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Priface to second edition 

The first edition of Basin Analysis was written in 1988 and 
1989 and published in 1990. A decade and a half have 
therefore passed since the writing of the first edition. 
Fifteen years is a long time between any two editions of 
a popular textbook, but in the field of basin analysis it is 
an eternity. The field has exploded with new data, new 
technology, and new concepts. This second edition 
attempts to take account of these new developments 
while retaining the successful basic structure and philo
sophy of the original text 

We originally defined basin analysis as the integrated 
study of sedimentary basins as geodynamic entities. 
This is even more the case today. It is now realized that 
the geodynamic system involving basin development 
must also include the processes of rock exhumation, 
erosion and sediment transport in the source terrains of 
sedimentary basins. In other words, the sediment supply 
to a basin is more than simply a boundary condition. The 
sediment efHux of eroding catchments is a thread linking 
intimately coupled process systems governed by a whole 
spectrum of driving mechanisms. Tectonics affect catch
ment topography as well as basin subsidence. Climate 
affects weathering and erosion as well as depositional 
environments and sedimentary products. Base-level 
change affects river incision and sediment transport as 
well as accommodation in the basin. To understand a 
basin as a geodynamic entity therefore requires an 
appreciation of the coupling between mantle, litho
sphere, oceans, atmosphere, and land surface. The per
spective is expansive and multidisciplinary. Basin analysis 
is no more the preserve of the geophysicist than the strati
graphcr. It is the classic integrative topic in the curric
ulum and in our research portfolios. 

The second edition of Basin Ana!J'sis is a major updat
ing and reassessment of the first edition. We have 

retained the basic structure of first considering the fun
damental physical state of the lithosphere before dis
cussing the two grand classes of lithospheric deformation 
relevant to basin development ····· stretching and flexure. 
We have added a chapter on the effect of mantle dynam
ics, since it is now generally accepted that flow in the 
mantle related to the subduction of oceanic slabs, plume 
activity, and the slow incubation of heat beneath super
continental assemblies impinge on basin development. 
Basins related to strike-slip motion continue to be treated 
in their own chapter because of their specific, intimate 
linkage to deformation within the principal displacement 
zone. The chapters on the basin-fill have been radically 
revised. A new chapter on the erosional engine for sedi
ment delivery to basins has been included to reflect the 
massive and exciting advances in thi~ area in the last 
decade. The discussion of basin stratigraphy highlights 
its structure or architecture and proposes explanations in 
terms of the external driving mechanisms or of the 
unforced, internal dynamics responsible. The techniques 
now used routinely in approaching problems in basin 
analysis have much expanded. We have updated subsi
dence analysis and measurements of thermal maturity of 
organic and nonorganic components of the basin-fill as 
the staple diet of basin analysts, but have included new 
thermochronological and exposure dating tools that have 
revolutionized our understanding of the rates of denuda
tion of source regions, storage, and transfer to basins. 
Finally, the section on the application to the petroleum 
play has been retained, condensed, and updated to 
include the important petroleum system concept. It 
remains a useful summary of the scientific basis for petro
leum geology and how many of the concepts and tech
niques discussed earlier in the book can be applied in a 
commercial arena. 



viii PREFACE 

The educational or intellectual philosophy adopted in 
Basin Anab'.ru is that it is necessary to build up under
standing by examining the underlying principles for the 
way in which basins function, rather than by presenting 
a blizzard of detail on the variability of the real world. 
We do not mean to be sectarian in the deductive versus 
inductive debate. The messy ground-truth of sedimen
tary basins, their structure, thermal and subsidence 
history, and stratigraphic architecture, is that each 
example has its own set of attributes, or to be anthropo
morphic, its "individuality." But it is not an easy task to 
induct the functioning of basins from such a blizzard of 
detail. We therefore present wherever possible a simpli
fied but useful physical analysis, backed up where appro
priate with elementary calculus, as the means to enhance 
our understanding of basins generically. A further advan
tage of this approach is that students become armed with 
a wider range of scientilic tools that can be used in a 
spectrum of other Earth Science and non-Earth Science 
applications. This is important in our current climate 
of fostering "transferable skills." The use of this first
principles approach is necessarily uneven in the text. 
Where a mathematical derivation is an optional extra, it 
is boxed separately from the rest of the text so as not to 
interrupt the flow. In most cases, however, the student will 
benefit from working through the simple mathematical 
analysis, inserting typical parameter values, and deriving 
a quantitative result. We have tried to encourage this 
"interactiveness" by providing practical examples 'lvith 
solutions on freely accessible web pages at ETH 
Ztirich ('A>ww.erdw.ethz.ch/ Allen). 

Our perspective on developments over the last 15 years 
is that some hot issues have become luke warm, whereas 
others that were previously invisible or dormant have 
become widely debated. Such is scientilic progress. As an 
example of the former, the art of sequence stratigraphy, 
with its controversial overemphasis on eustatic sea-level 
changes as the driving forces for stratigraphic packaging, 
has matured into a valuable observational tool with inter
pretation founded on a far better appreciation of the 
dynamics of accommodation generation and sediment 
supply. As an example of the latter, numerical models of 
a multilayer lithosphere now provide new insights into a 
range of problems involving the dynamics of lithospheric 
contraction and extension. A forceful and exciting com
munity of scientists is simultaneously providing key 
observations and models to enable such improved solid
Earth models to be coupled to basin development via the 
critical interface of the Earth's surface. Such a successful 
merging of geomorphology, geophysics, isotope geo-

chemistry, sedimentology, and structural geology sends 
a powerful message of the value of multidisciplinary 
approaches in the Earth Sciences. 

