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Stratigraphy

A. Stratigraphic Principles

1. Introduction
a. General concepts
The sedimentary rocks of the earth´s crust are arranged in layers or strata, which were originally deposited one upon the other so that they become younger from the base up. The succession of strata can be compared to the pages of a book, which are also arranged in a specific order. Closer examination of the strata reveals a number of features: Some are obviously arranged in groups or units differing from other units. These can be compared to the chapters of a book, each reflecting a different emphasis within the overall theme. Individual strata also show a variety of features, including differences in mineralogy, texture, lithology, sedimentary structures, fossils, etc., all revealing something about the origin of the specific stratum. Such features can be compared to the letters, words and sentences on a page, which are arranged in such a way that they compose a language and relate a story. By studying the strata and all their associated features, the history of the earth can also be read, which is the basic purpose of Stratigraphy. Unfortunately, all the earth´s strata are not neatly put together like the pages of a book, but they occur scattered all over the surface of the globe. In order to read the “History of the Earth”, the pages (good outcrops) first have to be found, their chronologic order (relative age) must be determined, and then that which is written on each page must be deciphered (stratigraphic analysis). Such stratigraphic investigations have been going on for more than 300 years and the book is still incomplete, although stratigraphers have gone a long way in putting together at least the main chapters, which is known as the stratigraphic column. What remains is to find the missing pages and then to fit them into the established order, which can be done only by a careful analysis of all available outcrops.

b. Definitions

i) Strata are layers of rock characterized by certain unifying properties, which distinguish them from adjacent layers.

ii) Stratigraphic units can be a single stratum or an assemblage of adjacent strata recognized as distinct entities with respect to any of their characteristics, e.g. lithology, sedimentary structures, fossil content, age, etc.

iii) Stratigraphy is the branch of geology that deals with the study and interpretation of rock units, which involves their identification, description, classification, subdivision and interpretation, with respect to all of their properties such as lithology, fossil content, age, and origin. All classes of rocks (sedimentary, volcanic, igneous and metamorphic) fall within the scope of stratigraphy.

iv) Stratigraphic terminology refers to the unit terms used in stratigraphic classification, such as formation, stage or biozone. Formal terminology uses unit terms that are defined and named according to an established scheme of classification (e.g. the Trihueco Formation, Cretaceous Period). The initial letter of a formal unit term is capitalized. Informal terminology uses unit terms as ordinary nouns without formally naming the unit, e.g. limestone formation, oyster zone. The initial letter is printed in lower case. 

v) Stratigraphic nomenclature deals with the proper names given to specific stratigraphic units, e.g. Osorno Formation, Jurassic Period, Dibunophyllum Range-zone.

vi) Stratotypes (type sections) are the original, or subsequently designated, type representatives of formally named stratigraphic units or boundaries, which constitute the standard for their definition and recognition. Stratotypes are divided by rank (primary and secondary) and kind.

Primary stratotypes include holostratotypes (the original stratotype defined by the author when the unit was established), parastratotypes (supplementary stratotypes defined by the original author), lectostratotypes (selected later in the absence of an adequately designated holostratotype) and neostratotypes (selected to replace a holostratotype which was destroyed or nullified). 

Secondary stratotypes are referred to as hypostratotypes (reference stratotypes). They are established after and are always subordinate to the original stratotype, serving to elucidate the concept of the holostratotype or to extend this concept to other areas.

Kinds of stratotypes include unit stratotypes (the type section of the named stratigraphic unit, based on a single section), boundary stratotypes (the stratotype of a boundary of a named stratigraphic unit or the boundary between two adjacent, named stratigraphic units), and composite stratotypes (formed by the combination of several individual component stratotypes, e.g. in areas of poor exposure). Units of higher rank are usually defined by composite stratotypes.

vii) Type locality refers to the specific geographic locality in which a stratotype is situated.

viii) Type area is the geographic territory surrounding the type locality.

2. The Origin of Stratification

Stratification results from different physical, chemical or biological processes, which are commonly interrelated.

a. Physical controls 

These include the non-uniform deposition of sediments, which is related to changes in the type of material, the rate of deposition and the energy condition of the depositing agent. Erosional disturbance of the sediments after deposition can either lead to redeposition in the same locality (e.g. by waves) or transport to another locality (e.g. by currents). Biological disturbance (bioturbation) usually destroys stratification, but may also form geologically distinct horizons. Compaction of originally porous argillaceous sediments is also responsible for the apparent bedding of many shales, involving the slow rearrangement and recrystallization of clay minerals.  

b. Chemical controls

This category involves factors such as changes in the composition and concentration of evaporating brines (e.g. interbedded halite, gypsum and anhydrite), the oxidizing or reducing character of depositional environments (e.g. banded iron formations), or the metasomatic alteration of chemical sediments (e.g. dolomitization of limestone). The development of soil profiles and interstratal solution can also produce or accentuate stratification.

c. Biological controls

Biological controls are related to the abundance and kinds of life prevailing during certain periods. Indirectly, biological factors also influence oxidation, reduction and other chemical characteristics of the depositional environment.  

3. Working Hypotheses

a. Superposition (Nils Steensen, 1669)

In a sequence of undisturbed strata, the oldest beds occur at the base and the youngest at the top. As strata can be overturned in strongly deformed regions, however, it may be necessary to establish the original orientation of the beds. Several features are useful in this regard.

i) Shape of lithosomes. Features such as channels and organic reefs (bioherms) have specific shapes, which indicate the base and top.

ii) Sedimentary structures are very useful indicators of the orientation of beds. Those employed most commonly include crosslamination, graded bedding, ripple marks, flasers, raindrop marks, mud cracks, flute casts, tool marks, load casts, pillow structures, dish structures, sand and mud volcanoes, pillar structures, and geopetals.

iii) Trace fossils such as arenicola, skolithos, burrows and rhizosomes normally occur in situ and have a specific orientation.

iv) Tectonic structures include the relationship between the dip of fracture or slaty cleavage and that of the bedding.

b. Original horizontality (Steensen, 1669)

Sedimentary particles commonly settle from fluids under the influence of gravity, or accumulate by lateral accretion, which tends to fill up hollows faster than it covers bumps. Deposition therefore normally takes place in nearly horizontal layers, parallel to the depositional surface. Steeply inclined strata therefore generally indicate crustal disturbance after deposition. 

c. Original lateral continuity (Steensen, 1969)

Strata either extend in all directions until they pinch out, or they end abruptly against the edges of depositional basins, channels, etc. This principle leads to the concept of lateral correlation, which can be established by field work, drilling or geophysical methods.

d. Uniformitarianism (James Hutton, 1785)

“The present is the key to the past”; i.e. processes that can be observed today were responsible for geologic features that formed long ago. However, as some processes may have changed with time (for example, before the earth evolved an atmosphere, weathering and erosion could not have been the same as today), it is more correct to state that physical and chemical laws governing geological processes did not change with time. This is known as actualism.

e. Biologic succession (William Smith, 1800)

Life at different times in the earth’s history differed from life at other periods, so that fossil remains can be used to correlate contemporaneous deposits around the world and reconstruct a chronologic sequence for the stratigraphic record.

f. Catastrophism (Baron Cuvier and Alexander Brongniart, 1800)

Groups of strata are commonly separated by distinct, abrupt changes in the fossil record, indicating that the fauna was wiped out by huge catastrophes at different times in the earth’s history. Although most of these gaps in the fossil record were subsequently found to be of local extent, it is now known that worldwide extinctions did occur, as for example at the end of the Permian and Cretaceous Periods. This is known as neo-catastrophism.

g. Relative ages (Charles Lyell, 1830)

The relative ages of rock units can be determined by crosscutting contact relationships, their position relative to unconformities and faults, as well as the presence of chill zones, xenoliths and pebble inclusions.

4. Geologic Time

Geologic time is measured in relation to the origin of the earth, which is believed to date back to 4.6 billion years (4600 Ma) ago.

a. Measurements of time

i) Radiometric dating methods are possible because certain elements, such as uranium and thorium, are unstable and decay to form other elements or other isotopes of the same element. The 238U atom, for example, has an atomic weight of 238 (the sum of the protons and neutrons) and an atomic number (number of protons) of 92. The 238U atom fires off an alpha particle, which is a positively charged ion of helium with an atomic weight of 4 and an atomic number of 2. The new atom, 234Th, therefore has an atomic weight of 234 and an atomic number of 90. 234Th in turn emits a beta particle (an electron discharged from the nucleus) to form 234Pa (protactinium). Gamma radiation is a third kind of emission in the radioactive decay process, consisting of electromagnetic waves. Many similar nuclear adjustments may occur before a final, stable daughter element such as 206Pb is formed. As the rate at which this process takes place is unaffected by temperature, pressure or the chemical environment, it can be assumed that the rate of decay of these radioactive atoms has not changed since the origin of the earth. The ratio between the quantity of parent nuclide and the quantity of daughter nuclides decreases with time, which can be used to determine the time elapsed since the formation of the new mineral into which the parent nuclide was incorporated. Here it must be assumed that no radiogenic loss of either parent or daughter nuclides occurred since the mineral was formed, so that only fresh, unweathered samples are suitable. The rate of decay is expressed in terms of the half-life, which is the time required for half of the original quantity of parent atoms to decay. Each radioactive nuclide has its own half-life (e.g. 704 Ma for 235U). A mass spectrometer is used to accurately determine the ratio of parent to daughter nuclides.

Igneous rocks are best for radiometric dating, as the atomic clock is set off during crystallization. The age of metamorphic rocks has to interpreted with care, as several recrystallization stages may be recorded. Sedimentary rocks commonly contain reworked crystals such as zircon, which give the age of the parent rock, but in some cases glauconite can be used (40K/40Ar method) to determine the time of deposition.

The principal long-lived radioactive nuclides used in radioactive dating are 238U/206Pb, 235U/207Pb, 87Rb/87Sr, and 40K/40Ar. By simultaneously analyzing two or three isotope pairs, the ages can be cross-checked for errors. Concordant ages agree, whereas discordant ages vary widely. 

Uranium-Lead dating, which was the first to be used to accurately determine the age of rocks, is based on the radioactive decay (alpha and beta) of 235U and 238U. 235U breaks down to 207Pb, whereas 238U decays to 206Pb. As all naturally occurring uranium deposits contain both 235U and 238U, the rocks can be dated using both isotopes. In the past, only uranium ores could be dated by this method, but it is now possible to analyze minute amounts of uranium and lead in zircon (ZrSiO4) and other common minerals in igneous rocks. Recent developments in geochronology also enable geologists to determine whether U or Pb have been lost or added since the rock was formed, the time when the change occurred, and the correct age of the rock. The method is effective for dating rocks between 4.6 billion and 100 Ma.

Rubidium-Strontium dating. 87Rb undergoes decay to form 87Sr. The parent has a half-life of 48.8 billion years and the method is used for dating rocks between 4.6 billion and 100 Ma. Metamorphic and felsic plutonic rocks are commonly dated using this technique.

Potassium-Argon dating. 40K decays to form two radiogenic products:
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11% electron capture to 40Ar

40 Ar is a chemically non-reactive gas that accumulates within the crystal, and which may be driven off during metamorphism. The isotopic age of the rock after metamorphism would therefore be younger than its true age, but this age indicates the time of metamorphism. The half-life of 40Ar (1.3 billion years) permits its being used in dating rocks as young as 100,000 yrs. It is therefore used mainly to date rocks from the last few million years.

Samarium-Neodymium dating is the latest major isotopic dating method based on the breakdown of 147Sm to 143Nd, which has a half-life of 106 billion years. Both rare-earth elements are relatively immobile in solution, so that they can be used for very old, even weathered, metamorphosed or altered rocks. The method is especially useful for dating mafic and mantle-derived rocks.

Carbon-14 dating. This method is applied extensively in the dating of glacial and other events of the last 70,000 years. It is never used to date the rocks themselves, because the half-life of carbon-14 is only 5,730 years, and it can be used only on the remains of once-living organisms. 

Carbon has 6 protons. Two of its isotopes are carbon-12 or 12C, which has 6 neutrons, and carbon-14, which has 8 neutrons. Carbon-12 is stable, whereas carbon-14 forms continuously in the upper atmosphere when cosmic rays from nuclear reactions on the sun bombard stable nitrogen atoms (14N), capturing a neutron and releasing a proton to form carbon-14. The atoms of carbon-14, along with those of the stable carbon-12, combine with oxygen to form CO2. This carbon dioxide mixes rapidly through the atmosphere and hydrosphere (the oceans, lakes, rivers, underground water and glaciers). Plants incorporate the 14C into their tissues, which is subsequently incorporated into the tissues of animals feeding on them. Carbon-14 reverts very quickly to nitrogen through beta decay. However, as long as the organism is alive, new carbon-14 continuously enters its tissues, where it reaches a concentration equal to the concentration of carbon-14 in the atmosphere and hydrosphere. As soon as the organism dies, decayed carbon-14 can no longer be replaced and decreases steadily. The amount of carbon-14 can be measured indirectly by counting the beta particles that are emitted from a sample as it decays. For example, after about 5730 years, the number of beta particles being emitted per unit time is half of that during the life of the organism. Currently, high-energy particle accelerators are used to directly measure the number of carbon-14 atoms in the sample, which can be 1000 times smaller than that required by the older method.

ii) Other dating methods include a variety of techniques. 

Varve dating involves counting the number of varves in an exposure, which can indicate the length of time the succession took to accumulate.

Tree-ring dating employs the seasonal growth (annual) rings in trees of the same area, which show the same patterns. The thickness of each ring reflects the climate of that particular year; for example, rings grown in wet years are thicker than those formed during dry years. By examining trees of overlapping areas, a continuous record of tree-ring variation can be built up. In the USA, this has been extended to about 8254 B.P.

Amino acid dating. When fossil bones age, there is a known rate of change in the ratio of two different forms of amino acid. After a long period of time, the two types are equal in abundance. Calculating the ratio of the acids gives an approximate age for materials that have not been thermally altered and are between 200 years and 1Ma old.

Fission-track dating. Nuclear particle fission tracks are produced by the spontaneous fission of uranium, when high-energy particles are fired off the nucleus. By polishing and etching the crystal surface with a strong solvent, the tracks can be counted under an electron microscope. Comparing the track density as calculated under an electron microscope with the original number of uranium atoms (which is determined by bombarding the sample with neutrons in a reactor, so that a second set of fission tracks is produced), the age can be determined. This method is particularly useful for rocks between 40,000 and 1 million years old.

b. Geologic time scale

By examining a great number of rock exposures in different areas, a nearly complete record of the geologic time scale could be established. It is divided into eons, eras, periods, epochs and ages.

i) Eons are the largest formal subdivisions and are defined by very major events. The Precambrian comprises 85% of geologic time (4600-545 Ma) and is characterized by igneous and metamorphic rocks generally devoid of fossils. It is divided into 3 eons: The Hadean Eon spans the period from 4600-3800 Ma, during which the solid earth was being formed. No rocks of this eon are known on earth. The Archaean Eon spans 46% of earth history (3800-2500 Ma) and is characterized by the appearance of primitive bacteria and blue-green algae. It is followed by the Proterozoic Eon lasting from 2500 Ma to 545 Ma, during which complex, soft-bodied multicellular life and colonial bacteria were established. The succeeding Phanerozoic Eon encompasses the rest of earth history until today, being characterized by an explosion and multiplicity of life forms beginning with the Cambrian Period.

ii) Eras are the largest commonly recognized geochronologic units. The Hadean and Archean Eons are still to be subdivided. The Proterozoic consists of the Paleoproterozoic, Mesoproterozoic and Neoproterozoic Eras, whereas the Phanerozoic is subdivided as follows: The Paleozoic Era (from Greek words meaning “ancient life”) was marked by the first appearance of animals with hard shells, such as clams. This era was dominated by invertebrates, with fish, land plants and amphibians also making their appearance. The Mesozoic Era (Gk. = “middle life”) was dominated by reptiles such as dinosaurs. The Cenozoic Era (Gk. = “recent life”) represents the time when mammals and flowering plants became dominant. 

iii) Periods are the fundamental geochronologic units, spanning 150-230 Ma in the Precambrian and 30-70 Ma in the Phanerozoic. Nine periods are recognized in the Proterozoic. In the Paleoproterozoic, the Siderian Period is characterized by banded iron formations, the Rhycian Period by layered complexes, the Orosirian Period by orogenesis, and the Statherian Period by the stabilisation of cratons. In the Mesoproterozoic, the Calymnian Period is typified by platform covers, the Ectasian Period by continued expansion of platform covers, and the Stenian Period by narrow belts of intense metamorphism and deformation. The Tonian and Cryogenian Periods of the Neoproterozoic are characterized by crustal stretching and global glaciation, respectively. In the Paleozoic, the Cambrian Period is named after the Latin name for Wales (Cambria). It is marked by the first fish and shellfish. The Ordovician Period is named after early inhabitants of Great Britain and is characterized by the first appearance of corals. The Silurian Period (also named after early inhabitants of Great Britain) marks the appearance of land plants and wingless insects. The Devonian Period is named after outcrops near Devonshire, England, and contains the first trees and land vertebrates (amphibians). The Carboniferous Period in Europe is broadly equivalent to the Mississippian and Pennsylvanian Periods in the United States. It was named after coal-bearing strata in north-central England. The Mississippian Period contains the first winged insects, whereas the Pennsylvanian Period hosts the first reptiles. The Permian Period takes its name from a Russian town of this name west of the Ural Mountains. It marks the transition from reptiles to mammals. The Mesozoic Era consists of the Triassic Period (named after strata in Germany), which was the beginning of the age of large reptiles. The Jurassic Period (named after the Jura Mountains between Switzerland and France) is characterized by the presence of birds and mammals. The Cretaceous Period (from the Latin for chalk, creta), was a time when flowering plants were dominant and dinosaurs were at their peak. The Cenozoic Era is composed of the Tertiary and Quaternary Periods. These names were proposed for strata in the Alps and northern France during the 18th and 19th centuries. During the Tertiary Period, the first large mammals, grasses and hominids made their appearance. The Quaternary Period was marked by the first modern humans.

iv) Epochs have an average time-span of about 15 Ma and are commonly named after geographic places (e.g. the Namurian Epoch), their position within the geochronologic time-scale (e.g. Late Devonian) or from Greek word derivations (e.g. Miocene). Some epochs are characterized by the appearance of new life forms, e.g. the Paleocene (first grasses), Miocene (first hominids) and Pleistocene (first modern humans).

v) Ages have time spans of 3-10 Ma and are also the smallest units with a worldwide significance in the standard geochronologic time-scale. Most ages have been given geographic names.

vi) Chrons have the lowest ranking in the geochronologic scale, taking their names from the stratigraphic units on which they were originally based.

