Thoughts on the tectonics of folded belts

A. W. Bally

SUMMARY: Balanced cross sections and their palinspastic reconstruction in structur-
ally simple external zones of folded belts suggest that a limited amount of continental
lithosphere was subducted (Ampferer or A-subduction). This process appears to be

important orogenic problems. Decoupling and ductility contrasts within the lower

continental crust and within the overlying
varying structural styles in mountain ranges.

sedimentary sequences are responsible for

Gravity gliding as an important factor for mountain building is examined in some
detail. Soft sediment gravity tectonics on passive continental margins are dominated by

Three opposing schools of thought are today
proposing their images of mountain ranges:
The fixists (Beloussov 1962, 1975, 1977)
visualize mountain building as the product of
asthenospheric and related lithospheric diapir-
ism.*In their view, widespread thrusting and
folding in mountain ranges is explained in
terms of either gravity gliding or else gravity
spreading (as defined by Price 1971, 1973),
Adherents of an expanding earth (Carey
1975, 1977) view mountain building as the
fixists do, but essentially as an ensialic process;
they differ from fixists because they see the
origin of the oceans not by a process of oceani-
zation but instead by accretion and spreading
processes along mid-ocean ridges that record
the vicissitudes of an expanding earth.
Finally, plate tectonic devotees see moun-
tains as the product of subduction processes on
converging plate boundaries; overthrust and
folded belts are, in essence, of compressional
origin and represent excess sediments and
slices of the underlying crystalline crust that
have been scraped off and decoupled from
subducting lithospheric slabs. A large number
of observations in mountain ranges can be well
fitted into a plate tectonic frame of reference.
However, it is only fair to state that despite the
brilliant early intuitions of Ampferer (1906),
Argand (1924), Staub (1928), and other alpine
geologists, plate tectonics are not easily di-
rectly deduced from observations that are li-
mited only to mountain ranges. The plate tec-
tonics hypothesis remains anchored mainly in
geophysical and marine geological observa-
tions.
Deep-sea sediments and possible remnants

of oceanic floor (ophiolites) occupy, areally,
only minor portions of folded belts. Conse-
quently, a plate tectonic origin of mountain
ranges is not all that obvious to an unbiased
observer. Much of what we see today in moun-
tain ranges suggests widespread mobilization
and ‘ductilization’ of an earlier rigid sialic
lithosphere. In other words, while the conti-
nental lithosphere of cratons remains rigid, the
continental lithosphere of mountain ranges
shows  pervasive remobilization during
orogenic  processes, suggesting  repeated
lithospheric ‘softening’.

In this paper I attempt to provide a perspec-
tive of the evidence for, and the relative roles
of, normal faulting, thrust faulting, and folding
in mountain ranges. Such a perspective may
help in judging the realism of some of the
geotectonic images mentioned previously. It
must  be realized, however, that the
phenomena on which I Ppropose to concentrate
are but the near-surface expression of deeper
seated igneous and metamorphic processes,
which are much more difficult to unravel but so
much more important for an understanding of
orogeny.

Although this paper deals mainly with com-
pressional tectonics and  thrust faulting,
most figures illustrate normal faulting. It is
assumed that specialists in thrust faulting and
nappe tectonics are familiar and have ready
access to the relevant illustrations, However,
the seismic examples of gravity-induced nor-
mal faulting included in this paper may suggest
to folded belt specialists what to look for when
they attempt to differentiate gravity from com-
pressional tectonics.

Thrust and Nappe Tectonics. 1981, The Geological Society of London 13

!
{
%
i
i
1
T
}.




I A

14 A. W. Bally

[C] cz-mz mecasuTure

»===FELSIC INTRUSION BOUNDARY

~4==A—SUBDUCTION
—>—B—SUBDUCTION

s s+ =+ SCHEMATIC DISTRIBUTION OF VOLCANOES

I OoCEANIC CRUST

[ CONTINENTAL CRUST

FIG. 1. Cenozoic-Mesozoic megasuture of the world and its boundaries. B-subduction zones
face oceans; A-subduction boundaries face continental cratonic areas. They are characterized
by widespread décollement folding and thrust faulting. In China the boundary is an ill-defined
envelope around Mesozoic and Cenozoic granitic intrusives (after Bally & Snelson 1980, with
permission of Canadian Society of Petroleum Geologists).

