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Foreword and Introduction

Both the petroleum industry and academia continue to undergo a transition
whereby active knowledge transfer by experienced earth scientists represented
by faculty teachers and researchers, Chief geoscientists, etc. is rapidly changing
to passive knowledge (or data transfer) through a variety of electronic media
and systems. Over the recent past, the broad experience base in both industry
and academia has been phased out through retirement, redundancy and focus
on specific research areas. In the case of industry, a new generation of younger
specialists, sometimes called Nintendo geoscientists, are trained to solve specific
practical problems based on highly focussed data acquisition and interpretation
using work stations. In academia, an increasingly holistic focus on earth systems
science is eroding the broader geological base that has hitherto underpinned
scholarly research.

As a result, there is a new generation of geoscientists in academia and industry
who are insufficiently aware of the various regional geological settings of our
planet to separate and differentiate essential from unimportant information.
Because the regional context is now deemed to be of much lesser importance,
we see a rapid loss of memory, perhaps disinterest (?), in academia and the loss
of corporate memory in industry is now legendary. In oil exploration, the lack
of regional background is commonly alleviated by expensive multi-client and pro-
prietary consulting reports of variable breadth and depth. However, such reports
are only of restricted availability in industry and inaccessible to academia. While
the Memoirs of the AAPG and GSA, and Special Publications of the Geological
Society provide useful summaries of different aspects of regional geology, in reality
these are typically collected thematic sets of papers that do not always provide a
systematic overview of a given subject. In addition, academic training does not
provide the broader skills to judiciously pick, choose and analyse these publica-
tions to provide the adequate background for work in academia or industry.

In conclusion, we believe there is a clear need for a “how to do regional geology”
book that provides a useful and insightful overview of what we know and how to
think about what we know, and illustrates the characteristics of various geological
provinces at different levels of abstraction designed to appeal to a broad reader-
ship. In addition, such a book will relate the observed evolution of selected areas to
theoretical models. In planning this book, we envisaged illustration with the best
possible examples drawn from new and more widely available industry seismic
data. To save valuable space that would be taken up by comprehensive lists of
references, we have encouraged authors to use key references that allow the
reader to pursue further lines of enquiry. In addition, we have tried to ensure that
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the book is not overly burdened with theory, detailed methodological discussion
and superfluous jargon such as formation and stage names as well as local geo-
graphic names. The up to date list of general and specific references will allow
the first edition to be archived in digital form, thereby facilitating revision and ulti-
mately the production of a second edition at some future date.

The scope of Phanerozoic Regional Geology of the World is defined by “regional
scale”. A set of introductory chapters together with overviews that preface the
major sections provide the reader with the basic principles allowing exploration
of the book at various levels of detail. It should be stressed that the book is not
about methods. The introductory chapters are intended to provide nutshell over-
views of some of the different methods useful for regional analysis with the main
emphasis throughout on the importance of integration as well as its limitations.
Summaries of analogue and theoretical models are provided as an essential back-
drop to structure and stratigraphy. Chapters in Volume 1A thus provide a global
overview of the Earth, principles and methods for regional analysis and a summary
of the physical and theoretical basis for some types of geological modelling.

In seeking contributions for these introductory chapters, we encountered diffi-
culty, and did not succeed, in securing, for example, chapters on theoretical mod-
els of rifting and passive margin evolution as well as analogue models of extension
despite their obvious relevance to offshore deep-water exploration. We find this
surprising as we had deemed these chapters to be essential. It may perhaps indi-
cate that the theoretical models have yet to be firmly grounded in terms of the
integrated data sets, still sparse, that describe the deep structure of rifts and pas-
sive margins despite being more than 30 years since McKenzie formulated his the-
oretical model of basin extension. We were unable to secure chapters on clastic
sedimentation in rifts and carbonate platform evolution possibly because much
information already lies in the public domain. In some cases, we were also obliged
to seek alternative contributors of chapters. All the above factors, including the
effort to compile the Global Maps, resulted in considerable delays in compiling
this book for which we apologise to all the contributors.

Perhaps inevitably, the work has proven too large to be published as a single vol-
ume and it has now been divided into three volumes 1A, 1B and 1C. Volume 1A
deals mainly with principles of regional geological analysis, Volume 1B with rifts
and 1C with passive margins and cratonic basins. Our original intent was to
include the major chapter on the Global Maps in Volume 1A. However, to achieve
a better balance in the length of each of the three volumes, and to herald a fourth
volume on compressional basins and folded belts, it is now included in Volume 1C.