B. Stratigraphic Information

1. Outcrops

a. General field procedures

i) Selection of outcrops. The choice of particular outcrops for detailed stratigraphic studies depends on the general nature of outcrops in the study area. In some regions, particularly tropical and sub-tropical areas, extensive weathering causes a scarcity of outcrops, which are normally also of very poor quality. In such areas it is best to search for outcrops along the coast, river valleys or mountain ridges, where the higher rate of erosion tends to expose fresher rocks. Road and railway cuttings are also suitable places to search for outcrops. In areas such as semi-deserts where outcrops are fresh and abundant, sites are chosen on the grounds of their accessibility, completeness of exposure and structural simplicity. Much time can be saved by studying topographic maps and aerial photographs beforehand, in order to identify the best possible sites.

ii) Equipment required for stratigraphic studies consists of a field notebook and pencil, geological hammer, 30 m tape, a Brunton or geological compass, sampling bags, marker pen and hand lens. Additional equipment can include a Jacob staff, plane table and theodolite or alidade, Abney level, as well as grain-size and rock color charts.

iii) Facies code system. To facilitate the recording of vertical sections, a facies code system may be used, for example:

                                 Contacts          e = erosional

                                                          p = sharp

                                                          g = gradational

                                                           i = intercalated

                                                          u = unconformable

                                 Lithology:        C = conglomerate

                                                          S = sandstone

                                                          I = siltstone

                                                          M = mudstone

                                                          L = limestone

                                 Sedimentary    s = structureless (massive)

                                 structures        h = horizontal stratification

                                                           tx = trough cross-stratification

                                                           hx = high-angle tabular cross-stratification

                                                           lx = low-angle tabular cross-stratification

                                                           rx = ripple cross-lamination

                                                           d = distorted bedding

                                                           b = bioturbated bedding

                                 Grain-size        vc = very coarse

                                                           c = coarse

                                                           m = medium

                                                           f = fine

                                                           vf = very fine

The thickness is usually recorded in cm. The convention is to work from the base upward and to record this succession from left to right. For example: 

                                              Slxvf(30)gM(20)eSscc(25)

indicates a 30 cm thick, low-angle cross-laminated, very fine-grained sandstone overlain with a gradational contact by 20 cm of mudstone, which in turn is erosionally overlain by 25 cm of very coarse, massive sandstone.

Additional, more extensive notes should be made to describe the lateral continuity of the strata and other aspects not recorded in the basic code log. 

iv) General descriptions. Features in all rock types that should be recorded, include lithology, constituent minerals, fresh and weathered color, grain-size and texture, topographic expression, contact and lateral relationships, and thickness. In sedimentary rocks, the cement or matrix, porosity, bedding, sedimentary structures, and fossils should be recorded as well. Layered igneous rocks must also be described according to structures, inclusions, shape, and relation to adjacent rocks, with an interpretation as to their mode of emplacement. The description of metamorphic rocks must include the type of cleavage or foliation, index minerals, and an interpretation of the type of metamorphism.

v) Samples should be taken of each unit for subsequent petrographic and/or geochemical studies. Unknown fossils should also be sampled for later identification, especially where the latter requires laboratory techniques (e.g. bryozoa). They are labeled according to the type of sample (rock or fossil), the locality, and position in the stratigraphic sequence. Samples should be fresh and about the size of half a brick, so that thin sections can be made and chemical or other analyses performed in the laboratory.

b. Measured profiles
Measured sections form the basis for most stratigraphic studies. Such profiles are used to gather information about the succession of strata, lithological changes, thickness of formations, vertical distribution of fossils, etc. Different profiles are measured in the study area, which are then correlated on the basis of the lithological and paleontological characteristics of the formations.

Horizontal strata can be recorded directly with a measuring tape, Jacob staff and Brunton compass or hand level, or an altimeter in the case of sufficiently thick formations. Where outcrops cannot be reached (for example where a cliff is located on the other side of a river), it is still possible to determine the thickness by using trigonometric relationships. In the case of tilted beds the dip must be taken into account so that the true thicknesses can be determined. 

2. Boreholes

a. Lithologic logs
These logs are descriptions of the properties of a stratigraphic succession as observed in borehole cores or chips. Such a description can include factors such as the rock type, color, mineral composition, sorting, porosity, permeability, microfossils and sedimentary structures, which are represented in stratigraphic columns by symbols. In petroleum geology, columns are drawn so that an increase in formation width to the left indicates an increase in grain-size and resistance to erosion.

i) Borehole core is the best method for gathering lithologic and stratigraphic data, but is much too expensive to use on a continuous basis. In deep oil exploration wells, diamond-drill core is normally used only in the oil-bearing horizons. The diameter of such cores varies between 5 and 15 cm. The depths are determined by adding all the rod or cable lengths, as the core lengths do not always agree with geophysical depths. In soft formations, for example, there is often a loss of core due to crumbling, and it is normal practice to assume that the missing part belongs to the base of the interval. Mistakes can also occur during the process of sampling, for example by storing the core upside down or out of sequence. Normally the borehole cores are marked with a red line on the left-hand side and a black line on the right when it is viewed with the right side up. Arrows on the core also point upward, whereas the depths are indicated not only on the core trays but also on longer cores themselves. It is always essential, however, to compare cores with geophysical logs to determine the true depths. One of the most important uses of cores is to calibrate geophysical logs by direct comparison.

Lithological properties such as grain-size can be determined directly from the core with the aid of a grain-size chart, hand lens or binocular microscope, but the core can also be used for thin sections, chemical analyses or micropaleontologic studies. Diluted hydrochloric acid (10%) is used to determine the presence of CaCO3. The core is normally split in 2 parts for this purpose, so that at least part of it is not destroyed in the process. Splitting should always be parallel to the maximum dip of cross-lamination in the core. To emphasize sedimentary structures, the core is sprayed with water. In oil-saturated cores the water will remain on the surface, but in permeable formations it will infiltrate the rock. Residual hydrocarbons can also be determined with ultraviolet light, which indicates that the formation is very dense or that the oil is heavy. Good reservoirs with light oil usually show no signs thereof in the cores, as it is washed out by drilling mud during the drilling process. Expanding shales should always be noted as these may indicate the presence of bentonite, which may have a volcanic origin. Such zones are good stratigraphic markers.

ii) Sidewall core is taken with special techniques after the hole had been completed. The most common method is to shoot a hollow, cylindrical “bullet”, which is about 2-3 cm long and 1.8 cm in diameter, into the sidewall. As the depth can be determined quite accurately in this case, it is a good correlation method, but due to the explosion the sample is often cracked so that petrologic properties such as porosity may be affected. A new technique that eliminates this problem is to drill the sample out. In both cases a single sample is too small, however, to be representative of the formation, so that a series of samples normally have to be taken.

iii) Chips are released by a falling or turning bit and transported upward under high pressure by the drilling mud. The lithologic log composed from chips is therefore known as a mudlog, on which properties such as the drilling rate, bit changes and gas record are recorded. On surface the mud is shaken through a metal sieve to recover the chips. The lithology is recorded in percentages of total recovery per depth interval, which is taken every 2-25 m, depending on the drilling rate. The time required for the chips to be transported to the surface is known as the time lag, which must be taken into account to determine the true depth. A sample drilled at a depth of 3000 m, for example, can take longer than an hour to reach the surface. The drilling rate is thus required as a basic curve for the mudlog and helps to delineate the true thickness of the formations more accurately. Contamination with other rocks higher up is always a problem and the first arrival of a new lithology on the surface is therefore more important than the true percentages. Unconsolidated sand and evaporites normally do not render chips, so that these may be easily mistaken for shales.

b. Mechanical logs
Mechanical logs determine physical properties of the rocks, such as the hardness or rate of caving.

i) Caliper logs measure the diameter and shape of the hole by means of two to four mechanical arms pressing against the sides of the hole. The curve deflects to the right of the bit width if the hole is wider, and to the left if it is smaller due to mud encrusting or the expansion of clay minerals. Massive limestones, lime-rich shales and older, denser formations are usually characterized by no deviations from the bit width. Deviations to the right are typical of unconsolidated shales. Oval-shaped cavities can be the result of joint sets, especially if these show a constant orientation. Smooth deviations to the left are commonly due to the encrustation of drilling mud, which takes place only on permeable formations. Irregular deviations to the left are usually due to expanding clays such as smectite. Another important use of caliper logs is to determine the quality of other logs, as caving affects the accuracy of the latter. Modern instruments such as the “Borehole Televiewer” and “Volumetric Scan Tool” use a rotating acoustic signal to depict a 3-dimensional image of the borehole shape.

ii) Drill-time logs record the time it takes to drill through a specified thickness of rock, taking into account the pressure exerted on the drill-bit. They therefore record the hardness or drilling resistance of the rock.

c. Geophysical logs

These depict the geophysical properties of the rocks as graphs, found by lowering certain instruments into the open borehole. They can be divided into two groups:

i) Spontaneous logs deal with natural properties of rocks such as temperature or radioactivity.

Temperature logs are important for the study of petroleum source rocks and the maturity of hydrocarbons. As temperature also affects properties such as the electrical resistivity of the rocks, these logs can be used to correct the latter. Rocks differ with regard to their ability to conduct heat: e.g. shale has a very low conductivity, whereas salt is a very good conductor. The former will therefore show a high thermal gradient from top to bottom, as it takes a long time to redistribute the heat. In determining the absolute temperatures of the different formations, a correction has to be applied for the fact that the drilling mud is cooler than the surrounding rocks, as it can take months to reach temperature equilibrium.

Self-potential logs (SP-logs) measure the natural electric potential between an electrode in the borehole and a reference electrode on the surface. The main functions of these logs are to measure the resistivity of formation water and the permeability of the rocks. SP-currents only flow if there is a conductive fluid in the borehole, where a permeable bed is surrounded by impermeable formations, and where there is a difference between the salinity or pressure of the borehole water and formation water. The latter effect causes a spontaneous electrical current between the two fluids, which is based on two principles. Diffusion potential develops where the fluids come into direct contact through a porous medium, whereas a shale potential forms where shale is present as a semi-permeable membrane between the two fluids. The two potentials have opposite polarities so that a positive charge develops in the drilling mud opposite shale and a negative charge opposite sandstone. A spontaneous electrical current therefore flows between the drilling mud, shale and sandstone, with the strongest current at the contact of the formations where there is a sharp difference in potentials. Only differences in the SP are registered and no absolute values. The measurement is in millivolts and is shown negatively to the left and positively to the right on the graph. The resolution of bed contacts is commonly poor and SP-logs should therefore not be used to determine them. Where it is necessary, however, due to a lack of other information, contacts should be drawn opposite the points of maximum slope on the curve. All values are read relative to the zero- line or shale base. Any deviation from this line indicates permeable rocks, although the magnitude of the deviation is not necessarily related to the degree of permeability itself. On the other hand, not all permeable rocks show a positive SP-deviation either. Such deviations are only characteristic of fresh formation water or even mineralization, whereas coal or lignite can show strongly negative values. SP-logs are also commonly related to relative grain sizes and can therefore be used to identify cycles.

Gamma logs show the natural radioactivity of formations, which is due to their concentration of uranium, thorium or potassium. Spectral gamma logs can distinguish between these elements by isolating their different peaks in energy windows. The intensity of radioactivity, which is measured, is also a function of the density of the rocks, which influences the Compton scattering of the gamma rays. Denser rocks cause a larger scatter and therefore show lower values. The intensity is shown in API (American Petroleum Institute) units, which means that all instruments are calibrated relative to a standard in Houston, Texas. The scale usually varies between 0 and 150 API. Factors that can influence the values include the speed with which the scintillometer or spectrometer is lowered in the borehole, large-scale caving of the sides and the type of drilling mud used. The highest average radioactivity of all sedimentary rocks is shown by shale, so that this type of log is used mainly to determine the volume of the latter. As uranium does not have a regular distribution in shale, however, it is better to deduct the uranium values from the spectral gamma log when determining such volumes. Black shales contain a lot of organic material, which is associated with high uranium concentrations. Most sandstone shows low gamma values, so that these logs are useful to indicate grain-size variations. Minerals such as feldspar, glauconite, zircon and monazite, as well as lithic fragments and mud clasts can also cause high values. Evaporites such as salt and anhydrite are usually characterized by very low values, but certain types such as potash contain potassium and therefore display strong peaks. Coal commonly shows very low values, although exceptions may occur in areas with uranium enrichment. Basic igneous rocks are characterized by low radioactivity. Sharp gamma peaks are typical of unconformities, where uranium concentrations due to heavy minerals or secondary enrichment with associated phosphates or organic matter may be responsible.

ii) Induction logs measure the response of the rocks when subjected to certain processes (e.g. bombardment with gamma rays or neutrons).

Sonic logs record the propagation time of sound waves through a specific thickness of a formation and are therefore the inverse of sonic velocity. The latter is recorded in m/sec and the sonic log is symbolized as (t. Sound waves are propagated mainly along the borehole side with little penetration (12 cm - 1 m). The resolution of bed thicknesses is dependent on the distance between the receivers, which is about 60 cm. The propagation time is a function of the porosity, density, grain-size, gas saturation, temperature, pore pressure and compaction of the rock. Abnormal pore pressure and an increase in the organic content are indicated by a decrease in sonic velocity. Additional factors affecting the propagation time include sustained exposure to drilling mud and caved-in boreholes, so that sonic logs should be taken as soon as possible after completing the bore-hole. Lithologically they can be used to distinguish between carbonates (high velocity), sandstone (intermediate) and shale (low to intermediate), although many variations occur. The method is however well suited for stratigraphic correlation as the formations are apparently characterized by their own typical velocities. 

Electric resistivity and induction logs both measure the ability of a formation to conduct electrical currents. Induction logs measure the conductivity in milliohms/m, whereas resistivity is expressed in ohms.m2/m. The conductivity of electrical currents depends mainly on the salinity of fluids within the rocks and shows a direct positive correlation with the latter. Porous formations with brackish water therefore have a lower resistivity than rocks containing fresh water, but the same rocks with hydrocarbons will show a very high resistivity. Resistivity logs are therefore used mainly to find oil occurrences. The texture of the rock is also directly involved in its conductivity, as it determines the length of an electrical current in the way the pores are connected, as well as the volume of the fluid. In shales, clay minerals also play an active role, as the conductivity increases with the surface area of the clay so that montmorillonite has the lowest resistance. Another factor that has to be taken into account is the nature of the drilling mud, which may consist of salt water, fresh water or oil-based types. This replaces the formation water directly next to the borehole and therefore influences the readings. This effect is even more complex where oil occurs in the rocks, as differential replacement, which is not well understood at present, begins to play an important role here. Gas is more mobile and starts to move into the replaced part, so that the balance is restored more quickly.

