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SEISMIC IMAGE

Seismic tomography
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Imaging upper mantle discontinuities
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Oberer Mantel
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Seismic tomography
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Tomography of the Mantle
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East Africa = hot
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• PREM includes layers with an uncertain geophysical origin
• PREM is already a product of the modeling of seismic data
• In tomography, PREM is modified
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Upper mantle discontinuity topography
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Ritsema [Sci. Tech, 2000]

Global shear velocity heterogeneity in D”
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Upper mantle discontinuities: mineral phase boundaries

Upper mantle discontinuities: mineral phase boundaries
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Upper mantle discontinuities: mineral phase boundaries
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S-wave speeds
Grand [Phil. Trans., 2002]

P-wave speeds
Karason & Van der Hilst [JGR, 1999]
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Kontinentale Riftzonen repräsentieren das Frühstadium des Aufbrechens der Kontinente 
durch Extension   Bildung neuer ozeanischer Becken

Kommt es zum Auseinanderbrechen der Lithosphäre, so wird das Rifting inaktiv und ein 
passiver Kontinentalrand entsteht (‚rifted continental margin‘).

From Kearey, Klepeis, Vine

BR: Basin and Range
RG: Rio Grande Rift
R: Rheintalgraben
AG: Ägäis
B: Baikalrift
E: Äthiopien
A: Afar
K: Kenia-Rift

Kontinentale Rift-Zonen
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Step of rifting
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We can formulate the isostatic effects of active rifting in the following manner. 
Assuming an intial linear lithospheric geotherm, which amounts to ignoring the effects 
of any internal heat production, gives the temperature Tz at depth z 
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As sediment of d ¼ 2.2 progressively fills the intraplate basin through time, the
relationship evolves to

z ¼ 13:6ð1# 1=bÞ

Although very simplistic, these relationships give an idea of the importance of
the degree of lithosphere thinning and sediment availability in the evolution of
intraplate basins. In fact the subsidence, depth of basin and sediment thickness vary
locally with the degree of lithosphere thinning: for example, the sedimentary
column is thicker above the main grabens of the ancient rift where crustal
shortening is maximum, and decreases progressively toward the periphery of the
basin (Figure 4.3).

Depth
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continental
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mantle
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degree of crustal shortening: β=2

isostasic compensation surface

Figure 4.2 Comparative subsidence of a portion of thinned lithosphere (degree of crustal
shortening of 2) for subaerial conditions, subaquatic conditions and sediment burial conditions.
Note increased subsidence from s1 to s3. Modi¢ed from Boillot, G., Coulon, C., 1998. La de¤ chir-
ure continentale et l’ouverture oce¤ anique. Overseas Publishers Association, Amsterdam.
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Figure 4.1 Schematic evolution of an aborted rift (top) into an intraplate basin (bottom).
Arrows indicate uplifted areas. Note increased subsidence in areas of maximum crustal shorten-
ing. Modi¢ed from Boillot, G., Coulon, C., 1998. La de¤ chirure continentale et l’ouverture oce¤ a-
nique. Overseas Publishers Association, Amsterdam.
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Comparative subsidence of a portion of thinned lithosphere (degree of crustal 
shortening of 2) for subaerial conditions, subaquatic conditions and sediment 
burial conditions. Note increased subsidence from s1 to s3. 
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significant biologic activity and terrigenous sedimentation. Conversely, lake Bogoria
is fed by a small drainage basin and has a negative water budget. This, together with
significant hydrothermalism and poor ventilation, results in high salinity and favors
authigenic sediments as well as the preservation of organic matter. The variability