Following the introductory chapters in Volume 1A, the main body of Volumes 1B
and 1C deals with extensional basins including rifts, passive margins and inverted
extensional basins. Each chapter has a broadly similar layout and, where appropri-
ate, includes a section on the petroleum system. We have briefly prefaced each of
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the main sections with a short introduction to provide additional context. The
examples described in this volume are not exhaustive and have been consciously
chosen for diversity as well as importance. Passive margins are reviewed to address
commonality of structure and stratigraphic process.

Who is the book for? We envisage that the book will be valuable to all professional
geoscientists in the petroleum industry as well as academia who wish to examine,
understand and compare the tectonics and stratigraphy of a large variety of basins
formed by extension.

Because our background is both the oil industry and academia, we have designed
this book to appeal to both constituencies. In the case of the petroleum industry,
regional geological understanding that underpins play-based exploration is a pre-
requisite for any new exploration venture. In this context, the book provides sim-
ple analysis and documentation of a variety of extensional basins and thus the
basis for comparison in strategic decision ranking as well as an analogue approach.

In terms of academia, we believe that the book will have wide appeal to final year
undergraduates, MSc and PhD students because the book can be used at a variety
of different levels. For final year undergraduates as well as post-graduate students,
the book will be an essential introduction to the geology and analysis of extensional
basins. For research workers, we expect that the book will stimulate future research
by providing the geological context and relevance for future research projects
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Regional geology forms an essential bridge between local and continental/global
geology. Its purpose should be to simplify local surface and subsurface data to a
scale that aids prediction and further illuminates the broader brush generalisations
implicit in continent-wide and global syntheses.

Regional and supra-regional (e.g., continent-wide) geology thus connects global
plate tectonics, global climate changes, global eustatic sea-level changes and
underpinning studies in geoscience to the more pragmatic applications associated
with the search and conservation of natural resources, that is, water, ore deposits
and solid earth energy resources. For example, the steadily evolving seismic tech-
nology developed by both academia and the oil industry over the past 50 decades
provides ever more detailed subsurface images. As a result, for selected areas there
are now very detailed 3D seismic images available, but equally important are the
available much longer and more widely spaced 2D profiles. Crustal scale seismic
profiles, mostly acquired by academic institutions are even longer and typically
have less detailed resolution, but have much deeper penetration as they are
intended to map the base of the crust and parts of the upper mantle. Each of these
and many other geophysical maps and profiles have their proper role. The same
can be said for the large spectrum of geochemical/isotope studies. The purpose
and scope of regional geology is to judiciously reconcile insights obtained by stud-
ies and surveys of the various geoscience disciplines and to end up with a coher-
ent, observation/data-based narrative that explains the geologic evolution of
larger regions and is also tied to a narration of evolving, frequently changing
global concepts, models and theories. In the process, it will be inevitable that there
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will be unexpected surprises. These may range from lessons learned from expen-
sive dry holes drilled by petroleum explorers all the way to lofty global hypotheses
that fail when tested by incoming new data.

There is a widespread perception that the dawn of the geosciences was associated
with William Smith, Lyell, Darwin and others. In actuality, geological observations
were first and widely used by the earliest civilizations to identify water and mineral
resources for bronze, iron, precious metals and coal (see e.g., Agricola, 1556). By
the time of William Smith (see Winchester, 2001), the earth sciences were firmly
established as observation-based, enabling of the first theories on the evolution
of the earth to be drawn directly from observations (see Hutton, 1795; Lyell,
1830-1833). The map developed by William Smith was a direct outcome of
the engineering surveys of canals and tunnels. In consequence, by the end of
the 1800s, geology had become well established as an applied science, providing
services to civil engineering works including roads, tunnels and canals for the mil-
itary as well as a tool to explore for natural resources.

The parallel exploration of the New Worlds of North and South America and also of
Africa by individuals as well as government explorers allowed access to hitherto
unknown lands and to new mineral resources. Among exemplary early works are
the first map of North America (Guettard, 1752) and the results of the major expe-
ditions by Powell and Hayden in the American West. Ami Boué (Johnson, 1856),
followed later by Berghaus (1892), published the first geological map of the world.

About 1700 years ago, exploration and drilling for hydrocarbons probably began
with the Chinese who used bamboo casings for their wells. Around the sixteenth
century “naphtha” was produced from shallow pits in Baku, Azerbaijan. Drilling
for oil in 1813 near Pechelbronn (Alsace, France) marked the inception of petro-
leum exploration in Europe.