Without entering into detailed descriptions,
Fig. 1 may serve to show a number of orogenic
configurations. In earlier publications I pro-
posed the term megasuture for foldbelts and
sedimentary basins that are included in them
(Bally 1975; Bally & Snelson 1980). For
instance, the Mesozoic—Cenozoic megasuture
includes all regions of intensive Mesozoic—
Cenozoic mountain building and sedimentary
basins involved in these processes. In plate
tectonics jargon, the megasuture is the integ-
rated product of all subduction-related proces-
ses which form the counterpart of the
Mesozoic-Cenozoic ocean-spreading proces-
ses. The megasuture was introduced primarily
to help in classifying sedimentary basins. The
term also emphasizes the point that the bot-
toms of sedimentary basins within the mega-
sutures are typically as deep as the adjacent

mountains are high; and thdt the evolution of
such basins has be be viewed as part of the
total evolution of mobile belts (see Fig. 2).

Four types of megasuture boundaries are: B-
(or Benioff} subduction boundaries where
oceanic lithosphere is subducted; A- (or Amp-
ferer) subduction boundaries where continen-
tal lithosphere is subducted; transform fault
system boundaries; and—in China—a bound-
ary which is an enevlope around felsic intru-
sives. This fourth boundary type is required
because in China the continent facing bound-
ary of the Mesozoic—Cenozoic megasuture is
not associated with obvious external foldbelts
involving former passive margin sequences and
overlying foredeep sequences. Instead one can
trace an ill-defined outline of Mesozoic and
Tertiary intrusives which invade deeply into
China and Mongolia.
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FIiG. 2. Sedimentary basin families associated with the Cenozoic—Mesozoic megasuture (after
Bally & Snelson 1980, with permission of Canadian Society of Petroleum Geologists).

)

With respect to the Mesozoic—Cenozoic
megasuture, we differentiate four major
‘orogenic’ or megasuture types:

(1) The SW Pacific type contained between
B-subduction and transform boundaries; a sys-
tem of island arcs and marginal seas.

(2) The NW Pacific type contained between
B-subduction and transform boundaries on the
Pacific side and the felsic intrusion boundary of
China. Within this orogenic type, marginal seas
are opened and closed and continental frag-
ments are captured (e.g. Indochina, South
China platform, or the Lut Block of Iran).

(3) The Cordilleran type contained between a
seaward B-subduction and/or transform
boundary and a landward A-subduction
boundary. The opening and closing of marginal
seas appears.to be less dominant in the history

of the Cordilleras and it would appear that
strike-slip rifting of continental fragments
plays a major role.

(4) The Alpine-Himalayan type is contained
within two A-subduction boundaries facing the
Eurasian craton to the N and the African—
Arabian and Indian continents to the S. This
type is the end product of continental collisions.

Note that widespread overthrusting of
former passive margin sediments and wide-
spread regional basement remobilization and
metamorphism is characteristically associated
with A-subduction boundaries. B-subduction
boundaries exhibit some imbricate thrusting,
and deformation of oceanic sediments in the
accretionary wedges of island arcs. Finally
there is some thrusting associated with trans-
form systems.
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The case for compression and
subduction in the external
zones of foldbelts

External zones of foldbelts (the Externides of
Kober 1928) are the accretionary wedges as-
sociated with Benioff subduction zones and
more important, they are the folded belts that
are associated with A-subduction zones.

The seismic record of Benioff zones favours
extension and normal faulting in the peripheral
bulge that is formed on the oceanward side of
a deep-sea trench and compression in the shal-
low portions of the subduction zones and the
associated accretionary wedge. Reflection seis-
mic data on inner walls of deep-sea trenches
suggest accretionary structures formed by
‘offscraping’ of oceanic sediments that overlie
a gently dipping oceanic crust (Fig. 3). Scholl et
al. (1977) noted that large volumes of pelagic
sediments should be, but are not, exposed in
Palaeozoic and Mesozoic Circum-Pacific moun-

tain systems. These authors suggest that ac-
cretionary wedges may represent mostly de-
formed slope deposits and that much of the
pelagic sediments were subducted with the
oceanic crust.