Lake Baringo

Lake Bogoria

P
ie
dm

on
t

Karaw
volcano

Main 
escarpments

Alluvial fans

N

0 2 km

Figure 3.14 Distribution of alluvial fans in the Baringo^Bogoria rift area. Modi¢ed from
T|ercelin, J.J. et al., 1987. Le demi-graben de Baringo-Bogoria, Rift Gregory, Kenya: 30000 ans
d’histoire hydrologique et se¤ dimentaire. Bulletin des Centres de Recherche Exploration-
Production Elf-Aquitaine,11, 249^540.
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Distribution of alluvial fans in the 
Baringo-Bogoria rift area
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800m/Myr (more than a twofold increase by comparison with syn-rift unit 2). This
unit consists essentially of alluvial–fluvial sediments and delta fans which fill graben
areas with siliciclastics of various sizes, from pebble to clay. They contain sections of
highly organic silt to clay-sized siliciclastics (black shales) which represent periodic
extension of lacustrine environments. The lacustrine black-shales sometimes grade
to lacustrine carbonates which locally developed on structural highs, and to coarse
siliciclastics nearshore (Figure 3.21). In the upper part of the unit, dominant
alluvial and deltaic sediments locally alternate with gravity deposits. The sediment
nature and facies, as well as the sedimentation rates, are principally indicative of
significant and continued tectonism during a last pulse of rift activity.

Initial subsidence and sedimentation rates decreased rapidly during the Aptian,
and sedimentation terminated abruptly in the West branch of the rift. This drastic
change could be related to a shift of the pole of rotation of Africa relative to South
America. Sedimentation resumed in the East branch of the rift where an important
discontinuity separates syn-rift sediments from a thick section of siliciclastics and
evaporites of Late Aptian Age (Figure 3.21), which mark the transition to the young
ocean stage and is described in Section 5.4.

The characteristics of the sedimentation and succession of events in the ancient
South Atlantic rift look very similar to those observed in modern and recent rift
areas. The information is less precise because the South Atlantic rift is known from
dispersed outcrops and exploration boreholes only, and many details remain
unknown. The South Atlantic in the Brazil–Gabon area is derived from passive

Figure 3.22 Schematic depositional model for Late Jurassic syn-rift unit 1, RecoŒ ncavo Basin.
Reprinted from Chang, H.K., Kowsmann, R.O., Ferreira Figueiredo, A.M., Bender, A.A.,
1992. Tectonics and stratigraphy of the East Brazil Rift system: an overview. Tectonophysics,
213, 97^138.

Rift Systems 117
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indicate that the environments of deposition ranged from open marine conditions
to carbonate platforms, tidal flats and hypersaline nearshore areas, and were very
sensitive to relative sea-level fluctuations. The upper transitional Keuper unit mostly
consists of alternating carbonate beds and evaporites with intervals of silty clays.
This unit principally accumulated in playa-lake environments and sabkhas,
sporadically interrupted by shallow marine transgressions. However, erosion from
adjacent highlands was still significant (Figure 4.6). The total thickness of the three
Triassic units may reach 800–2,000m in the Germanic basins. The Triassic units
reflect typical passive rift environments followed by a progressive decrease of erosion
and subsidence of the rift systems near sea level. However, fluctuations of rift
activity and relative variations of sea level led to a variety of sedimentary
environments before the rifting definitively ceased at the end of the Triassic.

Thermal relaxation allowed formation of relatively shallow, epicontinental marine
environments which connected the Tethys to the Arctic seas and persisted through
most of the Jurassic and Cretaceous. The eastern basins were separated from the
western basins by structural highs from the London–Brabant Massif to the Bohemian
Massif, of variable importance through time (Figure 4.7). The main lines of the
sedimentation remained about the same in the western basins till the Early Paleogene
when the European Cenozoic Rift System separated the west Germanic Basin from
the London–Paris Basin. Related thermal doming led, for example, to significant
uplift of the rift shoulders in the Vosges and Black Forest areas adjacent to the Rhine
Graben (Figure 4.8). Subsequent erosion removed most Mesozoic sediments from the
rift shoulders, where the Triassic Buntsandstein unit and substrate outcrop in some
areas. The London–Paris Basin has been divided into several sub-basins during the
Cretaceous and especially the Cenozoic, as a result of intraplate deformation.