The first modern oil well in North America was drilled by Colonel Drake in
Pennsylvania in 1858. Much early oil exploration was focused on areas and surface
structures associated with natural oil seepage. It was not until the advent of the
internal combustion engine and the change to oil as fuel for cargo and naval ships
that there began to be significant demand for oil resulting in systematic onshore
oil exploration worldwide initially focused on fold belts and the coastal plains of
Texas and Louisiana where there were many natural seeps.

In the late nineteenth and early twentieth centuries, major global syntheses were
written first by Suess (1885-1909) followed by Argand (1916, 1922), and later by
Stille (1924) and Staub (1928), among many others who contributed significant
milestones in regional geology.
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They all had the means, intellect and incentive to think big. For example, Suess, in
his seminal global geology summary (1885), noted that “the possibility was
recognised of deducing from the uniform strike of the folds of a mountain chain,
a mean general direction or trend line: such trend lines were seldom seen to be
straight but consisted of arcs or curves, often violently bent curves of accommo-
dation; the trend lines of central Europe were observed to possess a certain regular
arrangement and to be traceable in part as far as Asia. It was further recognised
that the ocean from the mouth of the Ganges to Alaska and to Cape Horn is bor-
dered by folded mountain chains while in the other hemisphere this is not the case
so that Pacific and Atlantic types may be recognised.”Suess thus recognised,
over a hundred years ago, the fundamental differences between the active
(Pacific) and passive (Atlantic) continental margins. He noted the continuity of
the circum-Pacific and Alpine-Himalayan fold belts whose association with calc
alkaline volcanism and deep earthquakes is now very well known and understood.
Suess was also well aware of the problems of major marine transgressions, espe-
cially that of the Late Cretaceous. However, Suess thought that the ocean crust
was similar to that of the continents and that the oceans owed their origins to
“subsidence and collapse.”

The enormous thicknesses of sediments documented in fold belts and their adjacent
basins caused major difficulties reconciled in the “geosynclinal” theory of Hall (1882)
and Dana (1873). These thicknesses far exceeded the depths of the modern oceans
and the sediments typically consisted of shallow marine deposits. Obviously, subsi-
dence had to have taken place to allow the accumulation of such thicknesses. Dana
used the term “geosynclinal” with reference to a subsiding and infilling basin result-
ing from his concept of crustal contraction due to a cooling earth.

The Western Alpine structural zones (see De Graciansky et al., 2011; Triimpy, 2001)
soon came to be interpreted in terms of Dana’s geosynclinal model. In this
way, Emile Haug (1925) added extra detail by invoking an elongate narrow trough
between the continents whose erosion supplied the sediment. Two belts of sedi-
mentary rocks were thought to accumulate in troughs separated by an interven-
ing ridge called a “geanticline.” He designated the Dauphine geosyncline;
the volcanic rocks and deep water sediments were termed a “eu-geosyncline”
while the trough with mainly shallow water sediments was called a “mio-
geosyncline” (see Chapter 4 for a comparison of old and modern definitions).
The driving mechanism was thought to be compression between two colliding
continents.

A little later, Steinmann (1927) considered that the Alpine ultrabasic and basic
igneous rock suites called “ophiolites” (see Chapter 25) were emplaced by injec-
tion and differentiation of basic and ultrabasic magmas under marine sediments
well before dissection by later thrusts. Today, these ophiolites are known to be
fragments of oceanic lithosphere or sub-continental mantle entrained in thrust
sheets (see Manatschal and Whitmarsh Chapter 9 and Chapter 25).
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The geosynclinal view of the earth seemed comprehensive where mapped in
detail but was less than convincing in explaining the relationship between fold
belts, volcanoes and seismicity as well as the new data from passive margins in
several respects.

Application of the geosynclinal model was valuable in that it provided guidelines
for geological exploration and thinking in different fold belts worldwide and
particularly those surrounding the Mediterranean. The geosyncline model was
classically taught worldwide and remained a mainstay of geology until the
1960s. Notwithstanding the recognition of oceanic and continental crust and
the first primitive studies of the deep structure of continental margins in the
1950s, strenuous efforts were made to apply geosynclinal theory to these new
and later confirmatory observations. See, for example, Marshall Kay (1951), Drake
et al. (1959) and Aubouin (1965).

