4% quartdistinguished from kaolinite on XRD scans. Kaolin or
cement will in most cases effectively shut down furthétandite may be used as a common name for these clay
mechanical compaction in sandstones, so that furthemerals.
compaction is mainly chemically controlled by the Carbonate-cemented intervals may be effective bar-
rate of mineral dissolution and precipitation (Hg6). riers to uid ow. This can be detrimental to the
The mechanical compaction is important becauseréservoir quality, though in some cases may be useful
determines the intergranular volume (IGV) which i they are laterally extensive. Such low permeability
the porosity prior to quartz cementation. This is typilayers may then prevent the ow of gas from below
cally 25—-30% or even more for well sorted quartz-rickthe oil/water contact and from above the gas/oil contact
sandstones. Sand with even relatively small amounigo an oil-producing well. This is called coning.
of detrital clay will compact more than clean sand. The replacement of K-feldspar or plagioclase by
Lithic (rock) fragments also compact more readilglbite is often observed in sandstone buried to about
(Pittman and Larese 1989) and this is re ected in theB km or more and is referred to athitisation Albite
lower IGV. becomes more stable than K-feldspar becaustisla

Generally, in relatively well-sorted quartz arenitesormally the dominant cation in the porewater while
and feldspathic sandstones the porosity is to a large potassium concentration is reduced due to removal
extent destroyed by quartz cementation (Biga). by the clay mineral reactions. Albitisation is normally

The amount of quartz cement is mainly a functionbserved as a partial replacement of K-feldspar or pla-
of the grain surfaces available for quartz precipitatiogioclase grains, which does not change the reservoir
and the time-temperature integral (Walderhd9§4. properties very much. Albitisation of plagioclase will,
High geothermal gradients and slow subsidence rateswever, release some €ahat may then precipitate
will therefore tend to increase the amount of quar@&s calcite (Boles982, though the amount is rather
cement at a speci ¢ depth. limited.

In several of the Upper Jurassic reservoir rocks Smectite may be present in some muddy, and par-
from the North Sea, amorphous silica frdRhaxella ticularly volcanic, sandstones which have been ushed
sponges dissolved to produce high supersaturationvath limited amounts of meteoric water. At tem-
silica relative to quartz. This caused precipitation gferatures from about 70 to 80 smectite dissolves
a coating of minute quartz crystals on the surfacnd is replaced by mixed-layer minerals and illite.
of clastic quartz grains (Figt.7h c). This coating of Sandstones containing smectite normally have poor
micro-quartz has prevented or retarded the precipitaeservoir quality.
tion of later quartz cement and is the main reason for Dissolution of smectite and precipitation of illite
high porosity and good reservoir quality at great depémd quartz will cause a sharp increase in the seismic
(up to 5 km) in these reservoir rocks. The micro-quartzelocity and rock density and this mineral transition
precipitated at low temperature (60—&), when the may therefore show up as a horizontal re ector on
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Fig. 4.7 (a) SEM image of quartz cement which has grown osupersaturatation caused by dissolution of organic silica (sponge
detrital quartz grains into the pore space. Note that the authigesfacules). €) is an enlargement of Figl.4b showing micro-
guartz crystals have smooth crystal surfaces while the primagyartz crystals that are not overgrown at greater depth. From
guartz grain has an irregular abraded surface from weatherifide. Maast (unpublished)d) Pictures (SEM) of the siliceous
and transport of the sand grain. Scale baryi (0.01 mm). sponge Rhaxellg which is the source of much of the early
Oil inclusions may be found in between the primary grains amguartz cement. To thkeft a broken surface. The sponges have
the cement, and also in the cement. Sandstone from the Brartircular outline in cross-sectiontt{in section, see Fig. €).
Group, North Seah) A thin layer of small quartz crystals cov- Upper Jurassic sandstone from the North Sea (from T.E. Maast
ering clastic quartz grains has been precipitated at high silicapublished)
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seismic and could be mistaken for a uid contact i.efor crystal growth and thereby for porosity reduction
gas/oil or oil/water contact (Thyberg et 2009. (Lander et al2008.
The temperature history of the sandstones at this
stage becomes rather critical in terms of modelling and
. predicting the amount of quartz cement and remaining
4.10 Deeply Buried Sandstones porosity. Between 100 and 140 the rate of quartz
(>3.5-4km,>120 C) precipitation may double four times, i.e. increase 16-
fold. By contrast the effective stress increases linearly

Once quartz cementation has started and quartz oW¥fth depth (under hydroostatic conditions) and thus
growth has formed, quartz cementation does not sti}sr€ases only by 30-40% through the interval from
until nearly all the porosity is lost, unless the temperé”- to4 !(m of burial. Temperature is therefore by far
ture drops below 70-8C. the main factor controlling the rate of quartz precip-