Of course, one is tempted to construct bal-
anced cross-sections (Dahlstrom 1969, 1970)
in such a setting. However, the premises for
the method are not easily fulfilled, because in
most cases, the sediments that form the ac-
cretionary wedges are not dated by drilling,
and further, because penetrative fabrics and
the style of deformation indicates dominance
of ductile flow and shear (for details, see von
Huene et al. this volume). High ductility is
suggested by outcrop studies of mélanges and
the high pore pressures reported in some wells
that are associated with subduction zones
(Shouldice 1971). The situation is further com-
plicated by an overprint of gravitational sliding
and normal growth faults that show up on a
number of reflection lines (see Colombia sec-
tion, Fig. 3).
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F1G. 3. Sketches of typical accretionary wedges associated with B-subduction zones. (a)
Offshore Columbia (after Beck & Lehner 1975); (b) Java Trench (after Beck & Lehner 1974);

(c) Palawan Trench (after Hamilton 1977);

Drawings after Bally & Snelson (1980, with

permission of Canadian Society of Petroleum Geologists).
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Although one may rightly question the ad-
visability of using balanced cross section
techniques in Franciscan terranes, a recently
published reconstruction of northern Califor-
nia by Suppe (1979) suggests some 175 km of
shortening of Franciscan, a far cry from the
shortening one would expect from offscraping
of sediments during the subduction of an
oceanic slab that was several thousands of
kilometres wide.

One is forced to conclude that the current
state of knowledge is inadequate to assess the
amount of shortening associated with
accretionary wedges of island arcs. The
amount of underthrusting can only be derived
from reconstructions that are based on magne-
tic stripe interpretations of the ocean floor. To
understand structural deformation in accretio-
nary wedges of island arcs and their ancient
equivalents, it is increasingly more important
to develope criteria that differentiate the
effects of superficial gravitational sliding from
the effects of compression and/or extension
caused by the sinking oceanic lithospheric slab.

Shortening in folded belts associated with
A-subduction boundaries has been studied for
a number of years. In fact, the original concept
of subduction in the Alps was based on such
studies (Ampferer 1906; and later documented
by more specific reconstructions: Spengler
1953-59; Triimpy (1969) has provided a de-
tailed palinspastic reconstruction of the
Glaronese Alps). .

More accurate approximations to palinspas-
tic reconstructions became possible with the
aid of structural sections that were based on
reflection seismic data. These data allow us to
map the basement underlying the frontal
folded belts in the Rocky Mountains (Bally et
al. 1966; Price & Mountjoy 1970; Gordy et al.
1975; Royse et al. 1975) and in the Ap-
palachians (Gwinn 1970; Roeder et al. 1978).
A gentle mountainward dipping basement sur-
face. observed on numerous reflection seismic
sections constrains possible interpretations and
leads to more rigid ‘balancing’ of cross sections
as outlined by Dahlstrom (1969), Gwinn
(1970), and Roeder et al. (1978).

Following Dahistrom, balanced cross sec-
tions are only justified in a ‘concentric regime’,
and the method needs modification if applied
in a ‘similar fold’ regime. Bearing all cautions
in mind, shortening in the Canadian Rockies
exceeds 160 km and may reach 270 km (Bally
et al. 1966; Price & Mountjoy 1970; also see
Price this volume). For the Helvetic Nappes of
the Alps and allowing for the uncertainties due
to internal deformation, the accurate nature of

tectonic units, and the estimation of eroded
and buried parts, Trimpy (1969) estimates
shortening in the order of 30-40 km. Spengler
(1953-59) offers estimates typically in the
order of 100-150km for the northern Cal-
careous Alps.

Gwinn (1970) derives about 80 km for the
Central Appalachians, a figure which is in-
creased by Roeder et al. (1978) to about
140 km and which is to be further modified to
in excess of 200km in view of the new
COCOREP data in the area (Cook et al. 1979;
Hatcher 1972).