However, it should be borne in mind that the nineteenth and early twentieth
centuries saw the flowering of worldwide geological exploration and the develop-
ment of many of the sub-disciplines that are embodied in geoscience today. The
observations made during this period remain good even though interpretations
have changed radically.

At the turn of the nineteenth century, inferences from gravity observations were
used to compare the gross crustal structure of the continents and oceans. Airy
(1855) proposed that the weaker gravity anomalies associated with mountain belts
were caused by a low density root, a hypothesis later known as “isostasy.” In 1909,
Helmert showed that the gravity anomaly across continental margins exhibited a
characteristic edge effect marked by a gravity high on the outer shelf and a low
on the continental rise: away from therise, gravity values returned to the worldwide
norm. Wegener (1924), the main proponent of continental drift, recognised the
significance of this and concluded continental crust was absent in the ocean basins
and that the underlying crust must be very thin. He also inferred that a large pressure
differential between continents and oceans would be a consequence of this varia-
tion, speculating that this might cause the step faulting observed on the coastal seg-
ments of margins such as South Africa and eastern South America.

Laborious measurements of gravity in submarines by Vening Meinesz (1941)
among others resulted in the conclusion that the cause of the gravity
variation was abrupt thinning of the sialic continental crust across the continental
margin.

Early systematic seismic refraction measurements at sea were made in the Atlantic,
Pacific, and Indian oceans by Gaskell et al. (1959) during the postwar HMS
Challenger expedition complemented by groups at Scripps Institute of Oceano-
graphy and Lamont Geological Observatory. Collectively, the results showed
that continental crust was completely absent in all the ocean basins and that
the ocean basins were characterised by thin sediments overlying a simple tripartite
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layered ocean crust quite different from that observed beneath the continents.
The transition from continental to oceanic crust was thought to occur beneath
the continental rise.

The problem posed by the presence of only thin sediments on oceanic crust was
already recognised by Kuenen (1950). He queried the absence of thick sediment
accumulations that must have been eroded from folded belts and the continents
during previous geological time, assuming continental margins were Tertiary and
Mesozoic in age. In the western Alps, for example, in the post Hercynian Mesozoic
succession, siliciclastic sediments that would have been eroded from Hercynian
terranes are almost absent and the sedimentary record is dominated by carbo-
nates and marls. Kuenen’s question thus impacts fundamentally on the processes
that formed the oceanic crust.

The first results from seismic refraction studies and their value in defining the
nature of the oceanic crust have been mentioned above. Allied to these studies
was an explosion in mapping of the sea floor of the world’s oceans using modern
echo sounding equipment from 1945 onward. The general division of passive
margin bathymetry into continent shelf, slope, rise and adjoining abyssal plain
was soon recognised as was the presence and worldwide extent of the mid-ocean
ridge system although its presence had been inferred earlier by oceanographers.
Heezen (1960) recognised that the mid-ocean ridges were characterised by an
axial median valley which was the loci of shallow earthquakes. They were able
to demonstrate the continuity of the mid-ocean ridge in the Indian Ocean with
the East African rift system in Ethiopia. However, they felt unable to offer an expla-
nation of their findings at that time although Heezen later proposed expansion of
the earth. In a similar way, mapping of Pacific active margins had identified a
shelf, slope and adjacent trench associated with shallow, intermediate and deep
earthquakes adjoined onshore by either island arcs or Andean fold belts along
with volcanoes.

At the same time, refraction-based sections of the passive margin off North
America by Drake et al. (1959) prompted comparison with geosynclines and
especially Kay’s reconstruction (1951) of the mio-geosyncline and eu-geosyncline
of the Appalachian system in middle Ordovician time. The comparison showed
as many differences as similarities. While sediment thicknesses were broadly
comparable, there were also differences in structural style and overall basin shape.
In short, it was difficult to construct a section across a passive margin that resem-
bled a classic geosyncline.

Since the advent of modern cartography, the similarity in shape of the coastlines of
the Atlantic had resulted in speculation that they might once have been joined
together. The idea of continental drift was first suggested by Taylor (1910) and
then Wegener (1924, 1966), who also suggested a means of accounting for
the major differences between Atlantic- and Pacific-type margins. Later seminal
work by Du Toit (1937), which compared Atlantic margins with rifts and noted
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the continuity of the Samfrau “geosyncline” in the now separated continents of
the Southern Hemisphere, was ignored in common with other supporting evi-
dence as was Holmes’ (1928) avowal of continental drift. At the time, the idea
of continental drift was correctly rejected on the grounds that Wegener’s mecha-
nism, which proposed continents ploughing through the ocean floors, was physi-
cally untenable. Indeed from the viewpoint of geologists in Central Eurasia or on
the west, Pacific, coast of the United States, continental drift seemed intrinsically
unreasonable. As a result, vertical and compressional tectonics held sway despite
being under increasing challenge from marine geophysical studies that blossomed
in the postwar years.