The book is intended for undergraduates who have 
done the prerequisite set of introductory courses in the 
Earth Sciences. Those who have emerged from a sound 
physical sciences background will find this book more to 
their liking, but those entering Earth Science from the life 
or environmental sciences should not despair. The book 
should also prove to be useful to postgraduate students 
either as a text for taught courses in basin analysis and 
petroleum geology, or as a synthesis for doctoral students 
grappling with research problems across a wide range of 
Earth Science subdisciplines. 

The writing of a textbook is a long, difficult road to 
tread. Goodness knows why anyone volunteers to do it. 
Any attempt at "completeness" has to be abandoned at 
an early stage. First, completeness can mean vast docu
mentation of trivia. Second, attempts at completeness 
generally end in noncompletion. The book project then 
becomes a never-ending introspective diary. So to the 
academic staff using this book, please be understanding 
if sufficient credit is not given to your work. To the 
student, please do not think that you should not be visit
ing the library for supplementary reading. 

Apart from primary sources in research papers, there 
are a number of textbooks and compilations or reviews 
that we have found valuable to consult and use. In the 
general area of basin analysis is Ingersoll and Busby's 
very useful compilation Tectonics qf Sedimentary Basins 
(1995). Einsele's Sedimentary Basins (second edition, 2000), 
despite its tide, is strongly focused on sedimentary 
geology. Leeder's Sedimentology and Sedimentary Basins 
( 1999) is a stimulating text whose subtitle "From Turbu
lence to Tectonics" perfectly reflects its contents. The 
edited textbook by Reading (Sedimentary Environments, third 
edition, 1996) continues to be the best comprehensive 
source of all matters sedimentological. In the area of 
surface processes, useful material can be found in Sum
merfield's Global Ge()Tn[Jrphology ( 1990) and its reincarna
tion as a multiauthor compilation in GeomMphology and 
Global Tectonics (2000). Allen's Earth Surface Processes ( 1997) 
provides a physically based approach to sediment routing 
and depositional processes, and Burbank and Anderson's 
Tectonic Geomorphology (2001) trail-blazes the important 
area of neotectonics and geomorphology. Turning to 
geophysics and dynamics, there is little competition for 
the mighty Georfynamics by Turcotte and Schubert (second 
edition, 2002). Very valuable material is also found in 
Fowler's The Solid Earth (1990) and Isostasy a:nd fi'kxure qf 



the Lithosphere by Watts (200 l) is very helpfully focused on 
some of the key issues underpinning basin development. 
Diagenesis: A QJ!antitative Perspective by Giles (1997) is a tour 
de force in the area of compaction and diagenesis of the 
basin-fill. Magoon and Dow's edited volume The Petroleum 
System (1994) is a valuable addition to the literature in the 
field of petroleum geology. 

The journal Basin Research has published a number 
of important thematic sets that provide ideal hunting 
grounds for students of basin analysis: some examples 
are Foreland Basins edited by Allen, England, Watts and 
Grotzinger (1992), Cratonic Basins (1994) edited by Allen, 
Watts, Grotzinger and Royden, Supradetachment Basins 
edited by Friedmann and Burbank (1995), Sediment Supply 
to Basins edited by Hovius and Leeder (1998), Interactions 
qf Tectonics and Surfoce Processes in Landscape Evolution edited 
by Burbank and Pinter (1999), Processes and Controls in.Jhe 
Stratigraphic Development qf Extensional Basins edited by 
Gupta and Cowie (2000), and Numerical and Physical Ex
perimental Modelling qf Stratigraphy edited by Burgess and 
Paola (2002). Readers are also referred to the compila
tion of papers entitled Tectonics and Topography, edited by 
Ellis and Merritts, in the Journal qf Geophysical Research 

PREFACE ix 

( 1994 ), and QJ!antitative Dynamic Stratigraphy ( 1990) edited 
by Cross, which together kick-started many quantitative 
approaches to the coupling of tectonics, surface 
processes, and stratigraphy. 

We are grateful for the help of many colleagues, espe
cially those who found time to look at drafts of book 
chapters, including Alex Densmore and Nick Richardson 
(ETH Zurich), and Peter Burgess (Shell, Rijswijk). Alex 
Densmore has cotaught a basin analysis class with PAA 
for several years and has provided much helpful input. 
Sonia Scarselli and Chris Krugh helped to assemble the 
practical exercises and solutions available on the web. 
Maja Reichenbach kindly provided much secretarial 
help. We are once again grateful for the support of staff 
at Blackwell Publishing, particularly Delia Sandford and 
Rosie Hayden in production and editor Debbie Seymour. 
Finally, we dedicate this volume to our families, Carolyn, 
Lorna, Frances, and Richard spread across England and 
Switzerland, and Annette, Michael, and Robert in Mel
bourne, Australia. 