In most sedimentary basins we nd there is a rathdation. Th.|s allows the amount of quartz cem.ent and
strong reduction in porosity and permeability in sandf€ POrosity to be modelled as an exponential func-
stone reservoirs from about 3—-3.5 km to 4-4.5 khion (Arrhenius equation) of the temperature integrated

burial depth, corresponding to a temperature rang¥er time and proportional with the surface area avail-
from about 120 to 16CC. This is due in most casesaPle for quartz precipitation. Commercially available
to precipitation of quartz cement and diagenetic llitd°ro9rams (Exemplar, Touchstone) have been devel-
The rate of quartz cementation increases as an exg8ed for this purpose based on Walderhali§9g.
nential function of temperature and we estimate thalssolutu_)n al grain contacts requires s_tress, so the
the rate may increase by a factor of 1.7 for ever@rocess is often called _“pressure _solutlon”, but the
10 C temperature increase (Walderhal®96. The fjegree of stres:_s.needeq is only relatively querate and
precipitation of quartz is also a function of the surl" the case of silicate minerals tempergture |_s.the most
face area available for quartz cementation and as quafPortant factor. Contacts between mica or illitic clay
cement is lling the pores the surface area availabl%nq lquartz are p.referred areas of d.lssolutlon. The rate-
for further quartz growth decreases (Figi8). The limiting process in quartz cementation seems to be the

crystal surfaces have different solubilities and potentigite Of nucleation and precipitation in the pore space
and the reaction is then surface-controlled (Bjgrkum

etal.1998. There is no stress on the grain surfaces fac-
ing the pores where quartz overgrowth forms. Quartz
cementation is therefore relatively insensitive to vari-
ations in effective stress in the grain framework. If
the dissolution process had been rate-limiting, quartz
cementation would have been more sensitive to the
effective stress in addition to temperature and surface
properties of the minerals. The silica dissolved at grain
contacts or along stylolites is transported by diffu-
sion to the grain surfaces where the quartz overgrowth
forms (Fig.4.9).

If the transport of silica was the rate-limiting fac-
tor for quartz cementation (transport-controlled) we
would expect to observe a concentration of quartz
Fig. 4.8 Modelling of quartz cementation and chemical Comggment.close to stylolites of thin clay 'am'”a,e’ Where
paction due to quartz dissolution and cementation as a functigfssolution occurs and where the concentration in the
of time and temperature (from Walderhaug et 200). We porewater would be highest. When dissolution is con-
see that the rate of porosity loss (compactidv/dt) is high-  centrated along stylolites with relatively large spacing

est at high temperatures and also when the porosity is stillz~ :
relatively high. When the porosity is reduced the surface ar %50 100 cm), studies suggest that the amount of

available for quartz cementation becomes smaller so that the réiidartz cement may decrease away from the stylo-
of cementation slows down lites, indicating some degree of transport control. The
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continue as long as the temperature is above the thresh-
old temperature for quartz growth (70—&%) and there

is remaining porosity in the sandstone. It is important
to note that quartz cementation, and hence sandstone
compaction, will continue also during basin inversion
and uplift, but at a slower rate (Figt.10. When
uplifted to shallower depths (temperature <70-&pD

the sandstone is unloaded and without any chemical
compaction there will be net extension due to elastic
expansion due to reduced stress.

If temperature is higher than 70-80 the cemen-
tation process will proceed but at a slower rate, mod-
ifying the normal porosity/depth relation found else-
where in the basin. During progressive burial quartz
cementation must continue until all available porosity
Fig. 4.9 Schematic illustration of a stylolite. The dissolved siHS lled and the sandstone becomes a well-cemented

ica is transported away from the clay-rich stylolite by diffusionhard quartzite after exposure to 200—30Gor several
This makes more long distance and advective transport of Sﬁiillion years.

ica dif cult. The rate of precipitation of quartz cement is a If th f f d . ted with oth
function of the surface area available. Grain coatings such as € surlaces of sand grains are coated with other

chlorite, illite, detrital clay, iron oxide (haematite), micro-quartZninerals, or with substances like petroleum or bitu-
and bitumen prevent or retard quartz cementation men, quartz overgrowth is hindered or at least stopped
for some time (Fig4.9). A thin layer of authigenic

stylolites represent a barrier for uid ow both dur- chlorite has proven to be very effective in preventing
ing compaction and during production, but may not bguartz overgrowth. This has been described from many
completely continuous laterally. places around the world like the Tuscaloosa sandstones

We have seen that the rate of quartz cementation isgSouthern Louisiana (Pittman and Larese 1992).
function of temperature, the degree of supersaturation Sandstones with grain coatings may remain unce-
and the surface area available for quartz cementaented down to 4-5 km burial depth and be subjected
tion. A consequence of a surface-controlled quarta 40-50 MPa effective stress, causing pervasive grain
precipitation model is that quartz cementation wilcrushing (Chuhan et a2002.

Uplift
Extension
Brittle
deformation

Fig. 4.10 Diagenetic
processes, mainly quartz
cementation, as a function of
temperature and time. Note
that quartz cementation will
continue also during uplift as
long as the temperature
exceeds 70-8@
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Fig. 4.12 Quartz grains coated with chlorite preventing
guartz overgrowth. Note pore- lling authigenic kaolinite. Tilje
Formation, Haltenbanken

To predict the distribution of such high porosities at
great depth we need to understand what controls the
development of authigenic chlorite. The chlorite found
in marine sandstones is most probably an alteration
product of an earlier iron silicate phase (precursor)
formed on the sea oor and which may be linked to
facies. This may be iron- and magnesium-rich smec-
tites coating the primary quartz grains. lllite may also
form an effective coating preventing quartz overgrowth

Fig. 4.11 (g, b) Cathodolumme;cence pictures s_howmg th eald and Lares&974 Storvoll 2003) and this may
guartz grains have been subjected to fracturing prior

quartz cementation. Quartz cementation was delayed by chféave formed from smectite.
rite coatings but grain fracturing exposed fresh quartz sur- It is typical that clean well-sorted sandstone has the

faces from which quartz could grow into the pore spacgest porosity down to about 3.5—4 km but then loses its
Authigenic quartz is darker than the clastic high temperatui?orosity rapidly due to quartz cementation. Sandstones

uartz ) T .
a with a moderate clay content lose more porosity during
mechanical compaction compared to the clean sand-

Under the microscope, and particularly when usin@tone, but may be the winners at greater depth due to
cathodoluminescence, we can see that some of the sEf@rded quartz overgrowth.
grains have been fractured and later healed by quartz
cement (Fig.4.11a, b). The fractures in the clastic
grains do not usually continue through the quartz over- ) ) )
growth, demonstrating that they predate the quafz1l Fluid Inclusionsin Quartz Cement
cementation.