In the early 1950s, under the direction of Maurice “Doc” Ewing, at the Lamont,
Doherty Observatory, marine geology, geophysics and geochemistry became the
focus of a broad data acquisition effort. A prodigious set of cores from the deep-sea
floor was acquired using the research vessel Vema. It was the time when detailed
surveys revealed the rifted nature of the mid-oceanridge (e.g., Heezen etal.,1959;
Heezen and Tharp, 1961; for additional background, see Doel et al., 2006). About
the same time V. Vacquier (e.g., Vacquier et al., 1951; Vacquier, 1972) at Scripps
developed the tools and a geomagnetics program that eventually would lead to
the early maps that showed linear magnetic anomalies as well (e.g., Raff and
Mason, 1961). The results of these early magnetic surveys were followed by the
formal introduction of transform faults by Wilson (1965). Eventually, systematic
surveys of geomagnetic anomalies covered much of the oceans of the world.
In our zeal to elevate the scientists who developed important conceptual break-
throughs, we tend to overlook the foresight of leaders who recognised the need
for new kinds of data and measurements that led to the ensuing explosion of novel
observations. These, in turn, allowed formulation of many, often competing, new
concepts. In short, these studies enabled the hitherto unmapped floors of the
oceans, covering two-thirds of the earth, to be mapped in terms of topography
and age.

A major paradigm shift resulted from innovative paleomagnetic studies, notably
those of Runcorn (1956) and Blackett et al. (1960), which showed that the con-
tinents had moved relative to each other. In addition, the celebrated, successful
reconstruction of the North and South Atlantic oceans by Bullard et al. (1965),
using rotation about Euler poles, confirmed the former conjugation of Africa with
South America, Africa with North America and North America with Eurasia.

Although continental drift was from then on regarded as proven, the exact mech-
anism remained uncertain. For example, Carey (1958), in a paper that anticipated
plate reconstructions by 10 years, asserted that the fits of the continents could be
readily explained by an expanding earth. However, Hess (1960, 1962), and also
Dietz (1961), proposed the sea floor spreading hypothesis as a basis for under-
standing of sea floor tectonics and in consequence the margins of the ocean
basins. This simple and elegant hypothesis states that new oceanic crust is formed
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at the axis of mid-ocean ridges by upwelling and injection of magma as dykes,
with conservation of the earth’s surface N-S of the Pacific for the most part.
Passive margins were therefore considered to have formed by crustal extension
that led to complete rupture of the continental crust and the formation of ocean
crust by spreading as is shown by the continuity of the mid-ocean ridge in the Gulf
of Aden with the actively extending northern Ethiopian rift.

In 1963, Vine and Matthews developed a critical corollary to the sea floor spread-
ing hypothesis. They proposed that the, by then, well-mapped pattern of mag-
netic lineations in the ocean basins could be explained by formation of new
oceanic crust during periods of normal and reversed magnetic polarity. The mag-
netic lineations thus preserved both a record of the history of reversals and also the
rate of sea floor spreading. Their hypothesis initially used the precise chronology of
magnetic reversals in the late Neogene to calibrate spreading rates. The systematic
increase in age of the ocean floor away from the mid-ocean ridge axis was later
confirmed by one of the first voyages of the Deep Sea Drilling ship Glomar
Challenger in 1968. Le Pichon (1968) showed from a summation of global rates
of plate divergence and convergence that the earth was neither contracting nor
expanding.

Another key step was made by McKenzie and Parker (1967), who were able to
describe the movement of the North Pacific in terms of tectonics on a sphere, thus
founding plate tectonics. Isacks et al. (1986) incorporated global seismologic data
to complete the formulation of modern plate tectonics. (For a review of the history
of plate tectonics see Oreskes, 2003, and Chapter 25.)

From earthquake mechanism studies and the recognition of transform faults, three
types of plate boundaries were defined and used by Bally and Snelson (1980) in
their classification of sediment