Coastal sabkha

Braided channels

Dolomite

Halite
Anhydrite

Delta fan

Alluvial fan

Figure 4.6 Depositional environments of the Keuper series of the Paris Basin. Modi¢ed from
Bourquin, S., Guillocheau, F., 1996. Keuper stratigraphic cycles in the Paris basin and compari-
son with cycles in other peritethyan basins (German basin and Bresse-Jura basin). Sedimentary
Geology,105,159^182.

Global Sedimentology of the Ocean124
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Example

It consists of two main branches separated by the Assoua shear zone which acts as
a transform fault. The elevation of the rift is usually of 2,000–2,500m, but may
locally reach 3,000m with a few summits up to 5,000m. The regional seismicity is
important, and earthquakes occur more frequently in the active part of the rift
where the hypocenters are concentrated at shallower depth of the crust in the East
branch than in the West branch, because of differences in the degree of lithosphere
thinning. The tensional stress being accommodated along detachment faults for a
part, the East African Rift is also asymmetric (Figure 3.10). The East branch of the
rift is characterized by a very important magmatism, especially to the North where
an alkaline volcanism enriched in sodium developed. By comparison, volcanism is
relatively minor along the West branch where an active tectonism led to the
formation of a complex succession of deep grabens, especially to the South where
the tensional stress is partly accommodated along the Tanganyika–Rukwa–Malawi

4 
s 
T
W
T

4 
s 
T
W
T

3 km
1 2 3

Listric fault

Collapse graben

A

B

Figure 3.8 Development of a listric fault and roll-over structures on an evaporitic unit. Initial
seismic pro¢le (A) and its interpretation (B). 1: early syn-rift unit; 2: evaporites unit; 3: upper
syn-rift unit. Modi¢ed from Faure, J.-L., Chermette, J.-C., 1989. Deformation of tilted
blocks, consequences on block geometry and extension measurements. Bulletin de la Socie¤ te¤
Ge¤ ologique de France, 5, 461^476.

Global Sedimentology of the Ocean100
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Complex fault systems and related folds found in rifts

movement of the hanging-wall block along a subhori-
zontal detachment creates a gap (Figure 16.7a). In
Earth’s gravity, rock isn’t strong enough for such gaps
to remain open, so either the hanging wall breaks up
into fault slices (Figure 16.6b), or it sinks downward
and curves to form a rollover anticline (Figure 16.7b).

Though slip on planar normal faults can occur with-
out rotation (i.e., making the faults nonrotational nor-
mal faults), planar faults typically occur in arrays
above a basal detachment; so as slip on the system
takes place, the blocks between the faults do progres-
sively rotate. As a result, the blocks tilt, yielding a
geometry that resembles a shelf-full of tilted books. As
displacement increases, the tilt increases. Faults in
such arrays are sometimes referred to as book-shelf
faults. Any normal fault (listric or planar) on which
tilting accompanies displacement can be considered to
be a rotational normal fault.

Individual normal faults may consist of subhorizon-
tal segments (flats) linked by steeply dipping segments
(ramps), producing a staircase geometry in profile.
During displacement on a listric or stair-step normal
fault, strata of the hanging wall can bend to form a
rollover fold (either a rollover anticline or a rollover
syncline, depending on the geometry of the underlying
fault; Figure 16.8a). Synthetic and antithetic faults
may also develop in the hanging-wall block (Fig-
ure 16.8b). Recall that a synthetic fault is a secondary
fault that dips in the same direction as a major fault and
that an antithetic fault is one that dips in the direction
opposite to that of the major fault. In an imbricate
array of normal faults, adjacent faults die out updip
or break the ground surface, whereas in an extensional
duplex, adjacent ramps merge with the same upper
and lower flats (Figure 16.8c). In real rifts, combina-
tions of stair-step faults, imbricate arrays, duplexes,
rollovers, antithetic faults, and synthetic faults yield a
very complex geometry. This geometry can become
even more complex in regions where deposition occurs
during faulting (because different stratigraphic levels

388 R I F T I N G ,  S E A F L O O R  S P R E A D I N G ,  A N D  E X T E N S I O N A L  T E C T O N I C S

Gap

(a) (b)

Gap forms (not possible )

Rollover anticline

Rollover forms

F I G U R E  1 6 . 7 Formation of a rollover anticline above a listric normal fault. (a) Cross section
showing that if the hanging-wall block moves to the right, without bending over, a gap develops. 
(b) Gravity pulls the lip of the hanging-wall block down, to maintain contact with the footwall,
forming a rollover anticline.