PAA, JRA, Zurich 
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The foundations qf 
sedimentary basins 





CHAPTER 

Basins in their plate 
tectonic environment 

Assumptions, hasty, crude and vain, 
Full qfi to use will Science deign; 
The corks the novice plies today 
The swimmer soon shall cast away 

SUMMARY 

Sedimentary basins are regions of prolonged subsidence 
of the Earth's surface. The driving mechanisms of sub
sidence are principally related to processes within the 
relatively rigid, cooled thermal boundary layer of the 
Earth known as the lithosphere. The lithosphere is com
posed of a number of plates which are in motion with 
respect to each other. Sedimentary basins therefore exist 
in a background environment of plate motion. 

The Earth's interior is composed of a number of com
positional and rheological zones. The main composi
tional zones are between crust, mantle and core, the crust 
containing relatively low density rocks overlain by a sedi
mentary cover. The mechanical and rheological divisions 
do not necessarily match the compositional zones. 
A fundamental rheological boundary is between the 
lithosphere and the underlying asthenosphere. The 
lithosphere is sufficiently rigid to comprise a number of 
relatively coherent plates. Its base is marked by a char
acteristic isotherm (c. 1330°C) and is commonly termed 
the thermal lithosphere, or alternatively mechanical lithosphere. 
The upper portion of the thermal lithosphere is able to 
store elastic stresses over long time scales and is referred 
to as the elastic lithosphere. The continental lithosphere has 
a strength profile with depth which suggests that a weak, 
ductile zone exists in the lower crust, separating a brittle 
upper crust and upper mantle, giving a jam-sandwich 
type structure. The oceanic lithosphere, however, lacks 
this low strength layer, its strength increasing with depth 
to the brittle-ductile transition in the upper mantle. 

The relative motion of plates produces deformation, 
vulcanicity, and seismicity concentrated along their 
boundaries, which are classified as divergent boundaries, 
such as the mid-ocean ridge spreading centres of the 

(A.H. CLOUGH, POEM (1840)) 

ocean basins, convergent boundaries associated with large 
amounts of shortening, such as continental collision 
zones, and conservative boundaries characterized by 
strike-slip deformation. Although the theory of plate tec
tonics has the premise that deformation is concentrated 
along plate boundaries, the continental lithosphere 
deforms far from plate boundaries, and appears to 
behave at geological time scales more like viscous sheets 
than as rigid stress guides. 

Sedimentary basins have been classified principally in 
terms of the type of lithospheric substratum (i.e., conti
nental, oceanic, transitional), their position with respect 
to the plate boundary (intracratonic, plate margin), and 
type of plate motion nearest to the basin (divergent, con
vergent, transform). The formative mechanisms of sedi
mentary basins fall into a small number of categories, 
although all mechanisms may operate during the evolu
tion of a basin: 
• Isostatic consequences qf changes in crustal/ lithospheric thick

ness, such as caused mechanically by lithospheric 
stretching, or purely thermally, as in the cooling and 
subsidence of the oceanic lithosphere as it moves away 
from oceanic spreading centres; 

• loading (and unloading) of the lithosphere causes a deflec
tion or flexural deformation and therefore subsidence 
(and uplift), as in foreland basins; 

• viscous flow of the mantle causes nonpermanent 
subsidence/uplift known as qynamic topography. 
From the point of view of lithospheric processes there 

are two major groups of basins: (i) Basins due to litho
spheric stretching, belonging to the rift-drift suite, and (ii) 
basins formed primarily by flexure of continental and 
oceanic lithosphere. 



4 CHAPTER 1 

Inspection of any map showing hydrocarbon occur
rences (e.g., StJohn et a!. 1984) reveals their clustered 
pattern. In general, provinces of hydrocarbon occur
rence correspond to the locations of sedimentary accu
mulations greater than about l km thick. These 
accumulations include sedimentary basins in the strict 
sense, implying zones of pronounced subsidence (Bally 
and Snelson 1980) but also carbonate bank build-ups on 
elevated oceanic crust, cratonic arches, and so on which 
become fossilized in the geological record. However, 
sedimentary basins located at sites of prolonged and 
substantial subsidence are of overriding importance. 

Historically, basin studies have developed from a number 
of distinct viewpoints such as that of stratigraphic 
sequences and their relation to sea-level fluctuations (Sloss 
1950, 1963), the geosyncline (Kay 1947, 1951; Aubouin 
1965), and, more recently, the concept of plate tectonics 
(Dickinson 1974; lngersolll988). The location of sedimen
tary basins and their driving mechanisms are intimately 
associated with the motion of discrete, relatively rigid slabs, 
which together represent the cooled thermal boundary 
layer of the Earth, and with the convective flow of the 
underlying mantle. The outer shell of the Earth comprises 
a relatively small number of these thin, relatively rigid 
plates, and they are in a state of motion with respect to each 
other. Such motions set up plate boundary forces that may 
be transferred considerable distances into the interior of the 
plates, so that sedimentary basins exist in a background 
environment of stress set up by plate motion. The lithos
pheric plates are the surface manifestation of a slow thermal 
convection in the mantle, and are subject to differential 
thermal stresses along their bases. The mantle and litho
sphere therefore do not operate as independent systems. We 
see spectacular evidence for the interaction of mantle 
processes and the lithosphere in the volcanic and topo
graphic expression above plumes that have risen from the 
core-mantle boundary. We also discern, though less spec
tacularly, the effects on mantle flow of the subduction of 
cold slabs of oceanic crust at ocean-continent boundaries. 