For the Scandinavian Caledonides, which
are at an erosional level that is particularly
favourable for tracing the authochtonous fore-
land underlying higher thrust sheets, Gee
(1975) postulates a total shortening in excess
of 500 km. Similar amounts are postulated by
Binns (1978) for the Caledonides of nothern
Scandinavia. Note that Gee’s figure is based
mostly on credible inference from surface geol-
ogy, without reflection seismic data. In the
Caledonides like elsewhere, shortening esti-
mates are critically dependent on resolving the
penetrative strain recorded in allochthonous
sequences, a point properly emphasized by
Hossack (1978).

This author computed for the Jotun Nappe
65% vertical shortening and a transverse
elongation of 160%. To restore this flattened
nappe, its stratigraphic thickness needs to be
multiplied by 2.15 to arrive at the original
thickness. Even so, the displacement of the
Jotun Nappe alone exceeds 290 km.

In other words, the amounts of shortening in
external folded belts that are based on reason-
ably accurate geometric reconstructions and in
some cases on reflection seismic data are typi-
cally in the range of 50-500 km. Even though
in some folded belts of the world the amounts
of shortening may be two or three times larger,
the figures still are short of the several
thousand kilometres that may be deduced from
plate motions based on magnetic stripe recon-
structions or else on palaeomagnetic data. This
suggests either that plate tectonic reconstruc-
tions are basically incorrect or else that the
subduction mechanism is most efficient in de-
stroying much of the evidence which could be
used for a quantitative kinematic check of
reconstructions that are based on palacomagne-
tics. Because of the convincing nature of the
palaeomagnetic data, I favour the second alter-
native.

For an understanding of mountain building
and the genesis of continental crust, it is desir-
able to examine the fate of the basement which
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was originally underlying the excess sediment
now piled up in thrust sheets, nappes and
folds. All authors who have actually carried
Out quantitative reconstructions in the external
zones of folded belts agree that the crust un-
derlying the excess sediments remained in the
subsurface: that is, nowhere has a correspond-
ing tectonically denuded surface been exposed,
nor is there evidence for subaerial exposure of
such a surface that was followed by subsequent
burial. Consequently, gravitational gliding will
have to be ruled out as a major factor in
mountain building.

The concept of gravitational spreading as
developed by Price & Mountjoy (1970), Price
(1971, 1973), and Elliott (19764, b) suggests
that gravitational forces dominate the emplace-
ment of thrust sheets and, following Elliott, that
significant surface slopes are required to form
thrusted and folded mountain belts. The link-
age of folding in the external zones with the
emplacement of metamorphic folds of the Pen-
nine Nappe type is not clear and adequately
documented because in a number of cases,
such metamorphism precedes the deformation
in the external foldbelts.

To conclude: the basement originally under-
lying excess sediments of external foldbelts
remained at depth either to form a mountain
‘root’ leading to formation of a thickened
lithosphere or else it was engulfed in the over-
all lithospheric subduction process which led to
the formation of mountains. In all cases the
apparent disappearance in depth of continental
lithosphere (A-subduction) is limited to hun-
dreds of kilometres and contrasts with B-
subduction involving disposal of thousands of
kilometres of oceanic crust. There is little
doubt that surface slopes are increased during
both A- and B-subduction processes. Such
slopes may facilitate gravity spreading. How-
ever, the proof for gravity spreading rests on
demonstrating that diapir-like metamorphic
structures in the internal zones of folded belts
formed at the same time as the foreland folds
and thrusts which record substantial shorten-
ing, and also on a demonstration that exten-
sional tectonics in more brittle overlying se-
quences are synchronous with the shortening
in the foreland. To my knowledge, such con-
clusive proofs have yet to be published.

This paper is not concerned with the
mechanics of the A-subduction process. Con-
ceptual and mechanical difficulties of subduc-
tion of substantial portions of continental
lithosphere are in part overcome by the simple
observation that in all cases we deal with a
presumably attenuated continental crust of the

lithosphere of a former passive margin.
Nevertheless, until recently, there was a great
deal of reluctance by plate tectonic experts to
accept A-subduction. It has been argued that
the high buoyancy of continental crust would
prevent significant subduction of the continen-
tal lithosphere. Molnar & Gray (1979) calcu-
late that significant fractions of the continental
crust may be subducted if these could be de-
tached from their upper part. Furthermore,
these authors suggest that the gravitational
force acting on sinking oceanic lithosphere
may pull continental lithosphere into the as-
thenosphere. Such a pull is counteracted by the
buoyancy of the light continental crust. Under
these circumstances and using varying assump-
tions, typical values between a few kilometres
and up to 330 km in length of subducted conti-
nental crust appear to be reasonable. These
calculations depend on the thicknesses of
lower continental crust that may be detached
during the subduction process. If somewhat
more extreme assumptions are used, much
greater lengths of continental lithosphere may
be subducted.