(b)

Antithetic fault Synthetic fault

(c)

Sub-basin Sub-basin

High

Extensional duplex

F I G U R E  1 6 . 8 Complex fault systems and related folds found
in rifts. (a) Cross section showing a rollover anticline above a listric
normal fault, and a rollover syncline forming at the intersection of a
ramp and flat. (b) Here, antithetic faults (dipping toward the main
fault) and synthetic faults (dipping in the same direction as the
main fault) break up the hanging-wall block. (c) Complex fault
system underlain by an extensional duplex. Note the sub-basins
and the high block between them.

(a)

2917-CH16.pdf  11/20/03  5:21 PM  Page 388

(a) Cross section showing a 
rollover anticline above a listric
normal fault, and a rollover 
syncline forming at the 
intersection of a ramp and flat. 

(b) Here, antithetic faults (dipping 
toward the main fault) and 
synthetic faults (dipping in the 
same direction as the main fault) 
break up the hanging-wall block. 

(c) Complex fault system 
underlain by an extensional 
duplex. Note the sub-basins and 
the high block between them.
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Different models of rifting
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 Beispiele:
 Ostafrikanischer Graben, 

Rheingraben, 
 Rio Grande Rift, 
 Baikal Rift

Large Igneous Provinces (LIPs)

From Fowler
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7686 WHITE AND MCKENZIE: MAGMATISM AT RIFT ZONES 

NORTH 

CENTRAL 
ATLANTIC 

Ethiopia 

SOUTH ATLANTIC 

(•GONDWANA BREAKUP 

INDIAN OCEAN 

iil•ea WEST • o •=,• )'=• t 

Maud 

Fig. 1. Location of voluminous extrusive volcanic rocks on rifted continental margins (hatched), and extent of 
associated continental flood basalts (solid) with circled numbers showing section of this paper where each region 
is discussed. Projection is Airoff equal are• 

Yet, whereas volcanism was widespread at some con- 
tinental rifts, at others (such as the Bay of Biscay mar- 
gin) it was virtually absent. Both volcanically active 
and nonvolcanic margins occur along the length of in- 
dividual ocean basins. The Bay of Biscay margin, for 
example, lies along strike from the volcanically active 
margins off Rockall Bank and the Norwegian continen- 
tal shelf. 

In this paper we develop a simple model to explain 
the occurrence of volcanic continental margins and flood 
basalts. We explain the igneous activity as a conse- 
quence of relatively small (100-200øC) increases above 
normal in ,•_A ß ...... ß ..... t,•_ J • ß UI bll• unuenyir, g astheno- bll• b•lllp•[i•l,b UI-• 

spheric mantle across which the rift runs. The igneous 
rocks are assumed to be produced by partial melting of 
the asthenosphere due to decompression as it wells up 
passively to fill the space generated by the stretching 
and thinning lithosphere. This model has been applied 
by White et al. [1987b] and White [1988a] to the devel- 
opment of the North Atlantic: in this paper we develop 
the basic theoretical model and show how it can explain 
all known occurrences of volcanic continental margins 
around the world. 