The fluid resistivity is expressed as Rw. The formation resistivity factor (F) is related to the rock composition and texture. It normally varies between 5 and 500, with good, porous sandstones having an F-value of about 10, and non-porous limestone showing a value of 300-400. F is independent of the type of fluid in the pores and together with it determines the total resistivity Ro.
Ro = FRw
The bed resolution of resistivity logs is very high, especially where micro-equipment with a shallow penetration ability is used. By contrast, induction logs have a low resolution showing the bedding planes only vaguely. It has a deeper penetration ability, however (1-5 m). For general lithologic properties, induction and deep penetration logs work best; for textural studies logs with shallower penetration ability are preferred; and for sedimentary structures, micro-resistivity logs are used. With an increase in the density of the rock, the curves for shallow and deep penetration will plot closer to each other, whereas an increase in porosity will be accompanied by a separation of the curves.

Although resistivity logs do not allow direct identification of rock types, they do indicate general characteristics and subtle variations in texture. Shale and sandstone normally have a low resistivity, limestone and dolomite are commonly high, and evaporites and coal are high to very high. Organic matter also causes an increase in the resistivity and can thus indicate oil source rocks. Metals such as pyrite show a very low resistivity. Compaction is shown by a linear increase in the resistance of shale, whereas inverted values usually indicate abnormal pore pressure.

Density logs measure the density of the minerals as well as the pore fluids of the rock. The technique uses collimated, medium-energy gamma rays and Compton scattering, which is a function of the number of electrons contained by the minerals. Borehole and mud-cake corrections are automatically applied. The penetration depth is very shallow (less than 10 cm), but the resolution of beds is good (50 cm - 1 m). 

A clean quartzite will have a density of 2.65 g/cm3, but a porous, water-saturated sandstone only 2.49 g/cm3. These logs are consequently used to determine the porosity and indirectly also the hydrocarbon density. Organic matter in shale normally decreases the density, so that oil source rocks and a high ash content in coal beds can be determined in this way. It is also a useful method to assist in identifying the lithology and mineralogy when used in combination with a neutron log. Coal, for example, has a low density (1.2-1.8 g/cm3) and pyrite has a high density of 4.8-5.2 g/cm3. Other uses are to determine the degree of compaction and even the relative age of shales, while it can also indicate abnormal pore pressure zones. Where the density as determined from sonic logs is much higher than that derived from gamma curves, joints are probably present.

Neutron logs give a continuous record of the reaction of a formation to neutron bombardment. It is expressed as units of neutron porosity, which is related to the hydrogen index of the formation and is deduced directly from the latter. The scale varies from 45 (left) to –15 (right). Rocks absorb neutrons rapidly when they contain abundant hydrogen ions, which is directly related to their free, bonded or crystalline water content. In pure limestones the neutron porosity is the same as the true porosity, but other rocks require correction factors as the matrix can influence the logs. Water-saturated sandstone with 20% porosity will differ, for example, from saturated limestone with the same porosity. The log is calibrated against limestone and is sometimes called the limestone curve. The penetration depth during normal use is only 15-25 cm, with a maximum of 60 cm in dense formations with a low hydrogen index. Bed resolution is very good (40 cm – 1 m). 

Qualitatively, neutron logs can be used to distinguish between oil and gas, as gas has a very low hydrogen index, whereas oil is the same as that of water. The logs can also be used directly to determine the lithology and mineralogy. In shales and clay layers abnormal porosities are recorded, which are due to abundant free and bonded water as well as crystalline water. Compaction will initially redistribute the first two types of water, but cause a sharp drop in the porosity at a certain depth. This sudden decrease is especially noticeable in the case of smectite, which dehydrates at about 2000 m. An increase in the quartz content of rocks usually decreases the hydrogen index and the neutron value, so that cyclic changes in formation composition can be determined easily, as for example in delta deposits. Evaporites such as gypsum and polyhalite contain a lot of crystalline water and therefore show high neutron values, whereas salt and anhydrite show zero-values, as they contain no water. Intrusive and volcanic rocks have high neutron values due to chemically bonded water, which is associated with high densities. As the matrix also influences the relationship, the curves for other rocks deviate from the limestone curve. Pure sandstone will plot to the left of the limestone line and a pure dolomite to the right.

Used in conjunction with density logs, neutron logs are among the best available methods to determine the lithology. Both logs show the porosity of the formations and should theoretically coincide. This is however only true in the case of pure limestone, where the neutron porosity index plotted against the density shows a linear relationship. Where the logs are superimposed on similar scales, pure sandstones will display a slightly negative separation (i.e. with the density curve to the left of the neutron curve) and pure dolomite a positive separation. Pure shale shows a large positive separation, and as the percentage of quartz increases the separation decreases. Gas shows a similar large, but negative separation on such combined logs.

Dipmeter logs calculate the apparent dip of thin laminae by comparing detailed micro-resistivity curves of the borehole sides. The log plots the dip angle and direction against the borehole depth. Modern dipmeters make use of 8 curves and give a reading every 12.5 cm, which in some cases may be a disadvantage instead of an advantage, as too many data can mask larger scale trends.

Three main fabric types are evident. The first type consists of two populations with flat surfaces, viz. the bedding surfaces which may be subhorizontal, and cross-laminae which can dip steeply. The second type consists of progradational concave-upward curved sets. The successions can be 10ths of meters thick showing coarsening-upward zones with thin shale interbeds. This fabric is typical of prograding barrier islands, deltas and submarine fans. The third type is isotropic and may occur in conglomerates, grain flows and convoluted or slumped beds. The data are analyzed with a suitable computer program and shown in a so-called tadpole plot. Four patterns are distinguished, namely those showing no specific orientation, those showing constant dips (green), an upward decrease in dip (red), and an increase in dip (blue).

d. Combined logs
These are used for the final interpretation of the lithology, by plotting all the different types of logs together. This is systematically interpreted by taking all the factors into account. In a sandstone-shale succession, for example, the mudlog may show 40% sandstone and 60% mudstone. The gamma log may however remain high, which usually denotes shale. The resistance and sonic logs will not be diagnostic in this case, but the density/neutron log combination will indicate shale clearly against sandstone, limestone or dolomite. Sandstone is selected, however, as it will appear in the mudlog. The SP-log may show that the sandstone beds coincide with permeable horizons, which show mud encrustation on the caliper log. The anomalous gamma log may thus be due to abundant feldspar, micas or other radioactive elements in the sandstone.

For computer-supported interpretations quantification of the lithology is essential, in other words numerical values must be allocated to each lithology. For single log quantification, histograms can be drawn to distinguish between different populations. In double-log quantification two values are plotted against each other to try and demarcate fields typical of the specific rock types. Multi-log quantification makes use of statistical methods such as discriminant and component analysis.

The final representation of the lithology (known as the final, combined or completed log) can be in written form or shown graphically in specially prepared carton strips or composite graphs. The lithology is shown by means of standard symbols, which should not be complicated by too many details. This is used as a database for stratigraphy, correlation and the interpretation of sedimentary environments. 
3. Laboratory Studies

As many details of lithology cannot be easily observed in the field, laboratory analysis of samples is often required. This can include several methods.

a. Binocular microscope
Crushed samples are examined to determine features such as the mineralogy, grain size, sphericity, roundness, surface texture, effervescence of the matrix, cement or grains, and fossil fragments.

b. Petrographic microscope
Thin sections are made and studied to determine the quantitative composition, texture, microfossil content, etc. In some cases, where minerals may be difficult to distinguish from each other under the microscope (e.g. untwinned feldspars, dolomite and calcite), the uncovered thin sections can be stained with specific chemicals.

c. Heavy mineral analysis
Heavy and light fractions are separated using heavy liquids or electromagnetic separators. The heavy minerals can then be studied using a binocular microscope or mounted on slides to be examined under the petrographic microscope.

d. Textural analysis
Where rocks are friable and easily crushed, the particle-size distribution can be determined by crushing and sieve or settling tube analysis. If the rocks are more consolidated, thin sections have to be used, employing special graphs to convert thin-section sizes to sieve sizes. The shape, roundness, surface texture etc., can also be analyzed using special techniques.

e. Insoluble residue analysis
This technique is used especially in the case of carbonate successions with a homogeneous character. The carbonates are dissolved in acid and the insoluble residue is used to differentiate between the units.

f. Chemical analysis
Quantitative spectroscopic chemical analysis of limestones, dolomites and shales can produce useful data in differentiating otherwise homogeneous sequences.

4. Geophysical Surveys

a. Magnetic surveys

The magnetic field of the earth is measured, either from an aircraft or from a number of stations on the ground. Points of equal magnetic value are connected by means of isogams, which indicate positive or negative anomalies. Although these “highs” and “lows” may reflect the structure, they are more often indicative of changes in the rock composition. Large positive anomalies, for example, are commonly associated with deposits of magnetite, ilmenite or pyrrhotite.

b. Gravity surveys

The gravitational attraction of the earth is measured at a number of stations. The field data must be corrected for latitude, elevation and the Bouguer effect, which takes into account the density of material between the station and the reference plane (e.g. sea level). The values are contoured by means of isogals. Gravity minimums could indicate the presence of thick salt beds or domes, whereas maximums may be due to igneous intrusions.

c. Seismic surveys

Seismograph surveys use sound waves produced by dynamite explosions in the air, water or in shallow boreholes. Detecting and recording devices automatically indicate the time at which the wave arrives at the detector. This depends on the refractive or reflective nature of the strata, which in turn is related to their elasticity and density. At the interface between strata of different acoustic impedance, some seismic waves are reflected back to the surface while others are refracted and travel along the refracting interface for some distance before they return to the surface. Two types of seismic surveys are therefore used:

i) Reflection seismograph surveys measure the time elapsed between the moment of detonation and the arrival of a reflected wave at the detectors. Where an acoustic impedance interface can be consistently identified over a wide area, it constitutes a geophysical marker bed, which is commonly the bedding plane of some geological rock unit. Reflection seismology is better suited for detail surveys than refraction seismology, so that the shot holes are generally more closely spaced and the detectors are placed so that they overlap.

ii) Refraction seismograph surveys measure the time required for the refracted wave to travel from the shot point down to and along the refracting layer and back to the detector. This method is less accurate in its depth perception than reflection, but is nevertheless useful to demarcate, for example, the basement morphology.

d. Radiometric surveys

These surveys can be done by aerial or ground traverses using a Geiger counter, scintillometer or spectrometer. Shales are commonly more radioactive than sandstones, especially where they contain a lot of organic matter, so that this method may be useful in reconnaissance mapping. It can also show up faults by straight lines of anomalous readings.

5. Geochemical Surveys

This method is used to measure the percentage of certain chemical elements in the rocks or soil cover. Samples are collected over a wide area, either at the surface or from very shallow depths, and analyzed by chemical, fluorographic or spectrographic methods. The results are plotted on a map and contoured.

6. Aerial Photography

a. Introduction

Aerial photographs can be taken vertically or oblique, but the latter has the disadvantage that the scale is greatly distorted towards the horizon. High altitude vertical photographs minimize relief displacement and show a relatively large area on a single photo, facilitating the study of regional relationships. However, stereoscopic analysis is limited and the color balance deteriorates with altitude. Photomosaics are sometimes used for regional studies.

b. Qualitative photo-interpretation

Photographic analysis is used to produce reconnaissance geological maps and to correlate strata over large distances. A number of characteristics are used to identify and trace lithologic formations.

i) Climate. As significant differences in landforms result from climatic effects, this must be taken into account in photo-interpretation. For example, in warm, humid areas, chemical weathering takes place very rapidly, so that most igneous rocks will weather very quickly. A dolerite dike may thus form a gully in quartz-rich sandstones, which are chemically stable, under these conditions. In dry areas, however, dolerite will stand out as a ridge among sandstones due to its hardness.

ii) Landforms associated with stratigraphic units can assist in identifying their lithology. For example, volcanic cones and lobate patterns can help to identify lava flows. Sedimentary terrains are identified by a distinct banded appearance, which is due to the erosional etching of hard and softer strata. Mesas and buttes commonly indicate horizontal strata. Salt and igneous diapirs give rise to prominent domes forming circular or elliptical outcrops. Metamorphic rocks are often recognized by a prominent topographic grain parallel to the foliation.

iii) Vegetation can obscure the surface geology, but also provide information on the lithology. Plant communities are often specific to certain rock types and soil: for example, conifers often prefer carbonate rocks. Faults and prominent fractures can also be shown up by dense vegetation due to the increased presence of groundwater.

iv) Tone or color depends on the mineral composition and grain-size of the rocks, which reflect the light in different ways. Fine-grained rocks are commonly darker than their coarser-grained equivalents, whereas acidic igneous rocks show lighter tints than basic rocks due to the presence of dark minerals such as pyroxenes and amphiboles in the latter.

v) Drainage patterns of streams can reveal much about the underlying rocks. Dendritic patterns are associated with flat-lying areas of uniform composition with little structural control, such as massive intrusive rocks, strongly metamorphosed rocks or near-horizontal sedimentary rocks. A trellis pattern develops in areas of tilted sedimentary rocks due to alternating resistant and less resistant beds. Rectangular patterns may develop due to structural control of intrusive rocks or coarse sedimentary rocks with two sets of joints normal to each other, or in some cases can also occur in tilted sedimentary rocks. Radial patterns are typical of domes, volcanic cones and other types of conical hills. Centripetal patterns form in small basins or volcanic craters, whereas circular patterns occur where alternating hard and soft sedimentary strata have been pushed up in a dome. A deranged pattern is typical of glacial deposits where the post-glacial drainage has not yet been integrated into a well-defined pattern.

c. Quantitative photo-interpretation

Using overlapping vertical photographs, a stereoscope and stereometer, a 3-dimensional stereoscopic model is obtained which can be used to obtain quantitative data. Equations based upon the altitude of the camera above the land surface, the distance between the localities on the ground corresponding to the photograph centers (flight base) and the focal length of the camera can be used to determine the relative elevation of surface features. This in turn can be used to deduce features such as the thickness and dip of strata.

7. Remote Sensing

a. Introduction

Remote sensing is the science of describing distant objects or scenes by means of instruments, which extend the range of human perception from visible light to include most of the spectrum of electromagnetic energy. Remote sensing, strictly speaking, includes conventional geophysical methods such as magnetic, gravitational and particle radiation surveys. Instruments also extend the human perspective by providing observation at a variety of scales. Viewed in a regional or global context, tectonic and lithologic relationships often become clearer, thus permitting the interpretation of regional relationships that may not have been apparent in the field.

b. Lithologic mapping

Reconnaissance mapping by remote sensing is cost-effective and time-efficient. Lithological contacts can be extended over large areas with a minimum of ground control, and identification of rock types can be extrapolated on the basis of spectral or geomorphologic information. Conventional aerial photographic analysis techniques are in this case combined with the spectral properties of rocks and sediments. These can be determined in two ways:

i) Laboratory spectra determine the wavelength regions that show diagnostic spectral features for specific materials. They minimize the complications resulting from environmental factors such as atmospheric absorption and scattering, soil cover, vegetation and impurities. However, the absence of these factors can make extrapolation to naturally occurring materials risky.

Graphic granite, for example, displays absorption bands at 1.4, 1.9 and about 2.2  (m. Biotite granite has less water, so that the absorption bands diminish or disappear. Intermediate and basic rocks contain even less water and have an increased content of magnetite, which reduces the overall reflectance and decreases the size of spectral absorption features. However, the increased presence of ferric and ferrous iron produces diagnostic spectral absorptions near 0.7 and 1.0 (m, respectively. Ultrabasic rocks contain more opaque minerals and Fe+2 bearing pyroxenes and olivine, so that the ferrous iron bands at 1.0 and 2.0 (m are more pronounced.

Fossiliferous limestone has an intense absorption band located near 2.3 (m. Most limestones also display water bands at 1.4 and 1.9 (m. Sandstones typically show a band near 0.85 (m due to ferric oxide stain on the grains. Shales often contain sufficient carbonaceous material to mask spectral features. Metamorphic rocks display hydroxyl or water bands in their spectra, one of which is particularly strong at 1.4 (m.

ii) Field spectra. Reflective spectra acquired in the field are more representative of the spectral response recorded in images, as the sample size allows inclusion of the inherent variability in the stratigraphic unit. The natural environment also introduces surficial weathering effects, which can cause ambiguity in the relationship between the in situ reflectance of a rock and its internal minerals.

iii) Selection of spectral bands. By narrowing the sensed wavelength regions, better separation of rock units can be effected. However, the optional wavelength regions for separating stratigraphic units must be determined first by using techniques such as linear discriminant analysis. Other methods such as contrast enhancement can also be employed to highlight the lithologic differences.