The model of Bird et al. (1975) and Bird
(1978) provide a thermal and mechanical
scenario which leads to the ‘delamination’ of
sub-crustal lithosphere by insertion or wedging
of less viscous asthenosphere between an
upper crustal layer and the underlying denser
subcrustal lithosphere.

While there is little to add to these interest-
ing models, it is of some comfort to know that
subduction of continental lithosphere (A-
subduction) which for some time was repulsive
to theoretical plate tectonici;ms has now been
accepted in principle. Thus, as geologists, we
may now continue to gather observations that
may bracket the actual amount of shortening
observed in mountain ranges.

The phenomenology of gravity
tectonics of sedimentary
sequences

Although all preceding considerations seri-
ously limit the role and significance of gravity
gliding processes for mountain building, it still
may be useful to develop criteria for recogni-
tion of gravity tectonics by looking at some
obvious examples.

Reviews of gravity gliding have been offered
by de Sitter (1954) and North (1964). Various
aspects of gravity tectonics are dealt with in a
book dedicated to van Bemmelen (de Jong &
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Scholten 1973). While many of these authors
spend a great deal of effort to convince the
readers of the correctness of their mountain
building images, very little is offered by way of
description of large regions that are unambigu-
ously dominated by gravity tectonics, Two ex-
amples of such areas are the Niger Delta and
the northern Guif of Mexico.

The Niger Delta, as described by a number
of authors (e.g. Delteil et ql. 1976; Weber &

sure shales that overlies an oceanic crust. It js
characterized by extensive growth fault sys-
tems and shale diapirism. Particularly the toe

shale substratum that in turn appears to be
underlain by Mesozoic carbonates and a basa]
salt-bearing Séquence which provides an addi-
tional unstable base. Where penetrated by the
drill, the basement appears to be continental

and an extension of the Palaeozoic mountain
System of the Ouachitas and the Appalachians,
However, moving towards the Gulf, the crust
changes from continental to transitional and/or
oceanic (Fig. 4), The structural evolution of the
Gulf of Mexico js far from being unraveled,
but a few characteristic details shown in reflec-
tion seismic lines may offer useful reminders
for geologists interested in gravity tectonics in
folded belts and may suggest what to look for
in support of gravity-gliding concepts.

As suggested on Fig. 4, the edge of the salt
mass appears ap allochthonous glacier-like
tongue overlying very young Tertiary sedi-
ments (Watkins et ql, 1978; Humphris 1978).
Widespread pre-Cretaceous listric normal
growth faults are restricted to the sedimentary
Sequence and flatten out at the base of the sajt
(Figs 5, 6, & 7). Farther up in the sequence and

questionable shale diapirs are intimately as-
sociated with these growth fault systems (Figs
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F1G. 4. Schematic section across the Guif of Mexico.
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F1G. 5. Offshore Mississippi, reflection seismic section. Note listric normal faults separating salt

rollers involving Jurassic carbonates,

8 & 9). The interaction of sedimentation and
growth faulting in this region has been sum-
marized by Curtis (1970) and Curtis & Picou
(1978), and its relevance for the genesis of
Hydrocarbon deposits is well illustrated by
Curtis (1979). Detailed studies of listric normal
faulting and sedimentation are also known
from western Ireland (Rider 1978) and
Spitzbergen (Edwards 1976).

Gravity tectonics of the type indicated are
typical in areas underlain by soft sediments,
unstable high pore pressure shales and salt that
are associated with high rates of subsidence.
Listric normal growth fault systems can be
observed in depths in excess of 20000 ft
(6000 m).