There are two crucial components to our model. 
First, we require asthenosphere temperatures to be in- 
creased by 100-150øC over large (typically 1500 to 2000- 
km diameter) regions of the earth by heat advected up- 
ward in mantle plumes (commonly called "hot spots"). 
Second, we calculate the amount of partial melt that is 
generated by the asthenosphere as it wells up beneath 

riffs in these hot areas and consider the effects of ac- 

creting the melt to the crust. 
In section 1 of this paper we discuss briefly the ther- 

mal structure produced by mantle plumes as a prelude 
to our assertion that the distribution of volcanic mar- 

gins and continental flood basalts can be explained by 
their association with nearby plumes that were active at 
the time of rifling. In section 2 we discuss the physical 
processes involved in melt migration and the volumes 
of melt that are generated by asthenosphere as it wells 
up and decompresses, and we summarize the specific 
predictions of our model which can be tested by obser- 
vational data from volcanic margins and flood basalts. 
These predictions relate to the area over which mag- 
matism occurs, the volume of igneous rock accreted to 
the crust, the timing of its emplacement, its geochem- 
ical and geophysical characteristics, and its effect on 
the subsidence of the margin. In the third, and ma- 
jor part of the paper we summarize the observational 
constraints from all known examples of volcanic conti- 
nental margins and show that our model can explain 
these observations. 

1. THERMAL ANOMALIES CAUSED BY MANTLE PLUMES 

The interiors of oceanic plates are peppered with nu- 
merous volcanic islands and swells formed subsequently 
to the oceanic lithosphere on which they sit. These 
have long been considered to mark the locations of as- 
cending mantle plumes beneath the plate and are com- 
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Main LIPs associated with rifted zones
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Fig. 8. Reconstruction of the northern North Atlantic region at magnetic anomaly 23 time, just after the onset 
of oceanic spreading. Position of extrusive volcanic rocks is shown by solid shading, with hatching to show the 
extent of early Tertiary igneous activity in the region. The inferred position of the mantle plume beneath east 
Greenland at the time of rifting and the extent of the nmshroom-shaped head of abnormally hot asthenosphere 
are superimposed. Projection is equal area centered on the mantle plume. 

Voring basins off Norway, Rockall Trough off northwest 
Britain and Ireland, and the Hatton-Rockall Trough 
west of the continental fragment on which Rockall itself 
sits. None of these basins developed into full-fledged 
oceans, and the rifting that eventually continued into 
oceanic crust occurred along their western margins. 

Extent of igneous activity. On the rifted continental 
margins there was considerable igneous activity dur- 
ing the initial stages of separation. Sequences of sea- 
ward dipping reflectors produced by extrusive basalts 
are found in a band up to 100 km wide along both 
the east Greenland margin and the Rockall Plateau- 
Faeroes-Norwegian margin. In Figure 8 we show the 
extent of these offshore extrusives on a reconstruction of 

the continents at anomaly 24 time [from Srivastava and 
Tapscott, 1986] just subsequent to the onset of spread- 
ing. 

Volumetrically smaller, but widespread basaltic vol- 
canism extended onshore in both east and west Green- 
land, through northwest Britain and Ireland, and 
throughout the offshore Mesozoic basins off northwest 

Britain and Norway (Figure 8). The extent of these 
early Tertiary basalts gives a good indication of the area 
underlain by the mushroom head of hot mantle carried 
up by the plume. The volcanism was caused by small- 
scale tensional rifting, perhaps induced by the regional 
uplift resulting from the mantle plume itself. It was 
only when Greenland started separating from Europe 
along the line of the present ocean that volcanism be- 
came focused on the continental rift margins. There is 
no evidence of contemporary volcanism in the interior 
of Greenland, although much of the area is inaccessible 
due to ice cover. We do not take this to mean that cen- 
tral Greenland was not underlain by anomalously hot 
asthenosphere, but rather that the thick lithosphere be- 
neath the Archaean and early Proterozoic crust was not 
subject to the same small-scale rifting as the thinner 
lithosphere beneath the Mesozoic basins of northwest 
Europe. 