8. Representation of Stratigraphic Data

a. Sections and Cross-sections

i) Columnar sections are used to express the stratigraphic data of measured sections. They show the sequence, interrelations and thickness of the stratigraphic units and illustrate the lithology by conventional symbols.

ii) Stratigraphic cross-sections do not show the topography and also ignore geological structures. The vertical scale is usually exaggerated in order to show stratigraphic detail. Stratigraphic columns are placed in their correct geographic positions and correlation between units is shown by means of lines. Fence diagrams show the 3-dimensional distribution of stratigraphic units.

iii) Geologic cross-sections are drawn to illustrate the relationship between stratigraphy, structure and topography. Exaggeration of the vertical scale in order to show stratigraphic detail distorts the relief and structure, however.

b. Stratigraphic Maps

Stratigraphic data can be displayed in various types of maps.

i) Maps based on the external configuration of stratigraphic units. Isopach maps consist of contours connecting points of equal thickness for single stratigraphic units. These maps require that the upper and lower contacts of the unit, or alternatively two marker beds, be intersected. They indicate areas of differential erosion, deposition or tectonic subsidence. Channel sandstones, for example, are thicker in the paleothalweg areas where most of the stream erosion took place. Areas of tectonic subsidence also show the greatest thickness. A lateral change in the rate of subsidence across a basin is known as a hinge zone, which is indicated by an abrupt change in the contour spacing. The zero-isopach indicates erosion, non-deposition or the margin of the basin, channel or other depocenter. 

Contact elevation maps illustrate the geometric shape of a contact by contours connecting points of equal elevation above or below a reference elevation (normally sea level). They can reflect the configuration of the contact due to erosion (e.g. the base of a channel) or deposition. Where deformation has occurred, these maps also indicate folds, monoclines and other tectonic structures, in which case they are referred to as structure contour maps.

Palinspastic maps eliminate the effects of tilting, folding and faulting to restore the original features of stratigraphic units before tectonic deformation. In the case of contact elevation maps, local differences in elevation due to erosional and depositional features are often masked by the larger contour intervals required to represent tilted or folded strata. The result can be considerable even at very low regional dips (less than 1°), depending on the extent of the study area and the relative variation in elevation of the original topography. To remove the effects of tectonic tilting or folding, trend surfaces can be constructed. First, a normal structure contour map of the relevant contact is prepared. In some cases, the general strike direction of these contours can be determined by eye. Alternatively, the “three-point method” used in structural geology can be applied to a number of widely spaced point elevations to calculate a mean strike for the trend surface. The study area is then covered with a grid, which is orientated with one axis parallel to the calculated mean strike of the folds. The mean elevation of the surface is determined along each of the strike-parallel grid lines by averaging their elevations at intersections with the complimentary grid lines, using interpolation to find the elevation of the surface at these localities. The mean elevations of the strike-parallel grid lines are subsequently plotted against their distance (normal to strike) from the relevant margin of the study area. A line of best fit through these points defines the trend surface in two dimensions. The strike lines of the trend surface can now be superimposed on the base map with the original structure contours, and the differences in elevation between the two surfaces are determined by interpolation at convenient points. Contouring these residual values records the original configuration of the contact before tilting or folding, as it has the same effect as restoring the trend surface to its horizontal position.

ii) Maps based on the composition of stratigraphic units. Isolith maps contour the total thickness of a specific rock type within a stratigraphic unit. They indicate the relative proportion of this rock type within the basin.

Percentage maps are similar to isolith maps, except that the thickness of a specific rock type is expressed as a percentage of the total thickness of the stratigraphic unit.

Ratio maps indicate the relative proportion of two to four rock types, using a simple ratio in the case of two lithotypes, a facies triangle in the case of three, and a tetrahedron in the case of four end members. Two sets of contours are required in the last case.

Entropy maps show the proportion of three rock types by contouring the deviation from a complete mixture of the end members (which has an entropy of 100%).

Heavy mineral maps depict the distribution or relative proportion of heavy minerals and are useful to determine the location and lithological nature of source areas.

iii) Maps based on the textural variation of stratigraphic units. Mean pebble-size maps of conglomeratic lithosomes are useful to define general transport directions. Normally, the average intermediate or longest axis of the 10 or 20 largest pebbles in the outcrop is used. If tectonic stretching of the pebbles is evident, it is better to use the pebble volume, which can be determined easily by water displacement in a calibrated bucket measure. 

Weighted mean grain-size maps are used for sandstone/mudrock sequences. Grain-size data are easily determined from measured sections and borehole core or cuttings using standard measures of comparison, such as the American/Canadian Stratigraphic grain-size chart. The chart is held flat against the rock surface and the mean grain-size is determined by direct comparison with the aid of a hand lens. This should be done for the base and top of every bed within the sequence, noting the bed thickness at the same time. In the case of percussion boreholes, the mean grain-size of a fixed number of randomly chosen cuttings should be determined for every sampling interval. To calculate the weighted mean grain-size of the whole sequence, each bed thickness is first multiplied by the average of the two median grain-sizes for the recorded class intervals. For example, if median grain-sizes of fL (fine lower) and fU (fine upper) were recorded at the base and top of a 30 cm thick bed, 30 is multiplied by 0.812 (mm). The sum of these values for every bed within the sequence is divided by the total thickness, which gives the weighted mean grain-size for the succession at the data station. Siltstone and mudstone can also be included by using the median values of their appropriate grain-size ranges (0.033 mm and 0.001 mm, respectively).

iv) Maps based on the biological variation of stratigraphic units. Biofacies maps can be very useful in paleogeographic reconstructions, as the fauna and flora indicate depositional environments across the basin (e.g. terrestrial, lacustrine, shallow or deep marine). Care must be taken that the fossils occur in situ and have not been transported away from their original habitat. Signs of excessive abrasion, disarticulated shells, and a disproportionately low percentage of juveniles can be indicative of transport.

Ichnofacies maps show the distribution of trace fossils, which help to identify sedimentary environments. They are almost always in situ. 

v) Composite maps. Different kinds of stratigraphic maps usually reveal certain shared features that may overlap in space. For example, paleostrandlines can be indicated by certain lithofacies and biofacies changes, but the position of the shoreline as depicted by a transition in lithofacies may not coincide exactly with the line separating marine from terrestrial fossils. Stratigraphic data, on the other hand, may fail to reveal the shoreline, but could provide useful information on other paleogeographic features not shown by biofacies or lithofacies maps. In these situations, it is convenient to combine all the available information into a single map.

Composite maps can be constructed by simply superimposing the isolines of various basemaps, but these are difficult to read and not easily interpreted. The method of Le Roux and Rust (1989) produces a single set of isolines by recalculating the data of the basemaps so that the latter make equal contributions to the final product.

As a first step, each map is allotted a standard percentage value (S) given by 100/n, where n is the number of basemaps. The range of numerical data on all the maps is then normalized by using a conversion factor (C), given by S/(Gh-Gl), where Gh and Gl are the highest and lowest value on each basemap. The numerical value at each particular data station (Gi) is converted by first calculating its transition value T, given by (Gi-Gl), and then multiplying T with the conversion factor C of the basemap. In some instances (as discussed in the example below), the converted values have to be inverted by subtracting them from S, whereafter the converted (V) and inverted (I) values of all the basemaps are added to produce a dimensionless combined data value Dc at each station. Additional adjustments can be made to take the absence of data at any station on one or more of the basemaps into account. In this situation a deficient combined data value (Dd) is calculated by using a station multiplier (M), given by n/k where k is the number of basemaps contributing data to Dd. Dd in these situations is given by DcM. 

Table 1 provides an arbitrary set of data to illustrate the technique. In this example, the lowest composite value will be taken as representing marine conditions, and the highest as reflecting a terrestrial environment. It is assumed that the marine environment is represented by the lowest contact elevations and the highest isopachous values (reflecting basin subsidence), and by the finest deposits, expressed as lithofacies values of 1 (fine) to 5 (coarse). Descriptive biofacies data in this example have been converted by assigning a numerical value to the habitat represented by each fossil: in this case 1 for marine, 2 for brackish, and 3 for terrestrial As four basemaps are used, the value of S is 100/4 or 25. For the basal contact elevation map, the conversion factor C is 25/(1057-1026) or 0.8065. The converted value for station 1 on this map, for instance, becomes (1034-1026)(0.8065) = 6.5. Isopachous values in this example have to be inverted so that the highest values conform to the lowest values of the other maps. Thus, using the conversion factor of 1.1905, station 1 becomes 25-[(53-43)(1.1905)] = 13.1. The converted and inverted values for each station on all four basemaps are then added to produce the composite value. For station 1, this becomes (6.5 + 13.1 + 6.3 + 0) = 26 (rounded). Station 3 is deficient with regard to biofacies data, so that the deficient combined data value is given by (4/3)(11.1) = 14.8, rounded to 15. Although the composite values are essentially dimensionless, the minimum and maximum for any data station are 0 and 100, respectively, so that these can be expressed as percentages.
C. Stratigraphic Relationships

1. Introduction

Stratigraphic relationships refer to the types of vertical or lateral contacts between different rock units, as well as the internal organization of successions of strata. The term lithosome refers to a rock mass with essentially uniform properties, which may interfinger with adjacent rock masses of different lithology. A lithosome may comprise more than one formation at different localities. The classification of lithosomes is based on their geometry: e.g. using the width: thickness ratio to distinguish among sheet, tabular, prism and shoestring deposits.

2. Vertical relationships between lithosomes

a. Conformable relationships

Conformable relationships exist where there is no indication of a break in deposition, and consist of several types: Sharp contacts are usually rare, localized and laterally tend to become unconformable. They normally develop in areas with slow deposition. Gradational contacts can be mixed, e.g. where sandstone grades into shale with the addition of clay, or continuous, where the sand grains decrease through silt to shale size. Intercalated contacts refer to the case where e.g. sandstone grades into shale through a transitional zone of intercalated sandstone and shale.

b. Unconformable relationships

i) Types of unconformities. Unconformable or discordant relationships indicate a break in deposition, either because of non-deposition or erosion. An angular unconformity is a surface separating tilted or folded strata from overlying, undisturbed beds. A non-conformity refers to an erosional surface on igneous or massive metamorphic rocks overlain by sedimentary deposits. A disconformity is an undulating contact separating essentially parallel strata, whereas paraconformities are parallel strata separated only by large gaps in time. They may thus be difficult to recognize. Diastems refer to local, small-scale unconformable contacts in sedimentary rocks, e.g. at the base of fluvial channels. Local unconformities usually develop along the edges of sedimentary basins or along the axes of synsedimentary anticlines. Regional unconformities extend over hundreds of kilometers, commonly throughout sedimentary basins. Most unconformities develop by erosion and can therefore reflect landforms such as hills, karst sinkholes and channels.

Unconformities can be recognized by several types of field evidence:

ii) Recognition of unconformities. Sedimentary evidence includes the presence of a basal conglomerate with clasts of the underlying formations, paleosoil profiles, zones of weathered chert or vein quartz fragments, glauconite or phosphate pebbles, and nodular manganese horizons.

Paleontologic evidence comprises sudden changes in fossil assemblages (e.g. deep marine fossils overlain by terrestrial fossils), gaps in evolutionary development, and the presence of bone-and-tooth conglomerates. The most important evidence however, is an abrupt change between fossils belonging to different periods (e.g. Devonian to Cretaceous fossils). 

Structural evidence may include features such as discordant dips above and below a contact, an undulating surface cutting through underlying strata, cut-off of intrusive dikes against a contact, and a significant difference in the number and complexity of faults on both sides of a contact.

Evidence from stratigraphic maps requires a careful evaluation of facies trends, isopachs etc., but can assist in detecting unconformities not easily recognized by other criteria. Discordant trends between lithofacies and isopachs, a sudden change in the spacing of isopachs, thinning of the uppermost units towards the zero isopach while the underlying beds maintain their thickness, and the location of the zero isopach in the lowermost beds instead of the overlying deposits, may all indicate the presence of an unconformity.

3. Lateral relationships between lithosomes

a. Pinchout boundaries

Lithosomes commonly pinch out laterally, with retention of their properties to the point of termination. Although the angle of pinchout is normally less than 1º, carbonate reefs and erosional channels can have much larger angles. Such zones may be good stratigraphic traps for oil and gas.

b. Interfingering boundaries

Lithosomes can also split into thinner units, which each pinches out individually. Intercalated zones of two or more lithosomes are thus formed.

c. Laterally gradational boundaries

These can be of the mixed or continuous gradational types, although the changes take place over larger distances than are typical of vertical boundaries. 

4. Combined vertical and lateral relationships

a. Walther’s law

Walther’s law states that vertical successions of facies or lithosomes without gaps (diastems or unconformities) must have co-existed laterally. Any uninterrupted vertical sequence is therefore a direct result of the lateral migration of sedimentary environments. As the latter are unstable, there is a continuous shifting of milieus relative to each other. This is especially noticeable along the edges of depositional basins, where small changes in sea level can cause large lateral shifts of the environment. Such relative sea-level oscillations can be caused by epeirogenesis, orogenesis and climate changes causing the formation or melting of ice caps.  

b. Transgression and regression

The following characteristics can be used to distinguish between marine transgressive and regressive cycles:

i) Coastal deposits are progressively shifted landward with transgression and seaward with regression.

ii) Sequence of environments. Deep-water sediments overlie shallow water sediments with transgression, and vice versa.

iii) Age of lithosomes. Lithosomes become younger landward during transgression and seaward during regression.

iv) Chronostratigraphic boundaries shift landward during transgression and seaward during regression.

v) Depositional boundaries of strata are covered and protected against erosion by younger units during transgression, but are eroded during regression.

vi) Pinchout and erosion. Individual lithosomes pinch out in transgressive cycles, but are abruptly cut off in regressive cycles.

5. Stratigraphic cycles

Geological events giving rise to stratigraphic cycles span time scales ranging from 10-1 years (e.g. volcanic eruptions) to 109 years (e.g. the breakup of continents).

a. Calendar-band cycles

These refer to minor cycles produced by seasonal weather patterns, for example glacial varves or fluvial discharge events.

b. Solar-band cycles 

Cyclicity with duration of 101 – 102 years may be caused by sunspots and other solar processes.

c. Milankovitch cycles (4th – 5th order cycles)

These processes take place over 104 - 105 years and are caused by variations in the earth’s orbital behavior affecting the distribution of solar radiation. This is known as orbital forcing. The formation of ice caps, for example, can cause global sea-level falls at a rate of about 1 cm/year, accounting for eustatic cycles within this time span.

Orbital forcing consists of 4 components:

· Variations in the orbital eccentricity (shape of the orbit around the sun), with major periods of 413 and 100 Ka.

· Changes of up to 3º in the obliquity of the ecliptic (tilt angle of the earth’s axis), with a major period of 41 Ka.

· Precession of the equinoxes (wobbling effect of the earth’s axis), with a major period of 23 Ka.

Timing of the perihelion (position of closest approach of the earth to the sun in an elliptical orbit), with a period of 19 Ka.

Each of these components may cause significant climatic fluctuations giving rise to meter-scale cycles. For example, when obliquity is low (i.e. the rotation axis is nearly normal to the ecliptic), more energy reaches the equator and less reaches the poles, causing a steeper latitudinal temperature gradient and lower seasonality. 

Modern stratigraphic studies have demonstrated the correlation of temperature curves, oxygen-isotope content and other variables in the Cenozoic record with ETP (eccentricity-tilt-precession) curves. Most Neogene stratigraphic sections in both clastic and carbonate-dominated successions are characterized by cycles of this order. The Upper Paleozoic cyclothems of the Northern Hemisphere, for example, are interpreted to be of glacioeustatic origin caused by orbital forcing.

d. Megacycles (3rd order cycles)

Stratigraphic cycles developed over time scales of 106 years (1-2Ma) are common in rifted and extensional margin basin settings, and are probably due to tectonic processes such as regional plate kinematics and volcanism. Their architecture comprises repeated transgressive-regressive packages of siliciclastic or carbonate sediments, forming tabular deposits on continental shelves or prograding clinoform slope wedges. Mixed carbonate-siliciclastic sequences are also common. In foreland basins, siliciclastic deposits are dominant, generally being composed of thick, proximal alluvial facies. Transgressive carbonate successions may occur on the distal ramp and forebulge of foreland basins. In forearc basins, sedimentation is controlled by tectonic subsidence, faulting and volcanism, whereas backarc basins have stratigraphic histories similar to those of extensional continental margins.

e. Supercycles (2nd order cycles)

Supercycles or sequences are generated by continental-scale mantle thermal processes and plate kinematics. These include eustatic cycles induced by volume changes in global mid-oceanic spreading centers, regional basement movement induced by extensional downwarp and crustal loading, and dynamic topography controlled by thermal processes. Their duration ranges from 10 – 100 Ma.

The following phases have been recognized:

· Initial, rapid basin subsidence with the development of numerous local unconformities in non-marine facies.

· Slower basin subsidence with deepening basin centers, marine transgression and differentiation of central marine and marginal non-marine facies.

· Development of local intrabasin uplifts and downwarps, causing pronounced facies variability.