An example which shows listric normal
faulting that is more or less synchronous with
compressional folding is seen on Mexico’s east-
ern offshore (Buffler et al, 1979; Watkins et al.
1976, Fig. 10). Although more data and calib-
ration by drilling are needed, it appears possi-
ble that the amount of shortening represented
in the folds of the Mexican ridges may corres-
pond roughly to the amount of stretching by

listric normal faulting underlying the Mexican
shelf. On the other hand, if the amount of
shortening of the linear foids substantially ex-
ceeds the postulated stretching, we may inter-
pret the data as a much younger equivalent
(i.e. Pleistocene) of the Laramide Sierra Madre
Oriental folds, onshore to the W,

Friends of gravity gliding will be quick to
point out that—contrary to the Gulf of Mexico
example—much of the deformation occurring
in folded belts affects already lithified sedi-
ments and in several cases the underlying base-
ment. Consequently, it is also of some impor-
tance to characterize clearcut gravity tectonics
in ‘hard’ rocks.

Some very well documented examples of
local superficial gravitational gliding have been
given by Pierce (1957, 1963, 1973) for the
Heart Mountain area of Wyoming and by
Reeves (1946) for the Bearpaw Mountains of
Montana.

Normal faults responding to extension of the
Upper crust are most common in the western
Cordillera of the USA and the southernmost
segment of the Canadian Rocky Mountains.
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FI1G. 6. Gulf Coast in Mississippi, reflection
faults which flatten and merge with base of t

Here again, reflection seismic data indicate the
listric nature of the faults. The evidence for
this is the presence of continuous reflections
underlying obvious norma] faults that are post-
thrusting in age and can be mapped on the
surface. The presence of such reflection data
does not permit the direct straight-line projec-
tion into the subsurface of the large fault
offsets seen at the surface; instead the normal
faults have to flatten quickly at depth (see Fig.
11; Bally et al. 1966; McDonald 1976).
Another expression of the listric nature of
these normal faults is the widespread rotation
into the fault plane of beds that were deposited
while the fault was active (Fig. 12). In the
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western Cordillera the evidence for the listric-
ity of normal faults ranges from superficial
low-angle normal faults that simulate the base
of a major landslide system to intermediate
depth fault systems and exhumed, formerly
deep fault systems that separate the more duc-
tile deformation realms of metamorphic core
complexes from the brittle overlying sediment
cover (Davis & Coney 1979; Davis in press;
Effimoff & Pinezich, 1980).

The normal fault systems in the western
Cordillera are part of a very complex
megashear system that—most unfortunately
for ‘gravity gliders’—clearly postdate the
major overthrusting events of the western
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FiG. 7. Onshore Louisiana, reflection seismic section. Note pre-Cretaceous listric normal faults.
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Fic. 8. Offshore Texas. reflection seismic section. Note extensive listric normal growth faults in
Miocene section. M-6. M-9 are Miocene marker beds.
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FIG. 9. Offshore Texas, reflection seismic profile showi
diapiric structures. M-9 is a Miocene marker bed.

Cordillera. Note, however, that in a somewhat
similar setting, extensional gravity tectonics
and normal faulting are also common in the
Vienna and the Pannonian Basins (Prey 1974).
There, however, the normal faulting roughly
occurs during the same time brackets as the
last phase of overthrusting in the adjacent
Carpathians. However, traditional gravity glid-
ing is precluded by the simple fact that inner
portions of the Carpathians are typically sub-
siding during the Tertiary, instead of furnishing
an elevation from which nappes could glide
towards the adjacent foredeep.

We may conclude that if we are to explain
extensive thrusting and the formation of nap-
pes by gravity gliding, we ought to search for
extensive listric normal faulting that is syn-
chronous and directly associated with the over-
thrust phenomena we observe. The amount of
extension of these faults should be comparable
to the amount of compressional shortening in
the associated foldbelt. So far, I have failed to
find in any mountain ranges evidence that
would so link the emplacement of overthrust
sheets with commensurate extensional fault
systems in the inner portions of orogenic belts.

Thrust faulting involving
the crystalline basement

So far, the discussion has been concerned with

ng the interaction of growth fauits and

the evidence for the relative role of gravity
gliding versus shortening by subduction-related
compression. Support has been obtained by
studying surface data and reflection seismic
data that illustrate décollement tectonics of
sedimentary sequences. A few words concern-
ing the involvement of continental crystalline
basement in orogenic processes is now in
order.