At Haltenbanken, offshore mid-Norway, thenclusions of small drops of oil may be trapped in
Jurassic Tije and Garn formations have abundagtiartz cement and show up well in uorescent light
chlorite coatings and also illite coatings (Ehrenberg-ig. 4.123. Fluid inclusion data from quartz helps
1993, Storvoll et al2003) (Fig. 4.12). to constrain the temperature for quartz cementation

This is the main reason for the good reservolind in sandstone reservoirs it has been demonstrated
properties in petroleum discoveries on Haltenbankeguite clearly that quartz cementation continues after
where the porosity sometimes exceeds 25% at masg emplacements in a reservoir (Karlsen et 2993
than 5 km depth. Walderhaudl990).
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LD

Fig. 4.13 (a) Inclusions of oil in quartz cement on sand grainsfrom Jurassic sandstones, Haltenbanken (offshore mid-Norway)
(b) Temperatures from oil inclusions in the Fulmar Field(Walderhaug et all99()
North Sea (Saigal et al992. (c) Fluid inclusion temperatures

The lowest uid inclusion temperatures in quartzementation and normally a minimum temperature of
cement indicate an onset of quartz cementation clog@—80 C is required. This is however also dependent
to 70-80C (Burley et al. 1989, Walderhaug 1994a)on the pH. In sedimentary basins marine porewater
In the Ula Field (North Sea basin), uid inclusionstarts out with a pH close to 7 but quickly becomes
temperatures in quartz cement range from@@&o more acid due to the build of CQand other reactions
126 C (Fig. 4.130), the highest temperature beingvith the minerals present. At 3—4 km depth the pH may
close to the present day reservoir temperature whigpically be 4.5-5 but at 12@ the pH is close to neu-
is also the maximum burial depth and temperatuteal (seeChap. 3. The rate of quartz cementation is
(Saigal et al.1992. Fluid inclusions from 24 sam- then lowered by the pH but increased by higher temper-
ples from 11 different reservoir units from the Northatures. At very high pH quartz cementation may occur
Sea and Haltenbanken also show temperatures fratrthe surface and silcrete is ne-grained quartz formed
about 80C to values close to the present reservoin soils due to concentration of porewater by evap-
temperatures (Walderhaug 1994a). This shows tharation, and quartz is also forming in some alkaline
quartz cementation occurs as a continuous process @tfacan lakes.
rate controlled by the temperature (Walderh&a9§4h Authigenic illite consists of thin hair- or plate-like
(Fig. 4.1309. minerals and it is fairly obvious that they would have

There is no evidence that quartz cementation & detrimental effect on reservoir quality by reduc-
episodic, controlled by the supply of silica, or thaing the permeability (Fig4.14a, b). SEM images
quartz cementation stops after the sandstones hae routinely taken from dried-out cores where the
become oil-saturated (Walderha@§9Q Saigal et al. illite appearance is no longer representative of its
1992 (Fig. 4.13. In a water-wet reservoir precipita-morphology in the reservoir. When cores are dried
tion can still continue in the remaining water arounsithout destroying the delicate illite morphology the
the grains. At high oil saturation, the transport of silpore space often looks like it has been lled with
ica by advection as well as by diffusion becomes muglbckwool. lllite can often be seen to grow at the
less ef cient. The continued growth of quartz cementsxpense of kaolinite and may also form by alteration
after oil emplacement results from the closed systeaf smectite. Although authigenic illite may also be
nature of quartz cementation in sandstones. observed on fractures and other places where there are

In an oil-wet system, however, quartz can not prexo obvious precursor minerals, it is most commonly
cipitate on the grain surfaces and oil or bitumen mapund as a replacement of an earlier Al-rich mineral
become very effective coatings. Asphaltic oil and bituphase.
men formed by biodegradation or other processesBecause of the low Al-solubility in porewater, illite
may preserve good reservoir quality, particularly if theill in most cases precipitate where the source of
heavy oil only occurs as a grain coating. Al is available locally from a dissolving mineral.

In summary, quartz cementation is controlled bZalculations suggest that the solubility of aluminium
the slow kinetics (high activation energy) for quartis only about 1 ppm at 15€ and that organic acids
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Fig. 4.14 (a) Pore- lling

illite replacing pore- lling
kaolinite preserving the
kaolinite textures in Jurassic
sandstone, Haltenbanken,
offshore mid-Norway.

(b) Pore- lling illite probably
altered from smectite. Triassic
sandstone from the North Sea

have little effect in terms of increasing its solubilityitself slightly improve reservoir quality as illite has
(Bjerlykke and Aagaard992). a lower speci ¢ surface area than smectite. In better-

The formation of illite from smectite via mixed-sorted and potentially good reservoir rocks kaolin
layered minerals is well known and occurs imminerals (kaolinite or dickite) are the most important
sandstones in the temperature range of 70-@00 precursors for illite. However, the formation of illite
Sandstones with abundant smectite are poor reserugiguires potassium, and K-feldspar is usually the only
rocks at the outset, and illitisation of such rocks masigni cant source present in the sediment.