· Renewed basin subsidence, causing maximum transgression with deposition of fine-grained sediments.

· Broad cratonic uplift, with a return to non-marine sedimentation.

f. Supercontinent cycles (1st order cycles)

These are very long-term eustatic cycles of 200 – 500 Ma duration, generated as a result of the assembly of supercontinents by sea-floor spreading and their subsequent rifting and dispersal. Four phases are recognized in the cyclic model:

· The fragmentation phase is the interval during which the supercontinent undergoes rifting and dispersion over a period of about 160 Ma. Oceanic crust is actively generated, so that it’s average age decreases. Young, buoyant oceanic crust and the presence of long, active, thermally expanded sea-floor spreading centers cause global rising of the sea level. Orogeny and the emplacement of felsic magma are at a minimum during this period, while continental mafic magmatism, with the emplacement of mafic dike swarms and mafic volcanism, is at a peak.

· The maximum dispersal phase is characterized by mature, extensional continental margins facing wide, old oceans. Cooling of the oceanic crust has taken place, and where it enters subduction zones, subduction-hinge rollback occurs together with backarc spreading. Continental magmatism and global heat flow is at a minimum during this stage, so that sea levels fall.

· The assembly phase closes the oceans, so that the average age of the oceanic crust increases and global heat flow rises to intermediate values. Convergent tectonism and felsic magmatism increase globally, resulting in enhanced continental relief, decreased continental area, and a corresponding increase in ocean-basin volume, with resultant low global sea levels.

· The supercontinent stasis phase is characterized by epeirogenic uplift of the new supercontinent, as heat builds up beneath it. The oceanic crust has an intermediate age, and the combination of elevated continental crust and intermediate ocean depths leads to a stage of maximum eustatic sea-level fall. Collisional orogeny is at a minimum, whereas subduction continues around the margins of the supercontinent.

Two extended periods of maximum marine transgression from the late Cambrian to the Mississippian and in the Cretaceous, as well as a period of maximum regression in the Pennsylvanian to Jurassic, can be related to these cycles.

D. Stratigraphic Classification and Analysis

1. Lithostratigraphy

a. Introduction

Lithostratigraphy is concerned with the organization of strata into named units on the basis of their lithologic character alone. This is the most commonly used stratigraphic scheme, and is generally the first aspect of any succession to be studied.
b. Definitions

A lithostratigraphic unit is a body of formations unified by a dominant rock type, combination of rock types, or by other unifying lithologic features. Such a unit may consist of sedimentary, igneous or metamorphic rocks, or an association of two or more of these, as long as a substantial degree of overall lithologic homogeneity is maintained. Fossils can constitute a distinctive rock-forming character, as for example in coquinas, diatomites, coal beds, etc. A lithostratigraphic zone (lithozone) is an informal lithostratigraphic unit (e.g. “oil-producing zone”) used to indicate an essentially homogenous body of strata, but for which there is not enough justification to designate it as a formal unit. A lithostratigraphic horizon (lithohorizon) is a surface of lithostratigraphic change or distinctive lithostratigraphic character, commonly the boundary of a lithostratigraphic unit or thin marker bed within a lithostratigraphic unit. A lithostratigraphic type locality is the geographic locality in which the strata are considered to be representative of a formally named lithostratigraphic unit or boundary. A lithostratotype is the original or subsequently designated type section representative of a formally named lithostratigraphic unit or boundary, which constitutes the standard for its definition and recognition. Lithostratigraphic correlation is the demonstration of the equivalence of units with reference to their lithology and lithostratigraphic position.

c. Types of lithostratigraphic units 

i) Formal lithostratigraphic units. The hierarchy of formal lithostratigraphic ranks is: Supergroup – Group – Subgroup – Formation – Member – Bed. The fundamental formal unit of lithostratigraphic classification is the formation, which is a body of rock strata of intermediate rank. All stratigraphic columns must be subdivided completely into formations. The thickness of formations can vary from a few meters to several kilometers, but it must be possible to map them on a scale of 1:50 000 and delineate them on cross-sections. Lava flows, intrusive igneous bodies and metamorphic rocks of suitable structure and petrologic identity may also be classified as formations. A member is always part of a formation, although formations need not be subdivided into members. These units may exhibit protrusive relationships or lenticular shapes and may extend from one formation into another, retaining their names.  A bed is a layer in a formation or member that is lithologically, visually or physically distinct from adjacent layers. It may be a few millimeters to a few meters thick and can pass laterally from one formation into another without changing its name. Generally, only distinctive layers (known as marker beds) are formally named. Two or more successive formations with unifying lithologic features may be assembled into a group. Although a group must always consist of formations, group status can also be given during reconnaissance work to a succession that can later be subdivided into formations. The component formations of a group need not be the same everywhere, which may be due to facies changes, non-deposition, offlap, onlap, metamorphism or intrusions of igneous rocks. The wedging-out of a formation or formations within a group may justify the reduction of a group to formation rank, retaining its name. The term supergroup is used when successive groups or groups and formations have unifying lithologic features. Subgroup may also be used when there is a need to distinguish an assemblage of successive formations from the rest of an already established group. A complex is a rock unit composed of diverse types of rocks (igneous, metamorphic or even sedimentary) which show a complicated structure. Complexes may include suites, which are the fundamental lithostratigraphic units of intrusive and high-grade metamorphic rocks. Suites refer to related lithologic units characterized by distinctive lithologic, mineralogic, textural or chemical features and are comparable to groups in rank. The terms intrusive suite, layered suite or metamorphic suite may be preferred in some cases.

ii) Informal lithostratigraphic units. Lithologic bodies to which casual reference is made and which do not justify designation as formal units are referred to as lithozones (e.g. coal-bearing zones) or as beds, members or measures (e.g. pebbly beds, shaly members, coal measures), which are always written in lower case. Industrial units such as aquifers, oil sands and ore-bearing reefs are considered to be informal even if they are named. Tongues and lenses are specially shaped forms of members or formations, but the term often depends on the exposure. Reefs are organic carbonates constructed by corals, algae or other sessile organisms. A reef may constitute a member within a single formation, or may extend vertically or laterally through two or more formations. They may be given geographic names if they are of sufficient size or importance, but remain informal unless followed by the terms “Member” or “Formation”. Slides, slumps, mud flows, olistostromes, olistoliths, diapirs, salt domes, veins, etc. are also informal units which may be given informal names. 

d. Lithostratigraphic boundaries

There are a variety of permissible choices in selecting lithostratigraphic boundaries. They may be placed at sharp lithologic contacts, arbitrarily located within transitional contacts, or can even be influenced by other practical considerations such as lateral traceability, physiographic expression, geophysical properties, economic aspects, etc. A local hiatus or minor unconformity should not prevent the grouping of strata into the same lithostratigraphic unit, but regional unconformities should not be included within such units. The lateral and vertical extent of lithostratigraphic units is controlled by the extent of their definitive lithologic features alone, i.e. they must have the same lithology and relative stratigraphic position as the stratotype, regardless of thickness variations and time implications. A series of isolated bodies having approximately the same lithologic character and stratigraphic position may therefore be recognized as a single unit. 

e. Lithostratigraphic correlation

Several criteria are used to establish lithostratigraphic correlation.

i) Lateral continuity. The simplest method of lithostratigraphic correlation is by tracing stratigraphic units along continuous outcrops, either by walking or by using aerial photographs or plane table mapping. In subsurface stratigraphy, closely spaced wells can also be used, with the aid of sample studies, electric logs, etc. Areas of rapid facies change require a greater density of control points.

ii) Lithologic identity. Sometimes certain rock units have very distinct characters (e.g. a red color), which can be used to correlate them over large distances. In the absence of such conspicuous features, a combination of finer lithological detail may be useful, for example heavy minerals and insoluble residues of carbonate rocks. Fossils may also contribute in this regard, without reference to their biologic or time significance. Subsurface correlation can be based on physical as well as geophysical properties.

iii) Position in sequence. Normally, each lithologic unit occupies a unique position with reference to overlying and underlying units. The stratigraphic succession, once established, therefore becomes a primary tool in correlation. Cyclical successions such as cyclothems are more difficult to accommodate, as similar successions are repeated. In this case the correct cycle must be determined first. In oil and gas exploration, it is sometimes necessary to correlate units even when there is a pronounced lateral facies change requiring a change of lithostratigraphic nomenclature. In this case, correlation by identity must be based on the stratigraphic position of the interval.

iv) Structural relationships. Lithologic units often have a definite sequential position in relation to unconformities, folds, faults, igneous activity and metamorphic effects. However, this method is seldom valid over broad areas or beyond the confines of a depositional basin.

f. Formal lithostratigraphic nomenclature

Formal lithostratigraphic names include 3 elements; namely a geographic name derived where possible from the stratotype or type area, a simple lithologic name related to the dominant rock type of the unit, and the rank term. The initial letters of all the words in the formal name are capitalized.

Formations, members and beds should be referred to by their full formal names. Once the complete name of a formal unit has been referred to in a single publication, part of the name may be left out subsequently, so that the name can consist of the geographic name and the rank term, or the geographic name and the lithologic term, or simply the geographic term. Groups and other large units are usually referred to only by the geographic term plus rank term.

The following guidelines govern the choice of geographic names: 

· Where more than one locality has the same name, it is unsuitable.

· Geographic names should not be duplicated within units and their respective subunits.

· Names are normally derived from published topographic maps. Where farm names are employed, these should be the original names, although modernization of spelling is allowed.

· The name of a high-ranking unit should be derived from a more extensive geographic feature or area than the names of its components.

· Arbitrary names may be used where it is not possible to assign an acceptable locality name, e.g. in the case of subsurface information.

· The established geographic name of the unit is never changed, even if the locality name changes.

· Part of the geographic name may be omitted, provided that it does not contain misleading geological implications.

Lithologic terms should be as simple as possible, although compound names are not excluded. Genetic terms such as tillite, turbidite, etc., should be avoided.

Rank terms may change as a result of the combination or subdivision of units. Should a unit be divided into two or more units of the same rank as the original, the original name should not be employed for any of the subdivisions. The rank of a unit can be raised, however, with the retention of the original geographic name, when it becomes subdivided into smaller units. 

g. Establishment of formal lithostratigraphic units

The proposal of a new stratigraphic unit or the redefinition of an existing one should include the following aspects:

· Full formal name of unit

· Proposer of name

· Type area and derivation of name

· Stratigraphic position and age

· Historical background, including previous work and synonymy

· Basic concept and unifying features

· Boundaries (upper, lower and lateral)

· Subdivision

· Regional aspects, including geographic extent, mappability, regional variations in thickness and geologic character, regional stratigraphic relations, criteria for lateral extension, correlation with other units

· Stratotypes, with reference to kind and rank of units, location, accessibility, nature of exposure, geologic description (thickness, lithology, paleontology, structure, weathering characteristics, geomorphologic character, adjacent units, boundaries and contact relationships), maps and aerial photos, cross-sections, stratigraphic columns, illustrations

· Genesis

· Literature references

2. Biostratigraphy

a. Introduction

Biostratigraphy deals with the organization of strata into units based on their fossil content alone. Biostratigraphic units are similar to lithostratigraphic units in that they are wholly objective and not dependent upon interpretative considerations as in the case of chronostratigraphic units. They differ from lithostratigraphic units, however, in that they cannot be arranged in a hierarchical succession, and their mutual relations are generally more variable and complex. Factors which complicate the biostratigraphic subdivision of rock strata include the disseminated, fragmented nature of fossils, the mixture of life communities and death assemblages (thanatocoenosis), reworked fossils mingling with indigenous or younger fossils, and introduced or infiltrated fossils which may be either older or younger than the surrounding strata. This may be caused by fluids carrying micro- or nannofossils from one formation into the pore spaces or fractures of another overlying or underlying formation. These fossils may constitute distinctive features of sediment and may serve as a basis for biostratigraphic zonation, but they should be treated apart from those believed to be indigenous.

Different groups of taxa have been used for defining biozones, as no single group of organisms fulfils all the criteria for an ideal zone fossil.

i) Marine macrofossils are common throughout the Phanerozoic. Trilobites (arthropods) are the main group used in the biozonation of the Cambrian. Graptolites are interpreted as planktonic colonial groups of individuals connected by a skeletal structure. They are widespread in Ordovician and Silurian mudrocks. Brachiopods are shelly, sessile organisms, which generally make poor zone fossils. However, they are used for regional correlation in Silurian and younger Paleozoic strata. Ammonoids (cephalopods) include goniatites from Paleozoic (Devonian and Carboniferous) rocks, as well as ammonites of the Mesozoic. Their large size and nektonic habit make them ideal zone fossils. Morphological changes over time are mainly manifested in their external shape and suture lines (bounding walls between chambers). Echinoderms include echinoids, which are only used for regional and worldwide correlation in parts of the Cretaceous. Corals are used for Devonian and Lower Carboniferous shallow marine limestones. Gastropods are abundant in Cenozoic, shallow marine rocks, and their distinctive shape and ornamentation make identification relatively straightforward.

ii) Marine microfossils are identified with optical or scanning electron microscopes. Foraminifera are marine protozoans ranging from the Ordovician to Recent. Planktonic forams are excellent zone fossils as they are abundant, widespread and appear to have evolved rapidly. Radiolaria are also planktonic protozoans with silica skeletons. They are important in dating and correlating deep marine deposits throughout the Phanerozoic. Nannofossils include coccoliths, the spherical calcareous cysts of marine algae. They are used biostratigraphically in Mesozoic and Cenozoic strata.

iii) Palynomorphs include plant pollen, spores and seeds. They are highly resistant to chemical weathering and may survive several cycles of erosion and redeposition. Identification is carried out with optical and scanning electron microscopes.

b. Definitions

Biostratigraphic units are bodies of strata distinguished by their fossil content or paleontological character from adjacent units. Biostratigraphic zones (biozones) refer to any kind of biostratigraphic unit. They vary greatly in thickness (thin beds to units thousands of meters thick) and geographic extent (local to worldwide). The time represented by a biozone is referred to as a biochron. Several biozones may be grouped into superzones, whereas individual biozones may be subdivided into subzones to express finer biostratigraphic detail. Subzones can be subdivided even further into zonules. Barren interzones and intrazones are intervals lacking in fossil remains, which occur between successive biozones and within biozones, respectively. Biohorizons are surfaces of biostratigraphic change or distinctive biostratigraphic character, commonly used as biozone boundaries. Biostratigraphic correlation is the demonstration of the equivalence of strata with reference to their fossil content and biostratigraphic position.

c. Types of biostratigraphic units

i) Formal biostratigraphic units. Biostratigraphic zones are not divided according to rank, although some types of biozones may be subdivided into subzones or grouped into superzones. An assemblage zone (cenozone) is a group of strata containing a natural assemblage of fossils with a distinctive biostratigraphic character, which differs from that of adjacent strata. It may be based on all kinds of fossil forms present, or it can be restricted to forms of certain kinds (e.g. fossil flora or fauna, foraminifers, corals, etc.). Not all members of the association need occur within every part of the zone, and the range of any constituent taxon is not limited to be within the boundaries of the assemblage zone. Range zones are groups of strata representing the total vertical and lateral range of occurrences of any selected element of the total assemblage of fossil forms in a stratigraphic succession. The selected element may be an individual species, genus, family, order, etc., a grouping, lineage or segment of a lineage, or any other paleontological feature. Different kinds of range zones include total and local range zones, taxon range zones (i.e. specimens of a particular taxon), concurrent range zones (the coincident parts of two or more specified taxons), Oppel zones (similar to concurrent range zones, but more loosely defined in that the boundaries may be determined by the range zones of individual taxons or other diagnostic criteria), and lineage zones (strata containing specimens representing a segment of an evolutionary or developmental line or trend). Acme zones are bodies of strata representing the maximum development (in terms of abundance or distribution) of some species, genus or other taxon. They do not include the total range of these taxons. Interval zones are intervals between two distinctive biostratigraphic horizons. As such they are not range zones of any taxons or concurrence of taxons, and they contain no particular biostratigraphic assemblage or feature. Their names may be derived from the names of the boundary horizons or the name of a taxon typical of the zone.

ii) Informal biostratigraphic units. These are units that are used in a broad sense, without being part of an organized system of terminology (e.g. “oyster beds”).

d. Biostratigraphic boundaries

Assemblage zone boundaries are drawn at surfaces (biohorizons) marking the limits of occurrence of the assemblage characteristics of the unit, which is always a matter of interpretation and judgment as not all members of the association need occur before strata can be assigned to the zone. The boundaries of range zones are generally defined by the first and last occurrence of the taxonomic unit or grouping of units from which the zone derives its name. They are therefore continually subject to change due to new discoveries. The terms local range zone or topozone have been used to indicate the range of a taxon in a particular area, as contrasted with its total range. Differences in total and local ranges may be caused, for example, by temporary barriers that initially prevent a species from extending its range. Removal of the barrier at a later stage allows the species to establish itself in adjacent areas, but the age of the deposits in which it first appears will be younger than that of the area where it originally occurred. Concurrent range zones are defined by the outer limits of the selected taxons designated as diagnostic of the zone. The boundaries of Oppel zones are the limits of distribution of the group of fossil forms considered distinctive of the zone. Lineage zone boundaries depend on the nature and magnitude of the recognized morphological variation, which are naturally subjective criteria. Acme zones are also difficult to delineate, as “maximum development” may refer to abundance of specimens or the number of species in a genus. As interval zones contain no distinctive fossils, their boundaries are defined by the boundaries of the adjacent units. 

e. Biostratigraphic correlation

Biostratigraphic zones are generally of limited extent and normally cannot be correlated beyond depositional basins or provinces. However, certain flora or fauna such as ammonites and foraminifera do have a wider application.

i) Zonal guide fossils. Many biostratigraphic zones are readily identified and correlated on the basis of a single fossil species or assemblage of different species. When these have a limited vertical range they are known as zonal guide fossils. Megafossils can be very useful in surface stratigraphy, but microfossils are usually essential for subsurface correlation. In the latter case assemblages of species are normally studied. The relative abundance of species can be used to distinguish biozones that bear the same fauna. The first appearance of zonal guide fossils in drilling samples is used to establish the “tops” of successive zones, which are correlated from well to well like beds in a lithologic succession.

ii) Position in biostratigraphic succession. The first step involves the construction of a range chart, which records the vertical range of each significant species or genus. The relative abundance of species is shown by the width of the individual species bars. A biostratigraphic column can then be drawn up, which is particularly valid where recurrent fauna of similar aspect occur.