One group of examples of orogenic base-
ment involvement includes cases where slabs
of varying thicknesses of, more or less, rigid
crystalline basement rocks form thrust sheets.
Examples are the eastern Alpine thrust sheets,
the Main Central Thrust of the Himalayas, the
Blue Ridge of the Appalachians, the
Caledonides of Norway, and many others. In
this first group, the basement has not been
pervasively remobilized and contrasts with a
second group of examples where the crystalline
basement was extensively remobilized as in the
Penninic Nappes of the Alps or the Shuswap
complex of the Canadian Cordillera. Both
groups can be viewed as end members for
transitions showing varying degrees of base-
ment mobility have been mapped across many
folded belts. Instead of reviewing in detail the
structural deformation of crystalline basement
in folded belts, only the following points will
be re-emphasized:

The involvement of crystalline continental
basement in folded belts is characteristic and
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constitutes the main reason why folded belts
are often regarded as the product of ensialic
orogenies. Some authors see a contradiction
between a purely ensialic orogeny and
orogenies that are related to plate tectonic
processes. It is true that a number of mobile
belts involve oceanic crust or ophiolites in
suture zones. These permit us to postulate
oceans of unknown width in plate tectonic
reconstructions. However, in other cases, the
evidence for such oceans is not so obvious, and
at least in one case, folding and associated
basement remobilization is entirely ensialic
(Amadeus Basin of central Australia: Wells et
al. 1970). Admittedly, the last example is un-
usual, because it affects a relatively small in-
verted basin located in the foreland of the
Tasmanides. Nevertheless, the Amadeus Basin
appears to offer an unambiguous case of en-
sialic deformation with décollement folding ac-
companied by the formation of small crystal-
line nappes.

Thrust faulting involving basement clearly
indicates the existence of decoupling levels
within the continental lithosphere. These may
be mostly in the lower crust or may be in the
upper mantle. Recent geophysical work in the
Alps and Appennines (Angenheister et al
1972; Giese et al. 1973, 1978; Mueller et al.
1976; Mueller 1977) gives evidence for wide-
spread low-velocity layers within the crust that
extend well into the foreland. Thus the case for
a layered crust with potential intracrustal de-
coupling levels is reinforced. The rheologic
characteristics of these low-velocity layers are
as yet poorly defined and consequently, the
genesis of crustal low-velocity layers remains a
matter for speculation. Some of the geological
consequences of this problem are discussed by
Hsii (1979).

There is also evidence for widespread crustal
decoupling in the foreland of folded belts. A
recent reflection line across the Wind River
Mountains of Wyoming (Smithson et al. 1978,
1979; Brewer et al. in press) indicates that this
basement uplift is underlain by a thrust fault
which can be followed to a depth of about
35km (see Fig. 13). If—as I believe—this line
is characteristic for foreland block faulting,
then it would follow that a major Laramide
decoupling zone occurring at or near the base
of the continental crust was underlying the
Cordilleran foreland or the central and south-
ern Rockies of the USA.

In a more speculative vein, attention should
be called to Ziegler’s (1978) observation that
the well-known inversions observed in north-
western Europe (e.g. Wealden Anticlinorium,
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verse and strike-slip faults) in the sediment
cover of the intervening platforms (Wagner
1974; de Charpal et al 1974; Wunderlich
1974; for an updated review, see also
Letouzey & Tremolieres 1980).

There is a great deal of similarity between
the foreland tectonics described in the preced-
ing paragraphs and the continental collision
processes that were described by Molnar &
Tapponier (1978) and Tapponier & Molnar
(1976) for Central Asia. There the late
Palaeogene—Neogene collision of India with
Eurasia caused extensive strike-slip faulting,

ing, and normal faulting in Central
Asia, which according to Molnar & Tap-
ponier led to much of China being squeezed in
an eastward direction. It should be noted that
the collision also led to the emplacement of
basement thrusts jn the Himalayas, and it ap-
pears likely to me that some thrust faults as-
sociated with the Tien Shan and the Nan Shan
uplifts involve thick segments of the continen-
tal crust in a manner comparable to the Rocky
Mountain foreland.