Some basic ideas on plate tectonics and Earth struc
ture are introduced in this chapter in so far as they help 
to explain the location and evolution of sedimentary 
basins. More exhaustive summaries can be found in 
Wyllie (1971), Cox (1973), Le Pichon eta!. (1973), Smith 
(1976), Bird (1980), Cox and Hart (1986), and Kearey 
and Vme (1996). Ingersoll and Busby (1995) is a collec
tion of individually written chapters of relevance to basin 
analysis and plate tectonics. 

The Earth's interior is composed of a number of 
essentially concentric zones that are defined on the basis 

of either compositional changes, or mechanical/ 
rheological changes. 

1.1 COMPOSITIONAL ZONATION OF THE 
EARTH 

There are three mam compositional units; the crust, 
mantle, and core (Fig. 1.1 ). 

1.1.1 Oceanic crust 

The crust is an outer shell of relatively low density rocks. 
The oceanic crust is thin, ranging from approximately 4 
to 20km in thickness, lOkm being "normal," and with 
an average density of about 2900kgm-3

. It comprises a 
number of layers that reflect its mode of creation: an 
upper veneer (layer l) of unconsolidated or poorly 
consolidated sediments, generally up to 0.5 km thick; an 
intermediate layer 2 of basaltic composition, consisting 
of pillow lavas and associated products of submarine 
eruptions; and a layer 3 of gabbros and peridotites that 
may form the parent rocks which upon differentiation 
give rise to the basalts of layer 2. The oceanic crust has 
been thought to be distinctly layered in terms of velocity 
of seismic waves, but more recent views are that it pos
sesses a more gradual and continuous increase in veloc
ity with depth. 

The lifetime of oceanic crust is short, despite the fact 
that it occupies about 60% of the surface of the Earth 
(c. 3.2 X l09 km2

). This is because as the oceanic crust 
cools during aging it becomes gravitationally unstable 
with respect to the mantle; as a result it is consumed. This 
explains why the oldest oceanic crust in today's oceans is 
as young as jurassic in age (c. l50Ma). Compared to the 
continents, the oceanic crust therefore has a very short 
lifespan. 

1.1.2 Continental crust 

The continental crust is thicker, ranging from 30 to 
70 km, but with an "average" thickness of perhaps 35 km. 
It was originally thought to be divided into two layers, 
each with a distinct composition and density: (i) An upper 
layer with physical properties similar to those of granites, 
granodiorites, or diorites overlain by a thin veneer of 
sedimentary rocks. This so-called "granitic layer'' has a 
thickness of between 20 and 25 km and a density of 2500-
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500km 

(b) 

Okm 

Mesosphere 

Phase 

Fig. 1.1 The main compos itional (a) and rheo logical (b) 

boundaries of the Earth . The most important compositional 

boundary is between crust, man tle, and core. There are strong 
compositlonal variations "virhin the continental crust and COln

positional variations caused by phase changes in the mantle. V, 
is ,·elocity or P wave. The main rheological boundary is bd"ween 

the lithosphere and the asthenosphere. P wave velocities increase 

markedl y beneath the Moho, but decrease in a low velocity zuue 
rcpreseming the weak asthenosphere. The lithosphere is r ig id 

enough to act as a coherent plate. P wave veloc ity in (a) Ji"om 

western Europe after Hirn ( 1976). 

2700 kgm-'. The term "granitic" is, however, mislead ing, 
since average den sities are greater than that of granite; 
(ii) a lower layer or primarily basa ltic composition, but 
the pressure and temperature at depths in excess of 

25 km imply that the rocks arc g-ran ulites, o r their high 
prc:;sure, high temperature equivale nts, eclogite:; o r 
amphibolitcs. The densi ty of this lower layer is 
2800- 3 100 kgm-'. These layers may not in reality be well 
defined, and instead a more continuous varia tion of com
position with depth may exist. 

Information on th e dens ity of crustal rocks has been 
obtained largely b)' observations on seismograms of the 
speed of se ismic waves passing through the various 
layers, coupled with laboratory experiments on rock 
materials. The existence of a low velocity crust was dis
covered by the geophysic ist iVlohorovicic sho rrly after the 
turn of the cemury At the crust-mantle boundary, 
susmrc P (longitudina l) wave velocities tn crease 
markedly; this abrupt increase in velocity may reflect a 
corresponding increase in rock density (Fig. I. I). This 
horizon is known as the Mohorovicic discon tinuity or 
Moho. The Moho varies in depth considerably. The con
tinental crust thickens under orogenic belts, thins under 
zones of r ilting, and attenuates completely at con tinen
tal margins (Fig. 1. 2). 

In some regions, part icularly the attenuated margins 
or continents, the crust is intermedi<ltc in character and 
thickness between typical oceanic and con ti nental 
varieties. This may be due to the injection of dense 
intrusions, to metamorphism, or to other processes 
accompanying st rcrch ing. In particular~ the depth to the 
Moho may be abnormally grea t due to the igneous 
underplating of the crust during plume activity. Several 
kilometers of underplate emplaced in the Early Tertia ry 
over the head of the Iceland plume have been interpreted 
!"rom seism ic experiments carried out on the northwest 
European continental margin. 