Biostratigraphic correlation of strata can also assist in determining the relative rates of sedimentation in different areas, as well as to identify the presence of hiatuses.

f. Formal biostratigraphic nomenclature

The formal name of a biostratigraphic unit is derived from the names of one or more diagnostic fossils combined with the appropriate term for the type of unit. The same name should not be used for different biostratigraphic units of the same kind, even if they have different ranks. To circumvent cumbersome names, a zone can be named for a single taxon that is common in the interval, even though it may not be diagnostic of the zonal limits. Assemblage zones are normally named after two or more prominent constituents of the fossil assemblage, e.g. Pristerognathus-Diictodon Assemblage Zone. Recurrent assemblage zones can be differentiated by words like lower, middle and upper or by letters or numbers. The names of range zones are derived from the taxon(s) whose range they express. Acme zones are named after the taxon whose zone of maximum development they delimit. The names of interval zones may be derived from the names of the boundary horizons, or from a taxon typical of the zone (though not confined to it). Codification of biostratigraphic zones by letters, numbers or a combination of both is also common practice, but this is considered to be informal.

3. Chronostratigraphy

a. Introduction

Chronostratigraphy deals with the age of strata and their time relationships. A major goal of chronostratigraphy is to establish a complete and systematic hierarchical succession of chronostratigraphic units, which is of local, regional and global application. The purpose of chronostratigraphic classification is therefore to systematically organize the earth’s sequence of rock strata into named chronostratigraphic units corresponding to intervals of geologic time, to serve as a reference system in historical geology. This is known as the Standard Global Chronostratigraphic Scale. Several versions of this scale are currently in use (e.g. that of Gradstein and Ogg, 1996).

b. Definitions

Chronostratigraphic classification is the organization of strata into units based on their age. A chronostratigraphic unit is a body of rock strata formed during a specific interval of geologic time, called a geochronologic unit. A chronozone embraces all rocks formed anywhere during the time range of some geologic feature or some specified interval of rock strata (for example, the “ammonite chronozone” refers to the strata deposited during the time of the ammonites). The magnitude of a chronostratigraphic unit is measured by the length of the time interval that its rocks represent rather than by its physical extent. A chronostratigraphic horizon (chronohorizon) is an isochronous stratigraphic surface; i.e. it has the same age everywhere. All boundaries of chronostratigraphic units are chronohorizons. A lacuna is an interval with no rock record. It can be a hiatus, which refers to a period of non-deposition, or an erosional gap. Chronostratigraphic correlation is the demonstration of the equivalence of units with reference to their age and chronostratigraphic position.

c. Types of geochronologic and chronostratigraphic units

i) Formal geochronologic and chronostratigraphic units. The largest formal geochronologic unit is an eon, represented by an eonothem in chronostratigraphy. The era is the largest commonly recognized unit next in rank to an eon, corresponding to an erathem. The fundamental geochronologic unit is a period, which is used as a reference in the worldwide geochronologic hierarchy. The corresponding chronostratigraphic unit is a system. Subsystems and supersystems can be designated under special circumstances. Eleven geochronologic periods are currently used in the Phanerozoic and 9 in the Precambrian, with time spans of about 30-70 Ma and 150-230 Ma respectively.  An epoch is next in rank below systems and has a time span of about 15 Ma. It corresponds to a series, which has a magnitude making it recognizable worldwide. An age is regarded as the basic working unit in geochronology, because it is suited to intraregional studies. The corresponding stage is one of the smallest units in chronostratigraphy that can also be recognized worldwide. It can be divided into substages and superstages if required. The chron, with its corresponding chronozone, can be used formally or informally. It is generally defined on the basis of a biostratigraphic range zone, but contrary to the latter it encompasses all rocks, whether fossiliferous or not. The moment and its chronostratigraphic equivalent, the chronohorizon, are represented by an isochronous surface or interface. In practice a chronohorizon may be defined by a very thin stratum that is isochronous over its whole geographic extent. Volcanic ash falls or horizons of magnetic reversal are examples of chronohorizons. 

ii) Informal geochronologic and chronostratigraphic units. A chronozone is sometimes used as an informal term to indicate units of any time scope (e.g. the ammonite chronozone). “Age(s)” and “time(s)” may also be used informally.

d. Chronostratigraphic boundaries

Chronostratigraphic units are established by fixing the upper and lower limits (chronohorizons) of the unit, which must be demonstrably isochronous. Such boundaries can be defined by fossils, radiometric dating, magnetic reversals, physical interrelationships of strata, paleoclimate effects, eustatic sea-level changes and orogenies. 

e. Chronostratigraphic correlation 
i) Paleontology. Although fossil faunas do not necessarily have a direct relationship with chronostratigraphic units (due to factors such as migration barriers), paleontology is nevertheless of prime importance in chronostratigraphic correlation. Organisms adapted to widespread environments with easy communication between biotopes (for example pelagic or infraneritic fossils) are most useful in this regard.

Progressive changes in the earth´s flora and fauna with geologic time provide the stratigrapher with a very useful tool in interregional chronostratigraphic correlation. However, although evolution serves to resolve the differences between chronostratigraphic units, it cannot differentiate at the stage or series level. At these levels, environmental factors can play a larger role than time.

Biozones (the total chronostratigraphic span of individual species) and index fossils (which have an interregional geographic range and confined vertical range) are both used extensively for chronostratigraphic correlation. Finer resolution of chronostratigraphic distinctions is possible if assemblages of species are studied, especially concurrent range zones. Phylogenetic series of fossils (that is, in which morphologic changes over time are clearly documented - e.g. ammonites) can also be used by studying the position of the particular fossils in the series. It should be kept in mind, however, that geographic variation could distort or obscure many phylogenetic series, so that it is always better to use two or more organisms of known phylogenetic position.

ii) Quantitative chronology. The absolute age of strata as determined by radiometric methods is the most secure tool for chronostratigraphic correlation. However, age determinations of intrusive bodies only indicate the minimum age of the enclosing sedimentary rocks, whereas detrital zircons yield a maximum age. Other methods to date sedimentary rocks, such as thermoluminescence, have their own problems.

iii) Eustatic sea-level changes. Pronounced eustatic changes in sea level would be reflected at all strand lines, with significant shifts of biotopes and lithotopes, particularly in areas of low elevation and topographic gradient. Elevated and submerged terraces and reefs, river valleys continuing across continental shelves, drowned coastal dunes, etc., are all indications of sea-level variations. Unfortunately, it can be very difficult at times to separate the local or regional effects of orogenic or epeirogenic movements from the effects of eustatic changes.

iv) Lithologic character. In certain cases, some lithologic characteristics can be used as a tentative tool for chronostratigraphic correlation, for example the green, micaceous shales and edgewise conglomerates of the Cambrian and Early Ordovician, the dolomitized limestones of the Late Ordovician, Silurian and Devonian, the red beds of the Permo-Triassic, and the glauconitic sandstones and oolites of the Jurassic.

v) Time-parallel strata. Certain rock units are closely time-parallel (for example, bentonite beds resulting from volcanic ash falls, evaporites, coal beds, etc.). Tracing and correlation of these isochronous intervals can be used to establish datum planes.

vi) Position in bathymetric cycle. Consideration of the depth significance of foraminiferal assemblages makes possible the recognition of bathymetric cycles. If the stratigraphic position of the deepest part of a given cycle is determined, that stratigraphic position may be considered to be the time-equivalent at each studied borehole.

vii) Position in climatic cycle. Evidence of climatic variation is reflected in the physical and biologic attributes of the sediments. These variations are typically cyclical in character and individual cycles can in some cases be identified by their longevity, amplitude of variation and position in a known sequence of cycles. Climatic cycles interpreted from varved clays and tree rings have been applied successfully as a correlative tool in Late Quaternary deposits. Certain isotope ratios in the hard parts of organisms have also been found to be indicative of prevailing water temperatures.

f. Formal chronostratigraphic nomenclature

The initial letters of all words in a formal chronostratigraphic name (excluding prefixes) should be capitalized, but not those of informal units: e.g. pre-Maastrichtian Stage (formal) and Leptocoelia chronozone (informal). The formal name usually consists of the adjectival form of a geographic name derived from the type area, plus the appropriate rank term. Historically, however, non-geographic names have also been used (e.g. the Carboniferous System). The formal name is used for both the chronostratigraphic and corresponding geochronologic unit (e.g. Devonian System and Devonian Period). The adjectives lower, middle and upper may be used to subdivide chronostratigraphic units, and early, middle and late for geochronologic units. Where the units have been formally subdivided in this way, these adjectives are capitalized (e.g. Middle Eocene, Late Pliocene; early Pleistocene). The prefixes pre- and post- are used to indicate strata older or younger than a particular chronostratigraphic unit. Precambrian is an exception in spelling.

4. Magnetostratigraphy

a. Introduction

The earth behaves like a giant bar magnet and is surrounded by a dipolar magnetic field, which is probably caused by the dynamo effect of the planet´s liquid FeNi outer core passing through lines of magnetic force from the sun. This produces an electrical current that in turn creates the magnetic field. The intensity of the earth´s magnetic field is measured in gauss or tesla, and for small variations, in gammatesla or nanotesla: 1 gauss = 10-4 tesla = 105 gamma  = 109 nanotesla.

b. Definitions

The magnetic field of the earth has both vertical and horizontal components. The vertical angle between the magnetic lines of force and the surface of the earth is called the magnetic inclination (I), which varies from 0º at the magnetic equator to 90º at the magnetic poles. I is measured positive downward and is +90 at the magnetic north pole and -90 at the magnetic south pole. The inclination can be used to determine the magnetic latitude. The horizontal direction of the magnetic field deviates from the geographic north pole (the northern end of the earth´s rotation axis) by an angle known as the magnetic declination (D), which is measured in degrees east (+) or west (-) of true north. In paleomagnetic studies, D is always measured clockwise (eastward) from the geographic north pole. D varies unsystematically from place to place. A geomagnetic equator (a circle as opposed to the curved magnetic equator) and geomagnetic poles are also defined by the best-fitting geocentric dipole, which is inclined at 11.5º to the axis of rotation. 

c. Variations in the magnetic field of the earth

The fluid nature of the outer core of the earth possibly explains the observed rapid fluctuations of the magnetic field. Short-term (tens of years) changes in local magnetic directions are called secular variation, which may be of the order of a few tens of degrees in declination. The change in the intensity of the field may change by as much as 50%, but is generally less than 0.1% per annum. In Europe and the Middle East, where a lot of archaeological studies have been undertaken, reference curves of the inclination and declination exist, which can be used to date archaeological material. In volcanology, a study of the magnetism in successive lava flows can also be used to construct curves of reference.

The magnetic field of the earth has reversed its polarity frequently in the past, with north becoming south and vice versa. Each polarity change takes place in about 5000 years, and the intensity varies between 10 and 20% from the periods of normal or reversed polarity. The reversals are called epochs, with frequencies of the order of 106 yrs. Shorter reversals (< 105 years) are called events, and rare, very short intervals are known as excursions (102 - 103 yrs).

d. Magnetism and paleomagnetism

Magnetic metals or minerals such as iron, nickel and magnetite are strongly magnetic and retain some of their magnetism once the original magnet has been removed.  Paramagnetic minerals (e.g. hematite) are attracted by a magnet but do not retain their magnetism. Most substances however, are amagnetic, i.e. they are not influenced by a magnetic field.

Many rocks contain magnetic particles such as magnetite, which will act as small compass needles if allowed to move freely. When molten rock such as lava is very hot, the orientation of its magnetic particles is unrelated to the magnetic field of the earth. However, as the magma cools, the particles align themselves with the field at a specific temperature known as the Curie point. This temperature depends on the composition of the rock and reflects the amount of heat energy required to shift atoms in the magnetic domains to random positions. The Curie points of iron and magnetite, for example, are 760ºC and 580ºC, respectively. When the magma solidifies, the magnetic domains are “frozen” in an orientation aligned with the earth´s magnetic field, thus recording the latter at the time of cooling below the Curie point. This record is known as thermoremanent magnetism (TRM), because it is associated with heat. Chemical remanent magnetism (CRM) occurs when magnetic minerals form at temperatures below their Curie point, locking in the magnetic field at the point of crystallization (for example during metamorphism). Detrital remanent magnetism (DRM) occurs when particles settle out in still water, aligning them with the magnetic field in the process. They are trapped within the sediments in that orientation. Glacial varves are especially useful in this regard, as glacial lakes freeze over during winter so that the water is virtually motionless. However,  bottom-flow currents or post-depositional processes (e.g. microfabric deformation by tension) may cause discrepancies.

e. Methods

Orientated samples are collected from a number of collecting sites, where a site represents a single point in time (e.g. a lava flow). Sites must be located on in situ outcrops. The samples are usually taken using a portable drill, and are orientated by marking the strike and dip on a flat surface using a Brunton compass. Alternatively, a sun-compass device can be used. Specimens are cut or drilled from each sample and then sliced. The specimens must be demagnetized or magnetically cleaned by placing them in an alternating magnetic field that is slowly decreased to zero. Magnetic domains with progressively lower coercive force thus become fixed in different orientations. The natural remanent magnetism capable of withstanding these high alternating fields, is considered to have been capable also of retaining its magnetization for as long as the age of the rock. To measure the magnetic field, an astatic, fluxgate or spinner magnetometer can be used.

f. Magnetostratigraphic correlation

Studies of thermoremanent magnetism in lava flows showed that the direction of the magnetic field or polarity of the earth flipped through 180º during the geologic past. Radiometric dating of rocks indicated that these reversals take place at irregular intervals lasting from 250000 years to a few million years. The cause of these reversals is still a mystery, but it does provide a very useful correlative tool in stratigraphy. Geomagnetic polarity epochs are time intervals during which the earth´s magnetic field was predominantly of one polarity. Normal polarity is when the field points to the north (like today), with its direction below the horizontal in the Northern Hemisphere and above it in the Southern Hemisphere. Reversed polarity is exactly the opposite.

Studies of the ocean floor next to the mid-ocean ridges in the 1950´s, revealed elongate strips of magnetic anomalies parallel to the latter. Although these magnetic stripes are of different widths, they are arranged symmetrically on opposite sides of the ocean ridges. They developed due to active sea-floor spreading at the ridges, with the lava welling up along them and retaining the earth’s magnetic field of the earth at the time of cooling. As the two plates move apart, the lava becomes older away from the ridges. By dating the lavas, a magnetic time-chart could be constructed from the Cretaceous onward. This can assist in correlating magnetic rocks by taking their polarity and the duration of the epoch into account. In glacial lacustrine sediments, the period of time for a specific polarity can be determined very accurately by counting the seasonal varves, and by comparing the polarity patterns of different glacial sequences accurate correlation is possible.