KAISizOg+ Al3Sip05(0OH), = KAI3Si3010(OH), + 2Si0, + HO
K-Feldspar+ Kaolinite = lllite + Quartz

This is a simplied presentation of this reactionprovenance with respect to K-feldspar supply, and
High temperature detrital K-feldspar contains somfeom the early diagenesis and freshwater ushing with
sodium and the illite formed contains less potassiunespect to the distribution of kaolinite. If a sandstone is
than indicated here, where the formula for muscovigerived from an albite-rich gneiss the K-feldspar con-
is used. tent is likely to be too low and much of the kaolinite

The reaction between K-feldspar and kaolinitevould then not be illitised.
occurs at about 13C and above this temperature these Similarly, not much illite will be formed in sand-
two minerals are no longer thermodynamically stabktones with little kaolinite or smectite. Both in
together. In the North Sea basin and at Haltenbanketaltenbanken and the North Sea there are Jurassic
this corresponds to a burial depth of about 3.7—4 krmeservoirs where plagioclase is the dominant feldspar
A sharp increase in the illite content in sandstone resand where the low K-feldspar content is unable to
voirs is observed at this present day depth (Bjgrlykksupply the necessary potassium for illitisation of kaoli-
et al. 1986, Ehrenberg 1992). From thin sections amite. The low illite content in such reservoirs preserves
SEM images the illite can be seen to replace kaolinitbetter permeability. This is a direct function of the
and potassium then has to diffuse from the K-feldsparovenance and could be due to erosion of albite
to the kaolin. If the matrix is well-cemented the ratgneisses rather than granitic gneisses.
of diffusion is reduced, and the minerals are then able The distribution of authigenic illite in sedimentary
to co-exist at higher temperatures if they do not occlmasins like the North Sea and Haltenbanken shows that
close together. illite formation is strongly controlled by the present

In sandstones with little or no K-feldspar, how-day burial depth and temperature. The increase in illite
ever, kaolin remains stable at greater depth as it éentent at about 3.7-4.0 km is usually very sharp, indi-
not dissolved and replaced by illite. The formation ofating a temperature-controlled reaction rather than
illite can therefore be predicted from the sandstore high kinetic reaction rate when the association
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of kaolinite and K-feldspar becomes thermodynamsource rocks. The limited effect of organic acids
cally unstable. Basin loading from thick Pleistocenand CQ on mineral dissolution and diagenesis has
sequences in these areas suggests that the illite fornaésb been shown experimentally (Barth and Bjgrlykke
recently. 1983).

K-Ar dating of illite gives variable ages for the for- When porewater moves it will nearly always cause
mation of illite. This is probably because even vergome dissolution and precipitation but this is rarely sig-
small amounts of detrital (older) mica or feldspar wilhi cant due to low velocities. The volume of minerals
produce too-old ages (Hamilton et 4B89. dissolved or precipitated can be calculated using the

following equation:

4.12 Porewater Ve= Ftsin (dT/dz)
The volume of precipitated minerst is a product

In a sedimentary basin the amount of solids dissolved the uid ux integrated over time {), the angle of

in porewater is very small compared to the volume ofiid ow relative to the isotherms (), the geothermal

solids. During burial diagenesis, signi cant precipitagradients ¢T/d2), the solubility as a function of the

tion of authigenic minerals must be accompanied igmperature (S and the density of the mineral).

dissolution of other minerals or the same mineral, asin The solubility gradient (S is 1-3 ppm/C,

the case of pressure solution. Even if the porewaterdepending on the temperature (Wood 1986). This

supersaturated with respect to a certain mineral, ontyeans that at 100-150 about 2 ppm of quartz pre-

very small amounts can precipitate before the poreweipitates for each degree the porewater is cooled. This

ter attains equilibrium. Precipitation of new mineralgives a solubility gradent of 2.I§)’ C. If the geother-

requires that other minerals dissolve because the poneal gradient is 30C/km (3x 10°2 C/m), porewater

water has very little capacity to store ions. This hasust move upwards more than 30 m to reduce the

been quanti ed using chemical modelling (Gil&#897) temperature by IC and the quartz cement is dis-

from which it can be concluded that extremely larggibuted through these 30 m of sandstone. Assuming

uid uxes are required through the pores in order tovertical ow (sin = 1) and geothermal gradients

dissolve or precipitate signi cant amounts of cementslose to 30C/km (3.1%2 C/m), a solubility gradient

like calcite or quartz. of 2.10°%/ C and a quartz density of 2.65 g/émwe

The porewater reacts with the minerals it is imbtain:

contact with, and with increasing temperature the 5

composition becomes more and more in equilibrium Ve= F-t-2.3x 10°8

with these minerals. This is because the kinetics of

the mineral reactions become faster. The porewaterFrom the above equation we see that each’ihnh

in sedimentary basins consists of solutions bufferedll precipitate about 2.% 10°8m?3 of quartz. To pre-

by the minerals present. The pH is controlled partlgipitate 10% quartz cemen¥¢ = 0.1) requires a total

by the carbonate reactions (pg@Q@and the pH will ow (integrated ux over time)) of ¢ -t) of about

decrease from 7.5-8 in the seawater to 4-5 at 3—4 km 10° m3/m?. This assumes that the porewater is in

depth. As temperature rises above 100silicate reac- equilibrium with the mineral phases which is true

tions become increasingly important, e.g. betweet depth with temperatures exceeding 80—1D0At