The offshore basaltic volcanism on the eastern side 
of the North Atlantic has been well documented by 
drilling [Roberts et al., 1979, 1984a, b; Eldholm et al., 
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Fig. 15. Reconstruction of South Atlantic at anomaly M4 time (approximately 120 Ma) shortly after the onset of 
seafloor spreading. Solid shading shows areas of extrusive basalts. Extent of Paran• basalts from Hawkesworth et 
al. [1986], Etendeka basalts from Eales et al. [1984], off'shore areas from seaward dipping reflectors reported by 
Hinz [1981], Gerrard and Smith, [1982] and Austin and Uchupi [1982]. Shaded area around Walvis hot spot shows 
extent of mushroom head of abnormally hot mantle. Equal area projection is centered on the hot-spot location. 

were produced immediately prior to, and during the 
first stages of seafloor spreading. 

There are no published multichannel profiles across 
the conjugate South American margin, although 
Roberts and Ginzburg [1984] report examples of dipping 
reflectors from the Argentine margin and they are prob- 
ably equally common there. 

The feather edge of the wedge containing dipping re- 
flectors has been drilled off southwest Africa, where 692 
m of mainly basic lavas were encountered in well AC-1 
[Gerrard and Smith, 1982]. Off the Abutment Plateau 
further to the north, dredge hauls of basalt [Hekinian, 
1972] show that there, also, the dipping reflectors prob- 
ably arise from basaltic material. The wedge of dipping 
reflectors thickens in a seaward direction off southwest 
Africa; although we cannot be certain that it consists 
entirely of igneous rock, it is likely that in large part it 
does so. 

Unfortunately there are no available seismic refrac- 
tion data on the African side with which to investi- 

gate the possible presence of underplating revealed by 
high-velocity lower crust. On the South American side, 
the only available deep seismic refraction information 
comes from sonobuoys mostly with airgun sources. Few 
of these profiles penetrated to the lower crust. However, 
of those that did, there is a suggestion of igneous accre- 
tion from the lower crustal velocities of 7.1-7.5 km/s 
recorded by a handful of airgun Sohobuoy profiles over 
the outer edge of the Argentinian continental margin 
[Ludwig et al., 1979]. 

There is much disagreement over where the 
continent-ocean boundary should be placed on the 
African margin [e.g., Rabinowitz, 1976, 1978; $crut- 
ton, 1978]. The position of the continent-ocean bound- 
ary varies by over 150 km according to different au- 
thors (summarized in Figure 17 of Gerrard and Smith, 
1982]. In the absence of deep seismic data, the 
arguments hinge around the interpretation of high- 
amplitude anomalies on magnetic and gravity anomaly 
maps; some authors consider these to represent oceanic 

Example of LIPs associated with rifted zones
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Example of LIPs associated with rifted zones
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Extensional mechanisms & magmatism
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Buck (2007)

Magmatic rifting requires signi!cantly less tectonic force than does amagmatic rifting.  

Thus, early magmatism associated with active rifting provides a plausible solution to the 
“tectonic force” paradox.  But how is this magma distributed with depth and how much magma 

is required for rupture?

Extensional mechanisms & magmatism
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Two types of rifted zones

occurs during earthquakes, which are mostly concentrated in the brittle upper crust
(o15 km depth) but also take place in the brittle part of the upper mantle. One
consequence of the shortening of the lithosphere is the subsidence of the grabens in
the central part of the rift (initial subsidence). Another consequence is the elevation
of the rift periphery where the lithosphere is thicker, a combination of mechanical
(uplift induced by the formation of the bulge), thermal (decreased density and
increased volume of the lithosphere due to elevated heat flow) and isostatic
(increased buoyancy of the heated lithosphere) reactions to rift activity.