1.1.3 Mantle 

The mantle is divided into two layers: the upper and lower 
mantle. The upper mantle extends to about 680 km ± 
20 k.m and is punctuated by phase transitions. The inner 
mantle extends to the outer limit of the core at 2900 km , 
with an increasing density with depth. 

Although there are of course no in situ measurements 
of the composition of the mantle, it can be estimated 
from the chemistry of volca nic and intrusive rocks 
derived by melting or the mantle, fi·om tectonica lly 
emplaced slivers of mantle rock preserved in orogenic 
belts known as ophiolites, from nodules preserved in vol.
canic rocks, from minerals brought to the surface explo
sively in kimberlites, and impo rtantly, from the remote 



DEPTH TO MOHO 

Fig. 1.2 Depth to the Moho below sea-level from (a) Europe and (b) North America, after Allenby and Schnetzler (1983) and 
Meissner ( !986). In Europe, thick continental crust occurs in the Pyrenean-Alpine-Carpathian orogenic belt and in the 
Scandinavian Shield. Thin continental crust occurs along the Atlantic margin and in regions of continental stretching, such as the 
North Sea, western Mediterranean, Pannonian Basin, and Black Sea. In North America, thick continental crust is associated with 
the batholiths of the Sierra Nevada region, the Appalachian orogenic belt, the American midcontinent and the CanadianNE USA 
shield. Thin crust is associated with the plateau basalts of the Snake River area, sites of rifting such as the Mississippi Embayment, 
and along the western active continental margin, eastern passive continental margin and the Gulf of Mexico. NS, North Sea; SC, 
Scandinavian Shield; PY, Pyrenees; AP, Apennines; PB, Pannonian Basin; H, Hellenides; SR, Snake River; SN, Sierra Nevada; ME, 
Mississippi Embayment; AP, Appalachians; GM, Gulf of Mexico. Reproduced courtesy of Elsevier. 
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but sophisticated measurement of the mantle using 
seismic waves. The main constituent of the mantle is 
thought to be olivine, mostly the Mg-rich variety 
forsterite. 

Olivine is known to undergo phase changes to denser 
structures at pressures equivalent to depths of 390-
450km and c. 700km in the Earth. At 390-450km 
olivine is thought to change to spinel via an exothermic 
reaction involving a I 0% increase in density. At c. 700 km 
spinel changes to perovskite and magnesium oxide in 
an endothermic reaction. These phase changes can be 
recognized by changes in the velocity of S waves 
(McKenzie 1983) and may determine the scale of con
vection in the mantle (Silver et al. 1988). 

1.2 RHEOLOGICAL ZONATION OF 
THE EARTH 

The mechanical or rheological divisions of the interior 
of the Earth do not necessarily match the compositional 
zones. One of the rheological zonations of primary 
interest to students of basin analysis is the differentiation 
between the lithosphere and the asthenosphere. This 
is because the vertical motions (subsidence, uplift) in 
sedimentary basins are principally a response to the 
deformation of this uppermost rheological zone of the 
Earth. 

1.2.1 Lithosphere 

The lithosphere is the rigid outer shell of the Earth, com
prising the crust and the upper part of the mantle. It is 
of particular importance to note the difference between 
the thermal and elastic thicknesses of the lithosphere. It 
is generally believed Parsons and Sclater 1977; 
Pollack and Chapman 1977) that the base of the 
lithosphere is represented by a characteristic isotherm 
(1100-l330°C) at which mantle rocks approach their 
solidus temperature. This defines the thermal lithosphere. 
Typical thicknesses of lithosphere under the oceans 
varies from c. 5 km at mid-ocean to c. I 00 km in 
the coolest parts of the oceans. The lower boundary 
of the lithosphere is poorly defined under continents, 
depths of I 00 to 250 km being typical. The stepwise 
increases in velocities of S and P waves with depth 
through the lithosphere suggest that it contains composi
tional boundaries within it. 

The rigidity of the lithosphere allows it to behave as a 
coherent plate but only the upper part of the lithosphere 
is sufficiently to retain elastic stresses over geologi
cal time scales (say I 07 years). Below this upper elastic 
lithosphere creep processes efficiently relax elastic stresses, 
so that there is a physical and conceptual difference 
between the elastic lithosphere and the thermal litho
sphere. The lithosphere below the upper elastic portion 
must therefore be sufficiently soft to relax elastic stresses 
but sufficiently rigid to remain a coherent part of the 
surface plate. 

The oceanic and continental lithosphere differ in their 
strength (Fig. 1.3). The strongest part of the oceanic 
lithosphere occurs in the mantle between 20 and 60 km 
depth, below which it becomes increasingly ductile. The 
continental lithosphere, however, appears to be markedly 
wned rheologically. In particular, the upper seismically 
active brittle zone overlies a generally aseismic zone that 
may deform by ductile processes. This mid-lower crustal 
ductile zone has been invoked as a level of detachment 
of major upper crustal faults Kusznir and Park 
1987) (§3.5.2 and §3.5.3). There is a second, deeper 
strong layer in the mantle part of the continental litho
sphere where earthquakes occasionally oeeur (Chen and 
Molnar 1983). 