K-feldspar, kaolinite and illite which will determine 30% porosity a water column of 1,200 km must pass

the K*/H™ ratio. through a sandstone layer to introduce 10% quartz

Organic acids are weak acids which can not sigement.

ni cantly change the pH in the strongly buffered This is clearly impossible in sedimentary basins.

porewater. The buffering capacity of organic acids addition compaction-driven porewater is not ow-

has been shown to be orders of magnitude lowarg upwards in relation to the surface and is therefore

than for the carbonate and silicate systems (Hutchenarmally not subjected to cooling which would cause

and Abercrombie 1990). Organic acids generated jmecipiation of quartz (se€hap. 10.

source rocks like the Kimmeridge Clay Fm in the At shallow depth the temperature is low and the

North Sea are likely to be neutralised by reactionsid ow rate high, so in the zone of meteoric water

with calcite which is commonly present in theseushing this may not be true. The porewater may then
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be undersaturated or supersaturated, particularly witth of water between the mineral grains and the oll
respect to silicate minerals. When temperatures excqgthse. It is possible that the rate of quartz cementa-
100 C the porewater will approach equilibrium withtion could be slower after oil emplacement but this
the minerals, both because of higher reaction rates amduld imply that the quartz cementation would no
low ow rates. longer be surface controlled, but transport controlled.

Small amounts of calcite are nearly always present,s very dif cult to prove that a higher porosity in the
at least in marine sediments. Calcite has a retrod-saturated part of a reservoir is due to the introduc-
grade solubility meaning that the solubility normallytion of oil. There are usually so many other variables
decreases with increasing temperature. The solubilgych as facies that in uence the nal reservoir porosity.
also depends on the pressure, but in most cases it is $iece the oil is emplaced gradually and the oil/water
temperature effect which is strongest. Upwards (coatontact moves downward over time, a sharp difference
ing) porewater ow, which should precipitate quartzjn porosity should therefore not be expected right at the
will dissolve calcite at a rate which is 30-100 timegresent OWC if quartz cementation was a function of
faster (Bjgrlykke and Egebert993. We may there- oil emplacement.
fore conclude that if calcite was present in a sandstoneln gas reservoirs the saturation may be rather high
very little quartz could have precipitated until all thén clean sand, perhaps reducing the water Im around
calcite had been dissolved. the grains and the quartz overgrowth, but the degree to

Thermal convection is probably not very signifwhich this might apply is uncertain.
icant in sedimentary basins except where there areBiodegraded and asphaltic oil or bitumen will stick
hydrothermal heat sources (Bjgrlykke et 8988. If to the grain surfaces and effectively prevent quartz
thermal convection did occur at a signi cant rate, howevergrowth but then some of the porosity may be lost
ever, quartz could precipitate because the same watethe bitumen and heavy oil.
could be used over again, precipitating quartz and dis-
solving calcite on the way up, and dissolving quartz
and precipitating calcite on the way down when thﬁ
porewater is heated. All the calcite would then be”
dissolved and quartz would be precipitated by this
process. It is important to distinguish between sandstones of
different primary composition:

Volcanoclastic sandstonesay vary greatly in com-
position depending on the volcanic source and the
depositional environments. Basic volcanic rocks in
particular have a very low content of stable grains like
When oil migrates into a reservoir rock the wategquartz, but a high content of basic feldspar and pyrox-
content is reduced to a percentage of the porosity c@nes which break down rapidly, both mechanically and
responding to “irreducible water saturation” if the rockchemically. Matrix-rich sandstones like greywackes
is water-wet. This may vary from 10% water contenthay have had a higher sand content at the time of
in clean sand to 50% or more in clay-rich sandstondeposition because many of the grains were unsta-
the value depending on the amount and type of cldye during diagenesis and became effectively part of
present. The traditional assumption has been that tine matrix. What were deposited as grains of volcanic
emplacement of oil stops, or at least slows dowmgck fragments may be squeezed so that they become
the rate of diagenetic processes and hence the rateaahlorite-rich matrix.
porosity reduction. Volcanoclastic sandstones lose most of their poros-

If the transport of silica by either diffusion ority at rather shallow depth (<1-2 km) and therefore
advection was rate-limiting for the quartz cementatiomake poor reservoir rocks. However, the geothermal
one would indeed expect the rate of quartz cemegradients in volcanic regions may be high, causing
tation to be very much reduced. Fluid inclusions isource rocks to mature at shallow burial depth and
quartz cement, however, clearly demonstrate that tinus increase the potential for migration into shallow
fact quartz continues to grow after oil emplacement istructures.
sandstone reservoirs (Walderhdl890. The explana-  Lithic sandstonesdiave a high content (>10%) of
tion for this is that silica is transported along the thimock fragments. Normal and coarse-grained granites

14 Prediction of Reservoir Quality

4.13 Effect of Oil Emplacement
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and gneisses produce grains that mostly consist opeecipitate tight carbonate cement because the per-
single mineral while sandstones derived from nermeability decreases as precipitation proceeds. The
grained igneous and metamorphic rocks are mostylvective ow will then tend to bypass the volume
comprised of rock fragments. Rock fragments are gewhere carbonate cementation has started. In the case of
erally weaker than quartz and feldspar grains, as hesmpaction-driven upwards-directed (cooling) pore-
been demonstrated experimentally (Pittman and Laresater, the solubility of calcite will increase, causing
1991). dissolution rather than precipitation.