The structure of the rift systems changes regionally, and several models have
been proposed to account for the variety of observations and data. In active rifting,
the shortening of the lithosphere is a response to a thermal upwelling of the
asthenosphere (hot spot). Abnormal areas of the asthenosphere are characterized by
temperatures above 1,4001C and densities below 3.25, generating mantle plumes
and elevated heat flows (Figure 3.4). Consequences include thermal thinning of the
lower lithosphere by absorption into the asthenosphere, adiabatic decompression,
anhydrous fusion of mantle peridotites, formation of a thermal bulge and correlative
elevation of the Earth’s surface. This in turn weakens strongly and rapidly the
upper lithosphere, facilitating the formation of tilted blocks and grabens, and
volcanic activity. Syn-rift deposits principally include volcaniclastics and abundant
lava flows (trapps). Examples of active rifting include the Yemen–Eritrea–Ethiopia
volcanic province of the southernmost Red Sea and East African Rift.
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Figure 3.4 Schematic models of active (A) and passive (B) rifting. Modi¢ed from Boillot,
G., Coulon, C., 1998. La de¤ chirure continentale et l’ouverture oce¤ anique. Overseas
Publishers Association, Amsterdam.
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Associated with volcanism: plume related?

Without volcanism: tectonic?
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Intracontinental extension: Basin & Ranges
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Intracontinental extension: Basin & Ranges
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F I G U R E  1 6 . 1 2 Simplified geologic map of the Basin and
Range Province of the North American Cordillera. The province
can be subdivided into three parts: NBR = Northern Basin and
Range, CBR = Central Basin and Range, and SBR = Southern
Basin and Range. The Rio Grande Rift is an arm of extensional
strain that defines the eastern edge of the Colorado Plateau.
Metamorphic core complexes are shown in black.
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F I G U R E  1 6 . 1 3 Idealized cross sections (a–d) showing stages in the development of a metamorphic core complex. (a) An
initially subhorizontal, midcrustal ductile detachment zone is formed beneath an array of steeply dipping normal faults in the upper
plate; (b) additional normal faults have formed, increasing the geometric complexity; (c) as a result of unloading and isostatic
compensation, the lower plate bows upward; (d) extreme thinning of the hanging wall exposes the “metamorphic core” (an exposure
of the mylonitic shear zone of the detachment). Some of the hanging-wall blocks have rotated by 90°. (e) Photograph of the contact
between tilted fault blocks composed of Tertiary volcanics of the hanging wall and mylonitized basement of the footwall. Whipple
Mountains, California (USA).
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initially subhorizontal, midcrustal ductile detachment zone is formed beneath an array of steeply dipping normal faults in the upper
plate; (b) additional normal faults have formed, increasing the geometric complexity; (c) as a result of unloading and isostatic
compensation, the lower plate bows upward; (d) extreme thinning of the hanging wall exposes the “metamorphic core” (an exposure
of the mylonitic shear zone of the detachment). Some of the hanging-wall blocks have rotated by 90°. (e) Photograph of the contact
between tilted fault blocks composed of Tertiary volcanics of the hanging wall and mylonitized basement of the footwall. Whipple
Mountains, California (USA).
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An initially subhorizontal, midcrustal ductile detachment zone is formed beneath 
an array of steeply dipping normal faults in the upper plate

(b) additional normal faults have formed, increasing the geometric complexity;

Core-complex development
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resulting in large extensional strains in the hanging
wall. In fact, locally, faulting has isolated individ-
ual blocks of the hanging wall, so that they appear
as islands of unmylonitized rock floating on a
“sea” of mylonite. In places, stratification in these
blocks has been tilted by almost 90°, and thus
intersects the mylonite/breccia zone at almost a
right angle.

An explanation of how Cordilleran metamorphic core
complexes formed remained elusive for many years,
until the process of mylonitization, the tools for inter-
preting shear-sense indicators, and the implications of
asymmetric rifting became clear. In the context of these
new concepts, geologists consider the complexes to be
exposures of the regional detachment at the base of the
normal fault system in a rift (Figure 16.13). Specifically,
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Intracontinental extension: Basin & Ranges

(c) as a result of unloading and isostatic compensation, the lower plate bows 
upward;

(d) extreme thinning of the hanging wall exposes the “metamorphic core” (an 
exposure of the mylonitic shear zone of the detachment). Some of the hanging-wall 
blocks have rotated by 90°.

Core-complex development