5. Chemical Stratigraphy

a. Introduction

Chemical stratigraphy is concerned with the study and interpretation of the chemical composition of sedimentary rocks. The concept was introduced by Renard in 1985, and used subsequently with special reference to pelagic deposits that have not been altered much diagenetically. Chemical stratigraphy is usually restricted to the study of carbonates, organic matter and evaporites, as clastic rocks can only be used if they contain fossils with calcareous shells.

b. Major, minor and trace elements

Major elements (e.g. SiO2 and CaCO3) constitute the largest part (95-99.9%) of rocks, whereas minor elements such as organic material occur in smaller proportions (0.1-5%). Trace elements are measured in parts per million (ppm) or even parts per billion (ppb). Those utilized most include Ba, Ni, Cr, Ti, P, Cu, V, Sr, Mg, Mn, Fe, K, Na and Ir.

i) Carbonate. Geochemical studies of marine and lacustrine carbonates show a cyclic pattern, on a meter to decimeter scale, in the percentage of CaCO3. These cycles correspond to paleomagnetic epochs in such a way that within each epoch (Brunhes, Matuyama, Gauss and Gilbert), distinct cycles can be discerned, which can be correlated over wide areas. The thickness of each cycle is related to the rate of sedimentation, but its duration is similar in all the sections. This is assumed to indicate climatic changes affecting the oceans and regulating carbonate production and/or preservation. In general, more CaCO3 is produced during sea-level highstands due to the presence of wider platforms and higher sea-water temperatures.

ii) Organic matter. The percentage of organic matter in carbonates or argillaceous rocks normally varies between 0.1 and 1%, although it can be much higher during anoxic episodes, when an average of 6-9% is registered. These anoxic episodes correspond to sea-level highstand periods during which all the oceans experienced deposition of material abnormally rich in organics (e.g. black shale). This is probably due to the release of nutrients along the active mid-ocean ridges, which encouraged the growth of plankton. Organic carbon also correlates positively with anomalies of stable carbon isotopes ((13C). On a much finer scale, high levels of anomalous organic matter content in stratigraphic sections may indicate episodes of water stagnation.

iii) Trace elements. In deep-sea boreholes, variation of especially Sr, Mg, Mn and Fe, together with curves of CaCO3 and stable isotope variation allows the recognition of chemical stratigraphic zones. These can be correlated with nearby stratigraphic sections. The Sr/Ca ratio can also detect episodes of chemical oceanic changes, which can be correlated over large distances. This ratio is related to sea-level fluctuations, with Sr/Ca increasing as the sea-level rises and vice versa.

c. Stable isotopes

Isotope ratios of interest in chemical stratigraphy include 18O/16O and 13C/12C, with 87Sr/86Sr and 34S/32S used less often. The sample ratios are compared to a standard sample and expressed by the symbol (.

(18O = {[(18O/16O of sample - 18O/16O of standard)]: [18O/16O of standard]} x 1000

(13C = {[(13C/12C of sample - 13C/12C of standard)]: [13C/12C of standard]} x 1000

When the composition of the sample and the standard is equal, ( is 0, when the heavy isotope (18O or 13C) is more abundant in the sample, ( is positive, and when the light isotope (16O or 12C) is more abundant, ( is negative.

For solid carbonate rocks the standard used is PDB (Pee Dee Formation Belemnitella americana) and for water samples, SMOW (Standard Mean Ocean Water).

                    (18O (SMOW) = 1.03086 (18O (PDB) + 30.86

                    (18O (PDB) = 0.97006 (18O (SMOW) - 29.94

For (34S the value is also expressed in (34S with respect to CDT (Devil´s Canyon meteorite troilite). The 87Sr/86Sr ratio is simply expressed as a number.

i) Oxygen. The (18O value of a fossil or sedimentary rock depends on various factors, namely salinity ((18O increases with salinity), the life effect (different genera or species of organisms show small changes in their (18O content), and the glacial effect. The growth of ice caps, with the corresponding concentration of light 16O isotopes, causes a rise in the (18O level of the ocean up to 1.3%o. (18O can thus be of paleogeographic significance. The (18O of certain organisms (brachiopods, mollusks, foraminifers, etc.) decreases with an increase in the temperature of the water in which they live, so that paleotemperatures can be determined in this way. For the Quaternary, climatic cycles of the order of 20000-100000 years have been detected by this means.

ii) Carbon. Although the variation of (13C is strongly linked to specific organisms, the curves for different species parallel each other, indicating a common response to environmental factors. There is also a positive correlation between the organic matter content and the (13C of deep-sea deposits, with maximum (13C values recorded during anoxic episodes. Furthermore, the (13C values show a link with sea-level changes. During sea-level highstands, the continental biomass is reduced, but there is an increase in the marine biomass due to volcanic outgassing along the mid-ocean ridges, supplying nutrients to the oceans. A corresponding increase in the value of (13C is therefore noticed. Marine transgressions and regressions are thus indicated by positive and negative (13C changes respectively. (13C curves based on numerous deep-sea boreholes have been constructed, which may thus be linked to global sea-level changes.

iii) Strontium and sulfur. The 87Sr/86Sr ratio, as well as the 34S/32S ratio as expressed in (34S, have shown distinct changes in the geological past, which are related to submarine hydrothermal effects, the recycling of ancient carbonates by recrystallization, and continental influx of sulfur.

d. Chemical stratigraphic correlation

By linking the different curves for the variation of chemical elements and isotopes with geological time, a framework can be established for local to worldwide correlation.

6. Tectonostratigraphy

a. Introduction

Tectonostratigraphy is the study of the relationship between tectonism and the stratigraphic record. Two aspects are important in this regard: the geographic distribution of tectonic elements, and the intensity of tectonism in each element. These interact with sedimentation itself to produce specific vertical successions of strata known as lithologic associations, which can be related to the prevailing tectonic conditions.

b. Basic principles

As early as 1917, Barrel established the principle that the critical plane of erosion and deposition is the base level. The latter is defined as the surface of equilibrium where neither erosion nor deposition takes place. Changes in base level will cause either erosion or deposition: for example, a drop in sea level will result in erosion of the landscape, which starts at the shore and works backward into the interior. Conversely, a rise in sea level will cause deposition, which progrades seaward to reestablish the base level. Depression of a surface below base level will also cause an accumulation of sediments, as contrasted with erosion after uplift. The rate of sedimentation and erosion is controlled by the rate of subsidence and uplift, and any excess detritus beyond that required to bring the depositional surface to base level is carried farther to where the surface is still below base level. This is known as sedimentary bypassing.

If the rate of subsidence and sediment supply are equal, the depositional surface will remain at base level. As subsidence is commonly discontinuous, however, removal of material deposited during previous submergence can take place, with such oscillations resulting in a corresponding number of disconformities or diastems in the lithostratigraphic column. Thus the deposits of a stratigraphic column may represent only a small part of the total elapsed time. Traced from the basin rims to their centers, many disconformities disappear, which results from the more pronounced effects of subsidence or uplift along the basin margins. Sedimentation is therefore more continuous in the deepest parts of depositional basins.

c. Epeirogeny and orogeny

Relatively slow movements producing broad uplifts or downwarps are epeirogenic, disturbing the horizontal attitude of sedimentary beds only slightly. Orogenic movements are intensely diastrophic and produce folds and/or faults. Slow submergence of the landscape under an advancing sea produces widespread sheet deposits, which are commonly quartzose. Intense orogenic uplift in the source area, accompanied by strong subsidence in the depositional basin, results in the rapid accumulation of thick, wedge-shaped deposits with conglomerate and arkose. After each period of uplift, denudation of the landscape may produce a fining-upward succession as the erosional gradient is gradually reduced. Cycles produced by such repeated tectonic pulses are known as allocycles.

d. Cratons and mobile belts

Cratons are broad continental areas that are tectonically stable, except for epeirogenic or extensional tectonic movement. Intracratonic positive areas may consist of rising blocks or arches, with thin deposits showing numerous disconformities. Intracratonic basins may be of various types, including aulacogens (abandoned rift basins), isolated basins filled with fine clastics, carbonates and evaporites, and yoked basins commonly associated with normal faults and uplifted blocks. Thick conglomerates and arkoses may accumulate in the latter. Cratonic shelf areas are the most stable parts of the craton, lying between or among the more positive and negative areas. Stable shelves subside very slowly, receiving quartzose sand, clay and marine limestone, whereas unstable shelves undergo slight oscillatory movements with the development of cyclothems. These are deposited during a single cycle of subsidence, consisting of terrestrial sandstone, shale, limestone and coal, followed by marine shale and limestone. Different types of cyclothems are recognized.

Mobile belts consist of two main types. Deep-sea trenches are subsiding linear zones characterized by turbidites, bedded chert and volcanic rocks. They derive their sediment from island arcs or magmatic arcs. Back-arc basins occur on the landward side of island arcs or magmatic arcs, consisting of various types of basins filled with carbonates and clastic, shallow marine or terrestrial deposits with minor volcanics. 

e. Tectonostratigraphic correlation

Orogenic pulses can be dated by, for example, using the 40K/40Ar step-heating method, which provides a framework for tectonostratigraphic correlation. Several aspects are of assistance here.

i) Uplift followed by denudation produces large-scale fining-upward allocycles as the energy regime diminishes. These cycles can be correlated across a basin using normal stratigraphic principles.

ii) Synsedimentary tectonism can produce eroded anticlinal crests and thickened synclinal troughs. Rising folds can also divert the paleocurrent pattern, which can be brought to light by paleocurrent studies. Synsedimentary faults can trap sediments in (half-)grabens.

iii) Syntectonic intrusions are characterized by an anisotropic texture produced by the alignment of crystal C-axes. Dating these rocks can therefore establish the age of the orogenic pulse.

7. Event Stratigraphy

a. Introduction

Event or dynamic stratigraphy focuses on the less obvious, but inherent biases in the stratigraphic record. It is based on the fact that extraordinary events were common enough at geological time scales to be well represented in the preserved rock record. Among the most common types of event beds are the deposits of floods, storms and turbidity currents on a local to regional scale, and major catastrophies such as mass extinctions on a global scale.

b. Events

An event is equivalent to a catastrophy in the perspective of human life spans, implying suddenness and unpredictability, but in dimensions adapted to geological time scales. Daily tidal cycles or ice ages at the extreme ends of the scale are not considered to be events, because they are either too short-lived to be registered in the stratigraphic record or too gradual to show up as punctuations. Events include earthquakes, volcanic eruptions, storms, floods, gravity flows, landslides and meteoric impacts. These are all random and of varying dimensions, producing various erosional or depositional features.

c. Distinguishing features

i) Current events include the following: Flash floods occur during short-lived rainstorms, usually in dry areas, when rivers or gullies overflow their banks. The water-sediment mixture moves as slurry in which the particles are not completely suspended. Characteristic features include conglomerates showing reverse cross-bedding (formed in antidunes) and the absence of a muddy tail. Sandstones may be dominated by upper flow regime horizontal lamination. Floods are of longer duration and produce inundites. In sandy rivers, unidirectional tool marks, flutes and load casts may occur at the base, followed by overturned crosslamination and climbing ripples. A muddy cap may show scoyenia burrows and root structures (rhizosomes), with the eventual development of a soil profile. Turbidity currents occur when an earthquake or storm disturbs sediment accumulated along the edge of the continental shelf, which causes a density current to run down the continental slope into the deep-sea basins. The resulting turbidites show fining-upward Bouma cycles, tool and flute marks, load casts and convolute lamination.
ii) Wave events include storms, which produce tempestites below the normal wave base. These are typified by bi-directional tool marks, gutter casts, hummocky cross-lamination, convolute lamination, symmetrical oscillation ripples and eroded burrows. In calcareous rocks, flat-pebble or edgewise conglomerates may be typical.
iii) Shock events include earthquakes, which produce seismites. These may show inversely stacked shells, chaotic bedding, slumps, homogenite and microfaulting. Meteorite impacts can produce widespread and thoroughly mixed homogenites, as well as brecciated ejecta (diamictite) similar to glacial tillites. Volcanic eruptions produce waves that can affect the sea floor at any depth. Deposits are similar to those produced by earthquakes. Volcanic eruptions also release shock waves, the results of which are evident in inverse grading, outsize clasts and poor stratification. In contrast to current deposits, the base is usually not erosional but developed from slumping, which mixes the strata into a structureless dough. Lahars are volcanic mudflows produced during explosive eruptions. Jökulhlaups are major floods produced by the bursting of meltwater reservoirs due to subglacial volcanic activity.
d. Taphonomic consequences

Taphonomy is the study of how organisms died and were buried. Extinctions can occur because of volcanic eruptions, sudden mudslides caused by storms, and toxic substances in the water. For example, in the Jurassic Solnhofen limestones of Bavaria, orientated fish fossils probably died due to the following process. Coastal swell produced by a storm induced a seaward compensation current. Mud suspended along the coast developed into a turbidity current that eroded enough fetid mud in the anoxic zone to make it toxic. Fish killed in the process were rapidly blanketed and preserved by settling mud.

e. Boundary marker beds and event condensation

The coincidence of shelly storm beds with biozone boundaries (implying evolutionary change) in epicontinental carbonate sequences (e.g. the Jurassic of Europe) seems to present a special problem. However, the hydrodynamic behavior of shells differs significantly from that of the bottom sediments, especially when they are disarticulated. Pavements of convex-up shells can thus form on an eroded mud surface or on top of a shell bed during the non-sedimentation interval of storms. Armored shell surfaces can also develop over a period of time due to winnowing of the overlying and underlying mud cover. The shell pavement will attract an epifaunal community of encrusters of bivalves, brachiopods and crinoids different from the original soft mud infauna. Amalgamated storm beds thus result, which correspond to long periods of time. Condensed ammonite horizons spanning more than a million years have for example been described.

f. Event stratigraphic correlation

It is not always possible to correlate events across sedimentary basins, as the effects of storms, floods etc. may be repeated many times in the overall sequence. Medium events such as tsunamis may produce recognizable beds that can be correlated along coastal areas. Major events, such as meteorite impacts, may have a global effect. The Cretaceous-Tertiary boundary, for example, is marked by an iridium layer formed during a meteorite impact, which has been recognized on a global scale.

8. Seismic Stratigraphy

a. Introduction

Seismic stratigraphy was introduced in the late 1970´s and has since developed into a major tool for oil and gas exploration. Acoustic seismic waves are reflected or refracted at the interfaces of rocks with contrasting impedance, which is itself a function of the seismic velocity and density of the rock and is affected by both the matrix and pore fluid composition. Regionally, primary seismic refraction tends to follow bedding surfaces or disconformities. The identification of such unconformable surfaces along the continental margins, together with their correlative conformable surfaces in the interior parts of basins, is one of the fundamental aspects of seismic stratigraphy. In addition, seismic reflections are capable of detecting bed architecture and the boundaries of depositional episodes. The seismic profiles are combined with geological and geophysical information from well logs to produce a velocity model.
b. Definitions
Seismic sequence analysis consists of the subdivision of the seismic section into groups of more or less concordant units bounded by discontinuity surfaces. Seismic facies analysis is the description and interpretation of the depositional environment of these groups of deposits.

c. Sea-level changes deduced from seismic profiles

Two types of sediments occur on continental shelves: those deposited during sea-level highstands and those formed during lowstands. The first type extends farther towards the adjacent continent and displays onlap relationships, whereas the second type pinches out before it reaches the continental margin. Lowstand deposits are bounded by conformable surfaces laterally merging with each other and passing landward into unconformable surfaces separating two highstand episodes.

The amplitude of the total onlap indicates the magnitude of the relative sea-level rise, whereas the abrupt change from highstand to lowstand deposits suggests a rapid fall in sea level. With chronostratigraphic control, it is possible to draw a curve of relative sea-level change. In the accompanying figure, the starting point of the analysis is the beginning of a major cycle of rising sea-level at the base of sequence A. Measurements are made from the assumed position of the shelf edge at the facies contact between coastal and marine deposits. In 1 Ma the initial deposits of sequence A aggrade vertically by 100 m (see arrow at initial shelf edge). This is plotted as a corresponding relative sea-level rise. Successive increments plotted in the same way indicate a total sea-level rise of 400 m during the deposition of sequence A. There is then a dramatic fall in sea-level before the beginning of sequence B. The total amount (heavy dashed arrow) is 450 m, indicating that sea-level dropped to below its starting point at the beginning of sequence A. Remaining sea-level changes are plotted in the same way, including a period of stillstand at the end of sequence D, when sediments aggraded laterally.

9. Genetic Stratigraphy

a. Introduction

Genetic stratigraphy involves the interpretation of the origin of depositional systems. It relies heavily on seismic data, which is augmented by outcrop and borehole information where available. The reconstruction of basin morphology and bedding architecture, determination of the overall lithology, and quantitative delineation of the geometry of framework sandstones, form an important part of this approach, which is in essence similar to sequence stratigraphy.

b. Depositional architecture

Sedimentation within a basin can occur at its margin or bottom in three sedimentation styles. Aggradation is the vertical filling of a basin. Infilling from the basin margin is either by progradation, if the sediment is washed into the basin, or by lateral accretion, if sediment within the basin preferentially accumulates against the margin. Each of these mechanisms produces a characteristic bedding architecture and is typified by a specific textural profile. Aggradational bedding produces no systematic trends: each bed may display varying texture and composition. Progradation and lateral accretion both produce units with sigmoidal cross-sections, but progradational sequences coarsen upward in contrast with the fining-upward sequences produced by lateral accretion. These three settings may exist side-by-side in the same depositional system. Definition of the geometry of the bed-load (sand) framework, or depositional skeleton of the larger genetic units, is basic to unraveling sediment dispersal pathways, providing useful information about depositional processes and possible environments.