Arkoses contaimmore than 25% feldspar and such Aeolian sandstonesnd other desert sandstones
sandstones are typical of tectonically active basins likgenerally show less evidence of meteoric water ush-
rift basins where the erosion, transport and depositigmg than uvial and shallow marine sandstones.
of basement derived rocks is fast, leaving little tim&andstones like the Permian Rotliegend from the
for feldspar to weather. Temperature and rainfall algputhern North Sea have relatively low amounts of
play a role here. Arkoses compact more mechanicakgolinite and more smectite or illite as pore- lling
than quartzitic sandstones, leaving a smaller intergractement. However, even deserts have groundwater so
ular volume to be cemented with quartz at greateome leaching occurs. Fluvial sediments will normally
depth. The area available for quartz cementationis alse ushed by groundwater after deposition and in
reduced since quartz does not grow on feldspar. most cases show ample evidence of feldspar leach-

Feldspathic sandstones and quartzigge the most ing. Reworking of such sediments will bring authigenic
common sandstone reservoir rocks. The feldspar cdwolinite into the clastic clay fraction. Continental
tent is usually a function of the source climate ansandstones often have haematite or manganese oxide
the relief in the drainage area. On tectonically stabtoatings on quartz grains and this may inhibit quartz
cratons sediments are repeatedly eroded and deposaeergrowth.
and some feldspar and mica is dissolved during each
cycle.

Palaeozoic quartzites typically occur as transgres-
sive sheet sands on cratons. On the North Americgn -
craton there are good examples of this in the Lowe .15 Turbidites
Palaeozoic sequence. Such clean shallow marine sand-
stones have extremely good reservoir properties Bdrbidites form important reservoirs in many basins
shallow to moderate burial depth. This is likewisand although the reservoir quality may be less
the case with aeolian sandstones. Fluvial sandstori@gourable than within shallow marine sandstones,
are also normally well-sorted in such environmenthey often form extensive vertically-stacked reservoir
because they are often reworked aeolian sands. sequences and this may compensate for the lower

Carbonate cement in shallow marine sandstonperosity.
is mostly derived by recrystallisation of calcareous Turbiditic sandstones generally have a higher clay
organisms. Meteoric water will dissolve aragoniteontent than shallow marine sandstones. There is how-
and precipitate calcite in sandstones, producing eadyer a wide range of clay contents in turbidites from
cement. rather clean, usually proximal and channel facies, to

In modern environments, particularly in beach anchore clay-rich distal and overbank facies.
shoreface settings, fragments of crushed calcareousSandstones with clay contents higher than 10-15%
organisms are quite common. We nd less carbonatese their porosity rapidly with mechanical com-
cement in uvial sandstones because of the lower bigaction, because the detrital clay acts as a lubricant in
genic carbonate production in freshwater. Carbonatge compaction of the quartz grains. Turbiditic sand-
cement has a local source in most cases, but mstpnes of Palaeocene and Eocene age form very impor-
be redistributed and concentrated by diffusion. Th@ant reservoirs in the North Sea. The Frigg sandstone in
range of effective diffusion is generally small (<1 m}he Frigg Field in the Norwegian Sector is an example,
because the porewater is in equilibrium with calciteshere the reservoir quality is rather good despite repre-
and there are small concentration gradients. Advectigsenting a distal facies relative to the Shetland Platform
ow will transport dissolved carbonate but can notvhere the sand originated.
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Because turbidites are deposited further away from16 Practical Predictions of Reservoir

land, they are less exposed to ushing by meteoric Quality and Porosity Depth Curves
water. Turbidites normally contain less evidence of

feldspar dissolution and authigenic kaolinite precip-
itation than shallow marine and uvial sandstonesThe oil industry has a practical need to be able
In proximal turbiditic facies, however, the sandstongs predict the properties of reservoir rocks ahead
may have good contact with the meteoric water lensf drilling. When planning petroleum production the
In the North Sea, Tertiary turbidites generally haveock properties between the wells must also be esti-
a relatively low content of authigenic kaolinite, bumated. Particularly in the deeper reservoirs, porosity
it may be higher in proximal Cretaceous turbiditiess the most important factor determining the eco-
which formed around islands produced by local uplifnomic viability of a prospect. The main diagenetic
The total ow of meteoric water through sandstoneprocesses with quartz cementation are summarised in
is a function of meteoric water ux and the sedimentaFig. 4.15
tion rate. At low sedimentation rates a given volume of In a relatively mature basin the porosity/depth func-
sand spends more time in the shallow zone of meteotions of the different reservoir rocks can be treated
water ushing. statistically so that the uncertainty of the estimates
Cretaceous and Tertiary turbidite sandstones aran be expressed. The estimates based on the statis-
often very tight due to pervasive carbonate cemerical averages can also be adjusted up or down as
This may be due to pelagic carbonate organisms beiagfunction of temperature, stress etc., depending on
mixed in with the turbidite sand and recrystallisingvhat the interpreter considers most signi cant. The
into carbonate cement. This makes many Tertiary sarididdle Jurassic Brent sandstone in the North Sea has
stones hard and indurated even if they have not beleen intensively studied and a relatively linear trend
buried very deeply. found between burial depth and porosity (Giles et al.
Many of the planktonic carbonate organisms devel992 Bjgrlykke et al.1992 Ramm et al1992 Wilson
oped during the Jurassic, so before then the sourcesl&84). Porosity predictions will depend on the primary
carbonate cement in deep sea sandstones were nem@ment composition and the subsequent compaction
restricted. processes.