There are also heterogeneities in the mantle part of 
the lithosphere, although they are small compared with 
the crust. Seismological studies of western Europe (Hirn 
1976) suggest a highly stratified lithosphere beneath the 
Moho (Fig. 1.1 ). In particular, a "channel" of reduced P 
wave velocities has been interpreted between I 0 and 
20 km below the Moho. This I 0 km thick layer cannot be 
explained in terms of partial melting since the solidus 
temperature is far in excess of the actual temperature 
the hydration (serpentinization) of peridotites has been 
postulated as a possible mechanism. Whatever the cause, 
this upper low velocity channel may serve as a zone of 
decoupling of the upper lithosphere from the lower 
portion of the lithosphere when acted upon by tangen
tial tectonic forces. There are few examples, however, 
where a process of decoupling can be unambiguously 
demonstrated at these levels. 

1.2.2 Sublithospherlc mantle 

The underlying region, the asthenosphere is weaker than the 
lithosphere and is able to undergo deformation relatively 
easily by fimv. The upper part of the asthenosphere is 
kno'\\n as the low velocity wne where P and S wave 
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Fig. 1.:1 Strength profiles for the oceanic (a) and continental (b) lithosphere, based on Molnar (1988) and Sammonds (1999). The 
yield strength of the continental and oceanic lithosphere is plotted as a function of depth. The olivine rheology of the oceanic 
lithosphere provides a strong elastic core extending to depths of over 50 km. The quartz or quartz-felspar rheology of the contin
ental lithosphere causes a weak, ductile layer at equivalent depths. A second brittle-ductile transition occurs in the mantle litho
sphere because of the compositional change to an olivine rheology. The elastic lithosphere is the upper portion that is able to store 
elastic stresses over long time periods. The base of the thermal lithosphere is a mechanical boundary separating the relatively strong 
outer sheU of the lithosphere from the very weak asthenosphere. 

transmission speeds drop markedly, presumably due to 
partial melting (Fig. 1.4). 

Studies of minute variations in the transmission speeds 
of seismic waves has allowed the structure of the deep 
mantle to be visualized and mapped (Dziewonski and 
Woodhouse 1987), a topic known as seismic tomography. 
Zones of faster than average seismic velocity are attrib
uted to propagation through denser rock which in turn 
is most likely due to a cooler temperature. Zones with 
slower than average seismic velocity are likewise thought 
to be due to warmer temperatures. Variations in tem
perature are probably caused by large-scale convection. 
Far from being inert, the mantle represents a vast volume 
of rock which dynamically interacts with the lithosphere. 
Instabilities rise from the core-mantle boundary as plumes 
of hot material which impinge on the base of the over
lying lithosphere and may have a major role in contin-

ental break-up (Burke and Dewey 1973; White and 
McKenzie 1988). The thermal effects of the subduction 
of cold oceanic lithosphere and the insulating effects of 
supercontinental assemblies are also thought to be re
cognizable in the thermal structure of the mantle (Gurnis 
et a!. 1996). 

1.3 PLATE MOTION 

Plate tectonics can operate because the lithosphere is 
composed of a number of coherent rheological "plates" 
(Fig. 1.5). The underlying concepts of relative plate 
motion come from studies of focal mechanism solutions 
of large earthquakes and observations of the distribution 
of earthquake epicenters, and from studies of magnetic 
lineations in the ocean basins. The nature and rates of 
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and the solidus temperature for mantle material (peridotite). 
Where the solidus curve (T m) and the geotherm become tan
gential, partial melting in the mantle is likely to take place, 
resulting in a zone of low seismic wave velocities Qow velocity 
zone). 

relative plate motion (Minster and Jordan 1978) govern 
many aspects of the geodynamic environment of basins. 
Increasingly, reliable information on motion within plates 
is provided by measurement of geodetic strains involving 
the long-term occupation of triangulation networks and 
the use of ground position satellite (GPS) technology 
(Clarke et a!. 1998). 

The global pattern of seismic activity is of continuous 
and narrow belts of high frequency of earthquakes, 
bounding extensive regions of relative stability 
(Barazangi and Dorman 1969). The narrow zones of 
earthquake activity define plate margins. Oceanic plate 
boundaries are very sharply defined whilst continental 
boundaries are rather more diffuse. 

The fact that earthquake epicenters occur at depths as 
great at 650 to 700 krn along some plate boundaries sug
gests that a process exists that is capable of transferring 
brittle material to depths normally associated with 

deformation by flow. This process of plate subduction 
is responsible for both the relative youth of the oceanic 
crust and the distribution of earthquake epicenters. The 
fact that the interiors of plates experience only infrequent 
earthquake activity reflects the concentration of large 
relative motions of plates along their boundaries. How
ever, this does not mean that the interiors of plates do 
not experience significant deformation. Continental 
plates clearly undergo extensive deformation a long way 
from plate boundaries (England 1987). In such cases, the 
driving force is believed to be the excess potential energy 
of elevated continental crust. 