Dip-fed dispersal systems such as rivers primarily transport sediment downslope toward the basin, whereas strike-fed systems (e.g. barrier bars) move bedload sediment parallel to the basin margin. The relative volume, vertical and aerial distribution, and cross-sectional geometry of the dip-fed and strike-fed elements are powerful guides for genetic stratigraphic interpretation. These parameters are readily determined from subsurface data.

c. Depositional events and episodes

The following model, based on sedimentological principles, provides a basis for the recognition of genetic stratigraphic units:

Terrigenous clastic sediments are transported to the basin margin by rivers. Basins are filled through a repetitive alternation of depositional and non-depositional intervals. At any time, active deposition is concentrated in specific areas, with very little deposition taking place elsewhere. Consequently, non-depositional hiatuses separate depositional units. The time represented by a hiatus and its corresponding surface varies from place to place. The hiatal surface upon which progradation takes place represents a progressively longer time interval in the basinward direction. Conversely, the subaerial surface that forms over a progradational interval represents an increasing time interval in the landward direction. 

A depositional event, which is a localized pulse of deposition separated by hiatal intervals from underlying and overlying strata, consists of three phases. Deposits of the progradational phase progressively fill the basin, forming a wedge of sediment that commonly thickens basinward. Contemporaneous aggradational phase deposits cap the progradational platform, usually thickening landward. Termination or a decrease in sediment output and ongoing basin subsidence results in the deposition of a veneer of reworked transgressive phase deposits across the basinward portion of the depositional unit. Multiple depositional events combine to produce a major genetic stratigraphic unit called a depositional episode. It is a complex of facies sequences derived from common sources along the basin margin, and deposited in a period of relative base level or tectonic stability. Each depositional episode is bounded basinward by major transgressive events and hiatal intervals (and their resultant surfaces) that have regional or worldwide significance.

The depositional episode contains an extensive subaerial hiatal surface that increases in time significance landward. Bounding transgressions may be a product of tectonic or isostatic subsidence or of eustatic changes in base level. Boundaries between depositional episodes are ill defined landward of the shoreline of maximum transgression. Both transgressive facies and hiatal surfaces provide physical stratigraphic correlation markers that can be used to define the boundaries of the genetic units. Hiatal surfaces may be indicated by thin, laterally continuous marl or limestone veneers, richly glauconitic or phosphatic sand or mud, or fossiliferous or bioturbated pelagic mud. Marine erosion may show up as canyons, etc. All of these may produce distinctive log responses.

10. Sequence Stratigraphy

a. Introduction

Sequence stratigraphy is an attempt to analyze stratigraphic successions in terms of genetically related packages of strata. It involves the three-dimensional arrangement of facies within the sequence, the facies architecture, and the regional correlation of the sequence boundaries. Sequence stratigraphic concepts developed from the research of L.L. Sloss, W.C. Krumbein and E.C. Dapples in the 1940’s and 1950’s, who recognized the influence of global sea-level changes on stratigraphic successions. However, with the advent of high-quality seismic reflection data in the 1970’s, the value and importance of sequence concepts became widely appreciated. This culminated with the publication of a memoir by the Exxon Group in 1977, which revealed the practical application of the concepts for basin studies and regional to global correlation. Researchers prominent in this field included P.R. Vail, J.C. Van Wagoner and H.W. Posamentier.  

b. Definitions

Stratigraphic sequences are commonly recognized by the presence of prominent seismic reflective surfaces, which can be of several types. Unconformities indicate either widespread epeirogenic movements or eustatic sea-level changes. They may pass laterally into conformable boundaries. Ravinement surfaces are wave-cut surfaces, which develop during transgression when the shoreface profile translates upward and landward through a process of erosional shoreface retreat. They are commonly marked by a thin veneer of conglomerate. Marine flooding surfaces separate older from younger strata, across which there is evidence of an abrupt increase in water depth. These surfaces are prominent and readily recognizable in the stratigraphic record. The maximum flooding surface (MFS) records the maximum extent of marine drowning, separating transgressive units below from regressive units above. It may be marked by a condensed section, which indicates slow, organic-rich clastic deposition at a time of sediment starvation on the continental shelf, or a drowning unconformity, which develops when a carbonate shelf sinks below the photic zone leading to the cessation of carbonate sedimentation. 

Stratigraphic terminations refer to the geometric relationship between individual sub-units or stages within a sequence and the depositional boundary. Onlap is where an initially horizontal or inclined stratum laps out against a surface with a greater inclination. Coastal onlap refers to the progressive landward onlap of littoral and/or non-marine coastal deposits, which indicates a relative rise in sea level. The vertical component of coastal onlap is termed coastal aggradation, and the horizontal component, coastal encroachment. Both can be used to estimate the relative sea level rise. Coastal onlap is favored by low or variable rates of erosion. Downward shift of coastal onlap is a shift downslope and seaward from the highest position of coastal onlap in a given depositional sequence to the lowest position of coastal onlap in the overlying sequence. This results from an abrupt fall in sea level. Downlap is where an initially inclined stratum terminates downdip against an initially horizontal, irregular or inclined surface. The dipping, prograding units are called clinoforms, which lap out downward onto a downlap surface. The latter develops during a transition from onlap to offlap, typically above marine flooding surfaces as basin margin depositional systems begin to prograde seaward. Clinoforms can be sigmoidal, tangential-oblique, parallel-oblique, complex sigmoidal-oblique, shingled, or hummocky, which reflect different combinations of depositional energy, subsidence rates, sediment supply, water depth and sea-level position. Baselap is a term used in areas where structural movement has been complex, so that it may be impossible to discern between onlap and downlap. Toplap is where strata lap out at the upper boundary of a depositional sequence. Coastal toplap can be produced by a slow fall in sea level accompanied by low erosion rates as well as a relative sea level stillstand. In the latter case, if the sediment supply is sufficient, coastal deposits build up to the effective base level and prograde seaward, forming strata terminating against the upper depositional sequence boundary. Erosional truncation is the lateral termination of a stratum by erosion at the upper boundary of a sequence, representing an erosional gap.

c. Types of sequence stratigraphic units

Stratal units form a hierarchy of scales. The smallest megascopic units, laminae, are a few mm thick and uniform in composition or texture, with no internal layering. They form very rapidly, in a matter of seconds to hours, in an area smaller than the encompassing beds. Laminasets are relatively conformable successions of genetically related laminae bounded by laminaset surfaces of erosion or non-deposition. They consist of groups or sets of conformable laminae that compose distinctive structures in a bed. The formation of laminasets takes places rapidly, in minutes to days, in an area of smaller aerial extent than the encompassing beds. 

Beds are relatively conformable successions of genetically related laminae or laminasets bounded by bedding surfaces of erosion or non-deposition. Not all beds contain laminasets. They form in minutes to years, episodically during storms, floods, debris flows, turbidity currents, or periodically during seasonal or climatic changes. The time represented by bedding surfaces is probably greater that the time represented by the beds. The aerial extent of bedding surfaces also varies widely from a few square meters to thousands of square kilometers. Bedsets are relatively conformable successions of genetically related beds bounded by bedset surfaces of erosion, non-deposition or their correlative conformities. Beds above and below bedsets always differ in composition, texture, or sedimentary structures from those composing the bedset. They form over longer periods of time than beds and bedset surfaces have a greater lateral extent than bedding surfaces. 

Parasequences (similar to facies successions) are relatively conformable successions of genetically related beds or bedsets bounded by marine flooding surfaces and their correlative surfaces. Parasequences are commonly progradational with upward-shoaling beds, although channel fill fining-upward successions can also be considered as parasequences. Parasequences form over periods of about 1 000 to 10 000 years. Parasequence sets are successions of genetically related parasequences forming a distinctive stacking pattern and commonly bounded by major marine flooding surfaces and their correlative surfaces. These are 5th to 4th order sequences with a time duration in the order of 10 000 to 100 000 years. 

Sequences are relatively conformable successions of genetically related strata bounded by unconformities and their correlative conformities. They are 3rd order successions representing a period of 1 - 2 million years. 

d. Depositional systems 

These are defined as three-dimensional assemblages of facies, genetically linked by active or inferred processes and environments. A systems tract is a group of contemporaneous depositional systems identified by stratal geometries at bounding surfaces, its position within the sequence, and internal stacking patterns. Each systems tract is associated with a specific segment of the eustatic curve and is a function of the interaction between eustasy, sediment supply and tectonics. Lowstand systems tracts (LST) develop on the continental slope and basin floor at times of low relative sea level. They may contain slope fans, basin-floor fans, and a lowstand wedge prograding complex, consisting of incised valley-fill and progradational wedge sediments downlapping onto the basin-floor fan. The top of the lowstand tract is marked by a transgressive surface, which may be a ravinement surface. A transgressive systems tract (TST) lies above the transgressive surface, commonly consisting of a thin succession of marine shales, basin-floor gravel lag, or a condensed succession. It may also be composed of retrogradational successions of shelf deposits or platform carbonates. The top of the TST corresponds to the maximum flooding surface and is a downlap surface, above which lies the highstand systems tract (HST). These deposits are typically aggradational to progradational due to the increase in accommodation space, consisting of shelf to non-marine deposits arranged in facies successions or parasequences. Clinoform architectures are characteristic. Shelf margin systems tracts (SMST) may be deposited at times of slow marine regression when the sea level does not drop below the edge of the continental shelf. It consists of shelf and slope clastics or carbonates arranged in aggradational or progradational geometries, resting on the sequence boundary and bounded on top by a transgressive surface. Falling-stage systems tracts (FSST), also known as forced regressive wedge systems tracts (FRWST), refer to the sequence framework of shoreline deposits formed during falling sea levels on ramp margins (i.e. without a distinct slope break). They consist of progradational, shallow marine deposits overlying a regressive surface of marine erosion.
e. Depositional sequence boundaries

Sequence boundaries can be of two types: Type 1 unconformities develop where sea-level fall is more rapid than tectonic subsidence. The coastline shifts to the shelf edge causing extensive subaerial erosion with the development of incised fluvial valleys on the shelf, and the deepening of submarine canyons on the continental slope. Type 2 unconformities develop with a relatively slow fall in sea level, resulting in a gradual seaward shift of facies belts with minor subaerial exposure and erosion.

f. Sequence stratigraphic analysis

Analysis of the sequence stratigraphic record of a basin includes 4 main procedures:

· Mapping of unconformities to identify unconformity-bounded sequences.

· Mapping of stratigraphic terminations (e.g. offlap, onlap, etc.) to provide information on the internal architectural development of each sequence.

· Mapping of cyclic vertical facies changes in outcrop or well records to subdivide the succession into its component sequences and systems tracts

· Constructing sea-level curves based on sequence stratigraphic concepts and other methods. 

The first three steps can be based on seismic reflection data, well records or outcrops.

i) Unconformities. Widespread, interregional unconformities in most cases indicate epeirogenic movements or eustatic sea-level changes. They can therefore be used as sequence boundaries even though they may pass seaward into conformable surfaces. However, it is important to study unconformities carefully, as a number of complicating factors may occur.

· Submarine erosion and the drowning of carbonate platforms can also generate breaks in sedimentation.

· Interregional unconformities may not necessarily show prominent angular discordance or deep erosion, whereas local unconformities might. The two types of unconformities can only be distinguished by careful mapping and correlation.

· Although sediments lying above an unconformity are generally younger than those lying below it, exceptions do occur.

· Syndepositional tectonism at the basin margin may lead to migration of the erosion surface followed by rapid onlap of the latter by alluvial sediments. These intraformational unconformities normally die out rapidly into the basin.

· A fall in sea level may not necessarily result in exposure and erosion, but merely a shift in facies belts. Such type 2 unconformities may be difficult to detect, particularly in the non-marine portion of a sequence where channel erosion surfaces may be prominent.

· Ravinement surfaces developing during marine transgression may form prominent unconformities, but are not true sequence boundaries.

ii) Stratigraphic architecture. Seismic reflection data can be used to analyze the geometry and terminations of stratigraphic sequences. Firstly, the sequence-bounding unconformities are defined. This may be difficult in tectonically stable areas (e.g. cratons) where unconformities have low angles, or in basin centers where beds of similar facies may have insufficient acoustic impedance contrast. Secondly, prominent seismic markers are drawn in to emphasize the internal architecture of each sequence. The details of onlap, offlap, truncation etc. are related to the depositional environment and subsidence history. Thirdly, the sequences are dated using biostratigraphic and/or radiometric data, which permit the construction of a chronostratigraphic chart. The seismic reflectors within each sequence, which are assumed to be time markers, can be straightened out to permit plotting of the section on a time ordinate. This may show that the boundaries of some sequences are diachronous, indicating slow transgression and filling of the basin or local erosion. Bounding unconformities are also shown to vary in age across the section as a result of differential tilting or tectonic disturbance. Seismic sections and chronostratigraphic charts can be used to construct diagrams showing relative changes in sea level. Vertical aggradation and onlap of marginal-marine sediments are taken to indicate a relative rise in sea level as a result of transgression (i.e. actual sea-level rise) or basin subsidence. A relative fall in sea level is indicated by offlapping sequences or by a downward shift in coastal onlap.

iii) Sea-level curves can be constructed using a variety of techniques.

Facies cycles. Walther’s Law is used to interpret lateral shifts in the depositional environment as determined by lithofacies and biofacies studies. Some of the lithofacies criteria that can be used to recognize sea-level changes include:

· Landward retreat of the shoreline with incised drainage, overlain by marine shale.

· Valley-fill deposits with root zones or paleosoils overlying marine shale.

· Unconformities within the depositional basins, as identified by missing faunal zones, missing facies in normal regressive successions, paleokarst with regolith or paleosoil, and a concentration of phosphate nodules, glauconite or shell debris on scour surfaces.

Brachiopod communities can also be used to interpret water depth, e.g. Lingula, Eocoelia, Pentamerus, Stricklandia and Clorinda assemblages occur in order of increasing water depth. However, the assemblages must be treated with caution, as storms can redistribute shallow water communities into deep water.

Backstripping is used to perform a detailed analysis of the history of sedimentation and subsidence of a basin. It consists of progressively removing the sedimentary load, correcting for compaction, paleobathymetry and changes in sea level, and calculating the depth to basement. The revealed residual subsidence is then related to thermal behavior and changes of crustal properties with time.

The first step is to divide the stratigraphic column into increments for which the thickness and age range can be accurately determined. These time slices are then added to the basement one by one, calculating the original decompacted thickness and bulk density and placing its top at the depth below sea-level corresponding to the average water depth in which the unit was deposited. The isostatic subsidence caused by the weight of the sediment can be calculated and the depth to the surface on which the sediment was deposited is calculated with only the weight of the water as the basement load. The second unit is then added and adjusted in the same way. The thickness and bulk density of the first unit are adjusted in accordance with the depth of burial beneath the second unit, and so on up the column. Unless tectonic subsidence can be accurately modeled, however, it is not possible to derive useful information on eustatic sea-level changes from backstripping curves.

Paleoshorelines. The position of shorelines located high on the margins of stable cratonic areas can also be used to estimate sea-level changes. Preferably, the stratigraphic section should be thin, so that sediment compaction is minimized. The shoreline unit should be dated as accurately as possible and traced out in outcrop and cores, to determine its elevation above the present sea level. Corrections for compaction, loading and flexure should also be carried out. In a stratigraphic succession, the position of the sea-level at any moment in geological time is revealed by transitions from marine to non-marine strata, or evidence of near-sea-level facies such as tidal flat, reef crest or beach deposits. These provide a series of pinning points, the relative elevations of which yield a series of quantitatively fixed points on a sea-level curve.

Areas and volumes of stratigraphic units document the changes in area of the basin or craton underlain by units of successive age. The record of transgression tends to be better preserved than that of regression, however, as exposure and erosion may reduce the area underlain by the deposits.

Hypsometric curves are defined as cumulative frequency profiles representing the statistical distribution of the earth’s solid surface (land and sea floor) at various elevations above or below a given datum, usually sea-level. A planimeter and equal area projection are used to determine the amount (percentage of surface area flooded) of marine transgression across a continent during any particular time interval from paleogeographic maps. This is compared with the surface area of the present-day continent, to ascertain the elevation of sea level required for each percentage of flooding. Comparison of the different continents may show clusters at specific time intervals and elevations, which can be related to eustatic sea-level changes.