Fig. 4.15 Summary of the most important processes in clastgcale of 1-10m distance. The composition of the dissolved
diagenesis. Dissolution of feldspar and mica requires a throughaterial is equal to what is precipitated. Carbonate cements
ow of meteoric water removing K (Na*) and silica before are usually derived from biogenic carbonate or clastic carbon-
kaolinite can be precipitated. This process is most dominaate grains. Quartz cementation is controlled by temperature
in uvial and shallow marine sediments at shallow burial. At{geothermal gradients), subsidence rates and the presence of
greater depth diagenetic reactions are nearly isochemical agrain coatings
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Above we have discussed some of the processasting are also probably to a large extent controlled
that cause reductions in porosity and permeabilitpy facies. The distribution of silica organisms (like
All these processes are driven towards denser packiRbaxellg which can produce micro-quartz coatings is
of grains and thermodynamically more stable mineréhked to the environment and ecology.
assemblages as the stress and temperature increasés broad geological background is therefore
during burial. The kinetics of mineral reactions deterrequired to synthesise all the factors that have to
mines the rate of thermodynamic equilibration, whicbe considered before modelling or making semi-
increases as an exponential function of temperature quantitative predictions of reservoir quality. The capac-

The rate of compaction as a function of stress can lig of porewater to keep solids in solution is always
measured experimentally using rock mechanics testirgther limited and mineral dissolution and precipitation
procedures. However, the reactions involved in chemiust therefore balance.
ical compaction are so slow, particularly in silicate At greater burial depth (3—4 km) the solubility of sil-
rocks, that it is dif cult to reproduce them in the lab-icate minerals increases but the volume of porewater is
oratory although in some cases this is now becomimgw and the potential for supersaturation and undersat-
possible. uration strongly reduced. Precipitation of new mineral

Inthe eld of clastic diagenesis, petrographic obsephases must therefore be linked to the dissolution of
vations about mineralogy and textural relationshipsther minerals or of the same mineral.
are used to interpret the sequence of dissolution andAssuming that the burial diagenetic processes are
mineral precipitation and its relationship to change®latively isochemical, the reservoir properties can
in porosity and permeability. It is however importanbe predicted from depositional facies and provenance
to consider the geochemical constraints on diagenesitdies which de ne the starting composition for burial
reactions. During burial the reaction must add up stiagenesis. Both observations and theoretical argu-
the dissolution is balanced by precipitation becauseents suggest that advective transport can not signif-
there are strong limitations with respect to supply aridantly change the rock compostion below the reach
removal of solids dissolved in the porewater. of meteoric water ow. Short distance transport by

Changes in mineralogy or porosity with depth magiffusion may nevertheless be important.
provide useful depth trends within an area, but in Quartz cementation was often interpreted to occur
a sedimentary basin the initial mineral compositionass events of relatively short duration (approximately
may vary laterally. This is also the case for early diage=10 million years) that could start and stop late in
netic processes like meteoric water ushing and mariree sandstone’s burial history (Robinson and Gluyas
cementation. The observed changes with depth ma992). This would imply that the quartz cementa-
therefore also re ect some of these factors and not orlipn was controlled by advective transport of silica
the burial depth. in solution and the source of silica from other reac-

Based on the theory that the rate of quartz cemetiens. Fluid inclusion data, however, shows that quartz
tation is controlled only by temperature, time and theementation occurs throughout the temperature range
grain surface available for quartz precipitation, theorresponding to the burial history.
amount of quartz cement and consequently the poros-Modelling of quartz precipitation (Walderhaug
ity can be modelled (Walderhad®96. The presence 1996 Olkers et al. 2000, Walderhaug et al. 2000)
or absence of clay or other coatings is the most criticel based on the assumption that this is a continuous
input for this modelling because it determines the argaocess controlled by the kinetics and therefore by
available for quartz cementation. Prediction of resetemperature. This is the basis for the practical mod-
voir properties must start from sedimentological faciesls widely adopted by the petroleum industry (e.g.
models. The depositional environment and the provExemplar and Touchstone).
nance of the clastic sediments determine the startingThe assumption that the quartz precipitation is the
composition for the diagenetic processes. rate limiting factor may not always be strictly true

Early diagenetic processes like marine carbonaite clean quartz arenites where silica sources (stylo-
cementation and meteoric water ushing are alslites) are widely spaced, resulting in decreasing quartz
linked to facies and they strongly in uence the buriatementation away from the stylolites (Walderhaug
diagenesis and the porosity reduction at depth. TR®03. The modelling does, however, require that
precursor minerals controlling the growth of chloritéhe burial curve and the temperature as a function
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of geological time are known. It is also very sensieementation and the time-temperature history during

tive to changes in the primary sediment compositioburial are known.

which strongly in uence both the mechanical com- At about 4.0 km burial depth (120-140) the

paction and the chemical reactions. The porosity loasnount of quartz cement may be 10-15% so the

and increased sediment density resulting from chememaining porosity may be only 10-15%. We do how-
ical compaction as a function of temperature causser nd good reservoir quality (>20% porosity) at
basin subsidence (Bjgrkum et #D98 2001 Bjgrkum greater depths and higher temperatures but this is
and Nadeau 1998). Temperature-driven chemical codie to grain coatings. Prediction of porosity at great
paction results in a volume reduction (shrinkage) arakepth therefore requires that the occurrence of coat-
the strain is then independent of effective stress. Asg of chlorite, illite, haematite or micro-quartz can

a result, differential stresses in siliceous rock will bbe predicted. Such prediction of the primary sedi-

relaxed by the compaction processes during basin suhent composition must again be linked to facies and

sidence as long at the temperature exceeds abo@ 8@rovenance.