The lithospheric plates can be easily deformed by 
bending about a horizontal axis, but are highly resistant 
to torsion about steeply inclined axes. This latter prop
erty of strength allows the motion of plates over the 
Earth's surface to be modeled assuming no internal 
deformation, except at plate boundaries. But how do the 
oceanic and continental lithosphere compare in terms of 
flexural strength? Different views exist on this problem. 
On the one hand, oceanic plates are stronger because 
they consist of more mafic mineral assemblages, whereas 
the continents contain quartz which shows ductile flow 
at lower temperatures than olivine (see Fig. 1.3). They 
also contain fewer intrinsic weaknesses such as old fun
damental fault systems. On the other hand, the oceanic 
plates are thinner and hotter, and therefore bend more 
easily under an applied force system. Whether continen
tal or oceanic lithosphere is stronger in terms of their 
resistance to bending, or flexure, is therefore controver
sial and the strength must at least in part depend on 
parameters such as geothermal gradient and strain rate. 
Continental crust, however, appears to be weaker than 
oceanic crust when subjected to extensional stresses 
(Steckler and ten Brink 1986). 

Three classes of plate boundary exist: divergent, con
vergent, and conservative (Fig. 1.6): 

Divergent boundaries are typified by the mid-ocean ridge 
spreading centres of the ocean basins. Here, the recog
nition of magnetic bands correlated with a magnetic 
reversal chronology (Vine and Matthews 1963; Cox 
1973) allows the rate of divergent plate motion to be esti
mated. Transform faults with strike-slip displacement 
offset the divergent boundaries, producing a highly seg
mented pattern. 

Convergent boundaries are of two classes: 
• Subduction boundaries where oceanic lithosphere 

constitutes the downgoing plate. Ocean-ocean 



Fig. 1.5 The lithospheric plates, showing mid-ocean ridges, trenches, and transform boundaries (Le Pichon et al. 1973) and absolute motion vectors from Minster and Jordan 
(1978). Length of arrows is proportional to the plate speed. The fastest plate motion is in the western Pacific and Indian Oceans, whereas Africa, Antarctica, and Eurasia are 
almost stationary with respect to the mantle reference frame. Reproduced courtesy of American Geophysical Union. 
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boundaries, as for example, in the Mariana Islands, are 
characterized by a well-developed ocean trench and 
volcanic island arcs, whereas ocean-continent bound
aries such as along the west of the Andes consist of an 
ocean trench with an associated continental magmatic 
arc with intense plutonic activity. 

• Collisional boundaries where continental lithosphere 
constitutes the downgoing plate. Where both plates are 
continental, as in the Alps or Himalayan zones, the 
buoyancy of the downgoing plate resists subduction, 
leading to intense and widespread deformation. Less 
commonly, oceanic lithosphere may override conti
nental lithosphere attached to subducting oceanic 
lithosphere, as in Taiwan. 

Conservative boundaries occur where the adjoining plates are 
moving parallel to each other and are therefore domi
nated by strike-slip or transform faults. 

The relative movement between plates causes 
earthquakes, a fact demonstrated by the concentration 
of seismic activity along plate boundaries. Earthquakes 
occur along trenches, ridges, and transforms, but they 
are distinctly different along the three types of 
boundary: 
• Ridges are characterized by small to moderate earth

quakes generated at shallow depths of <I 0 km; 
• transforms experience larger earthquakes originating 

from depths of <20 km; 

Conservative 
plate boundary 

• subduction zones are sites of very large and deep earth-
quakes, with foci occurring as deep as 700 km. 

The disappearance of earthquakes at relatively shallow 
levels along transforms and ridges is thought to be due 
to the change in rheology from brittle (capable of storing 
elastic stresses before rupture) to ductile (flowing by 
creep). This transition takes place in the range 600-
900 °C, which corresponds to a depth of 20-30 km at 
transforms, but at shallower levels of about I 0 km at 
ridges where temperatures are elevated. In contrast, 
at subduction zones, if the plate is descending quickly it 
remains cool relative to its surroundings and is capable 
of brittle deformation to large depths. Hence, earthquake 
foci along subduction zones (Fig. I. 7) may be very deep. 
The rate of slab subduction may affect the depth of 
earthquakes, however. If the slab is only slowly sub
ducted, it may heat up sufficiently to prevent the occur
rence of earthquakes at great depths. 

It is possible to study the type of motion that occurred 
during a particular earthquake and to work out the 
stresses released at the time of the earthquake, and 
thereby the direction of plate motion that gave rise to the 
stresses. These methods are called first motion or focal 
mechanism studies, since it is the first motion of the ground 
surface, whether it is up/away from the source of the 
earthquake or down/towards the focus. Distinct radia
tion patterns result from first motion on strike-slip, 
normal, and reverse faults. 

Divergent 
plate boundary 

Convergent 
plate boundary 

Fig. 1.6 The three types of plate boundary: convergent, divergent, and conservative (after Kearey and Vine 1996). Reproduced 
courtesy of Blackwell Publishing Ltd. 
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Fig. 1.7 Distribution of earthquake foci along Benioff zones, after Isacks and Barazangi (1977). NH, New Hebrides; CA, Central 
America; ALT, Aleutians; ALK, Alaska; M, Marianas; IB, Izu-Bonin; KER, Kerrnadec; NZ, New Zealand; T, Tonga; KK, Kuru
Kamchatka; NC, North Chile; P, Peru. 