(Bjarlykke 2006). Prospects at great depth called HTHP (High
Temperature, High Pressure) are expensive to drill and
involve high risks, but in many mature basins nearly all
the shallower prospects have been drilled already.

4.17 Porosity/Depth Trends An extensive study of reservoir sandstones in the
in Sedimentary Basins Gulf of Mexico showed that temperature and time are
the main factors controlling reservoir quality (Nadeau

et al. 2008).

Data from wells in sedimentary basins which have

undergone almost continuous subsidence can be

regarded as records of a naturall compgctlon eXPeji-18 Practical Prediction of Reservoir
ment. We can use the log porosity and in the cored .

intervals we have data from core plugs. Quality

At depths shallower than about 2 km (80-1G)
we can compare the log porosities with experimentdhe most important factor controlling reservoir quality
compaction of similar sands in the laboratory. Therat depth is the primary composition of the sandstones.
will then be a marked effect of overpressure reduSedimentological and sequence stratigraphic analyses
ing the effective stress. Poorly sorted sands will lossme normally used primarily to predict reservoir geo-
most of their porosity at relatively shallow depth butnetry, but for diagenetic processes grain size, sorting
well sorted sand may have 30-35% porosity at 2—3 kand mineralogical composition are more critical. It is
depth, which corresponds to experimental compactiamperative to establish changes in provenance since
at about 20—30 MPa effective stress. This suggests thfa¢ primary mineralogy places important constraints
there is little creep over long geologic time. on diagenetic reactions at depth.

Data from deep wells will always show a trend Reconstructions of facies and climate will provide a
towards lower porosities with depth but there may aldmasis for predicting the degree of feldspar dissolution
be intervals where this trend is reversed. This does rantd precipitation of pore- lling kaolinite. Biogenic
mean that net porosity has been created by diagenamnponents like calcareous and siliceous organisms
processes. Because of the very low solubility of silwill control the distribution of carbonate cements and
ica and even more so of aluminium in porewater it ispal A, which will be altered to opal CT and quartz.
very dif cult to explain how minerals in several metrePrimary aragonite may cause extensive calcite cemen-
thick sandstones can be dissolved without precipitatidation that occludes much of the primary porosity.
of other minerals in the same sandstones. Each lith@+ganic silica, e.g. from siliceous sponges, may serve
ogy will have a characteristic porosity depth trends a precursor to grain-coating micro-quartz preserving
(Fig. 4.16 and increases in porosity re ect variationgorosity at depth.
in the primary composition. Porosity loss due to mechanical compaction can

As discussed above the rate of quartz cementativary greatly as a function of textural and mineralogical
can be modelled if the surface area available for quatemposition. Experimental compaction of loose sands















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 22

Geology of the Norwegian Continental Shelf

Jan Inge Faleide, Knut Bjgrlykke, and Roy H. Gabrielsen

22.1 Introduction Prior to continental break-up and the onset of
sea oor spreading in the Norwegian-Greenland Sea

(II\:Iig. 22.3 these provinces were part of a much

In the preceding chapters we have included only a fi ) . . .
P g b y %ar%er epicontinental sea lying between the continen-

regional examples and case studies because of spa .
. g_ . P . pta masses of Fennoscandia, Svalbard and Greenland.
limitations. The present chapter will, however, pro- L .

Thus there are many similarities in the stratigraphy

vide some examples. The North Sea and other pa 't_s . . .
) . . {Fg. 22.4 and geological evolution of the various
of the Norwegian continental shelf contain several dif- ~". . . . .
. . . rovinces but also important differences — in particular
ferent petroleum provinces which can illustrate so . -
uring Cretaceous-Cenozoic times.

of the general principles of petroleum geology an . ) . .
9 X pies P ) g dy anc The sedimentary basins at the conjugate continental
geophysics. The geological evolution of these sedi- . .
. . margins off Norway and Greenland and the adja-
mentary basins provides a necessary background to
Co .cent shallow seas, the North Sea and the western
understand the distribution of source rocks and the tuE-

) L . arents Sea, developed as a result of a series of post-

ing of petroleum migration. The structural history o . . . . .

. ) . . . .Caledonian rift episodes until early Cenozoic time,

rifted basins, passive margins and also uplifted basin i .
S . when complete continental separation took place. The

such as the Barents Sea is critical to the trapping Rl

oil and gas. These basins are very well documented  c9tan Margin comprises the mainly rifted vol-

C . canic margin offshore mid-Norway (62—70) and the
by seismic and well data. The Norwegian Petroleum . :

4 S . ._mainly sheared margin along the western Barents Sea
Directorate also provide information about exploration

: . ? and Svalbard (70-82 (Fig. 22.2. Physiographically,
and production on their web pag Npd.ng. the Norwegian margin consists of a continental shelf

and slope that vary considerably in width and morphol-
ogy (Fig.22.7).
22.1.1 Regional Geological Setting

The Norwegian continental shelf comprises three main
provinces (Figs22.1and22.2): 22.1.2 Petroleum Exploration

* North Sea
* Mid-Norwegian continental margin
* Western Barents Sea

When gas was found onshore in the Groningen Field
in the Netherlands in 1958 it soon generated inter-
est in the North Sea itself. However, it was dif cult
to say what lay off the Norwegian coast beneath the
Quaternary sediments. Moraine material which had
71 Falei been recovered from the seabed during marine geo-
1. Faleide ( )

Department of Geosciences, University of Oslo, Oslo, Non,\,aylogical investigations in the 1950s contained clasts that
e-mail: j.i.faleide@geo.uio.no almost without exception were basement rocks.
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