Sykes (1967) studied the first motion of earthquakes 
along mid-Adantic ridge transforms and suggested that 
the motion was strike-slip, to the east on the northern 
blocks and to the west on the southern blocks. This is 
right lateral motion - opposite to that indicated by the 
offsets of the ridge - but the correct relative movement 
to support the plate tectonic interpretations of trans
forms as actively shearing only between the ridge seg
ments and not beyond. The earthquakes originating from 
spreading centres are quite different from those being 
produced at transforms. First motion studies suggest that 
faults in the mid-ocean ridge are dip-slip and exten
sional. The situation at trenches is more complex. First 
motion studies of earthquakes along the Beniqff :(one 
show that faulting takes place at roughly 45 ° to the 
inclined surface of the downgoing slab. At depths of 
greater than about 300km, the focal mechanisms are 
compressional, but at shallower depths they are tensional. 
This pattern supports the view that in the lowermost part 
of the subducting slab, the plate experiences compression 
as it is forced into a zone of greater viscosity or strength 
at depth. The upper part, however, is in a state of tension 
because of the gravitational body forces on the cool plate 
"hanging" from its upper edge. This force constitutes 
slab-pull. !sacks et al. (1969) provide a detailed analysis 
of the use of seismological studies at sites of subduction. 

The relative motion of plates with constructive, con
servative, and destructive plate margins creates a contin-

ually changing picture of continental splitting, ocean 
basin creation, ocean closure, and continental collision. 
This cycle of plate motion involving the birth and closure 

· of oceans is termed the Wilson cycle since it is based on 
early ideas of the opening and closing of the Adantic 
ocean by John Tuzo Wilson (Wilson 1966) (Fig. 1.8). 
Many sedimentary basins can be fitted into a particular 
phase of the Wilson cycle. 

1.4 CLASSIFICATION SCHEMES OF 
SEDIMENTARY BASINS 

Ideally, classifications are theories about the basis of 
natural order rather than dull catalogues compiled only 
to avoid chaos (Gould 1989, p.98, quoted in Ingersoll and 
Busby 1995, p.2). In this sense, classification schemes 
for sedimentary basins should both reveal something of 
the underlying mechanisms for basin development and 
reflect the natural variability of the real world. 

Recent classification schemes of sedimentary basins 
based on plate tectonics have much in common. Their 
lineage derives from Dickinson's influential work in 1974 
which emphasized the position of the basin in relation to 
the type of lithospheric substratum, the proximity of the 
basin to a plate margin, and the type of plate boundary 
nearest to the basin (divergent, convergent, transform) 
(Fig. 1.9). The evolution of a basin could then be 
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Fig. 1.8 The 'Nilson cycle of ocean formation and ocean closure. Continental extension (a) is followed by the creation of a new 
oceanic spreading centre (b) and ocean enlargement :c). Subduction of ocean floor (d) leads to closure of the ocean basin. Subduc
tion of the oceanic ridge (e) takes place before continent--~ontinent collision (f). 

explained by changing plate settings and interactions. 
Dickinson (1974) recognized five major basin types on 
this basis: (i) Oceanic basins, (ii) rifted continental 
margins, (iii) arc-trench systems, (iv) suture belts, and (v) 
intracontinental basins. 

Strike-slip or transform related basins were conspicu
ously missing as a distinct basin type in this classification, 
a deficiency corrected in Reading ( 1982). Bally ( 19 7 5) 
and Bally and Snelson ( 1980) differentiated three differ-

cnt families of sedimentary basins based on their loca
tion in relation to megasutures, which in this context can 
be defined to include all the products of and 
igneous activity associated with predominantly compres
sional deformation. The boundaries of megasutures are 
often associated with subduction, whether it be of slabs 
of oceanic lithosphere (Benioff or B-typc subduction) or 
of relatively buoyant continental lithosphere (Amferer or 
A-type subduction) and may also be the sites of impor-
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Fig. 1.9 Classification of basins using the type of lithospheric substrate, type of plate motion, and location with respect to the plate 
boundary. 

tant wrench tectonism along transform faults. Ingersoll 
and Busby (1995) developed the classifications of 
Dickinson (1974) and Ingersoll (1988) to recognize 26 
different types grouped into classes of divergent settings, 
intraplate settings, convergent settings, transform set
tings, and hybrid settings. 

Industry-based classifications arc typified by the 
scheme suggested by Halbouty et al. (1970) and later 
developed by Fischer ( 197 5) and Klemme ( 1980). 
Klemme's scheme recognizes eight main types of basin 
based on their architectural characteristics such as lin
earity, asymmetry, cross-sectional geometry, which are 
themselves related to the tectonic setting and basin cvo-

lution. The goal of categorizing a sedimentary basin and 
thereby gaining some predictive insights into frontier 
basins is common to industry classifications such as 
those of Huff and Klemme (1980). It is pursued 
by an Exxon group (Kingston et a!. 1983a, b) to the 
extent of devising a formula for each basin, thereby facil
itating easy comparisons between basins and providing 
an "instant" idea of hydrocarbon potential. This 
classification system (Fig. 1.1 0) once places basins 
primarily in their plate tectonic (lithospheric sub-
strate, type of plate motion, and location on plate), 
reminiscent of Dickinson's analysis over a decade earliCI; 
and categorizes a basin according to three critical factors: 
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Fig. 1.10 Basin classification scheme based on Kingston eta!. (1983a, b). Not all basin types appear in this scheme. Most notably, foreland basins are missing. 
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