“It is concluded that decoupling within the
lower crust and perhaps in the upper mantle is
essential to explain thrust faulting of continen-
tal basement slabs. More geophysical informa-
tion is needed to map such decoupling levels.
These may well coincide with low-velocity
layers that have been determined in a number
of crustal studies. We are accustomed to ex-
plaining varying styles of deformation in folded
and thrust-faulted sedimentary sequences as a
function of ductility contrasts that are inherent

ACOUSTIC BASEMENT

Sketch of seismic line across Goshute Valle
Permission of Canadian Society of Petr
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in the stratigraphic layering of the deformed
Sequences. By analogy, the style of deforma-
tion of basement slabs is dependent on ductil-
ity contrasts within the crystalline basement.

- A number of plate tectonic models imply

crustal decoupling (Armstrong & Dick 1974,
Oxburgh’s flake tectonics 1972; Bird’s delami-
nation 1978; Molnar & Gray 1979). A signifi-
cant increase in understanding requires that
future work concentrates on getting more de-
tailed geological and geophysical documenta-
tion of deep crustal decoupling.

Turning to basement mobilization in the
inner folded belts, it may be said that the
causes for widespread regional remobilization
and metamorphism of the basement remain
obscure and may be due to burial and loading
by higher thrust sheets or possibly due to
thermal uplifts.

Overthrusting and strike-slip
faulting

In recent years a number of authors have
discussed the nature of thrust faulting as-

sociated with strike-slip faulting (Lowell 1972;
Wilcox et al. 1973; Harding 1973, 1974, 1976;
Sylvester & Smith 1976; Harding & Lowell
1979). These authors document and Sys-
tematize the phenomenology of wrench fault-
ing with surface, subsurface examples and clay
model] studies. An important problem relates
to the scale and importance of thrust faulting,
associated with strike-slip faulting. Clearly en
échelon faults and thrust faults occur in a
wrench fault regime. The upthrust interpreta-
tion proposed by various authors needs more
verification by reflection seismic data. There
remains, however, the question of how much
shortening of sediments can be taken up by
strike-slip faulting.

A schematic cross section and reconstruction
made by my colleague, R. E. Farmer, illus-
trates the problem (Fig. 14). The Taiwan fold-
belt has a structural style that appears to be
similar to the Rocky Mountain Foothills of
Canada and the outer Carpathians of
Rumania. Although no seismic data concern-
ing the underlying basement are published,
one may assume gentle eastward dip by the
reconstruction of the stratigraphic wedge that

|
!
]
1
|
!

is

<

pr

th
Str
ba
de
ter
tio
str
Lo
pr¢
tha
Tai
stri
spa

pro
tior
tha

refls
beti



A4

972,
1976;
owell
sys-
fault-
i clay
:zlates
lting,
ly en
in a
reta-
more
There
much

ip by

iction
illus-
| fold-
to be
ills of
s of
1cern-
lished,
y the
€ that

Thoughts on the tectonics of folded belts 27
TAIWAN

WEST
TAICHUNG BASH
DAKUASHAN ANTKCLINE

CENTRAL MOUNTAINS

vl ~
ok

OCENE /e

LONGITUDINAL YALLEY EAST COAST RANGE
v, ¢

EAST
M1 1 PHILIPPINE SEA

LT~~~ { ?
[EOCENE CRETACEOUS?) < T s T o r Lo ATy ?
BT R SIS O
60.000 F1 RAREIEA 20km
o 40 M1
RECONSTRUCTED SECTION
- . o 70 KM

T
TAT

DR

RV bes)
Waaw M
2

60.000 F1

r NOT RECONSTRUCTED

R E FARMERWar#r 1973

D PLEISTOCENE RECENT
r__P] PLIOCENE
[E MIOCENE

EOCENE

PRE.TERTIARY

m PRE-MIOCENE
CRYSTALLINE BASEMENT ?
- OCEANIC CRUST
B oo

Fic. 14. Schematic cross section and reconstruction across Taiwan by R. E. Farmer (Shell Oil

Company). *** Indicates quality.

is involved in the deformation. As a ‘denuded’
basement does not outcrop in the adjacent
mountains, conventional gravity gliding may be
precluded.

Accepting the admittedly shaky premises of
the cross section, one has to conclude that a
strip more than 50 km wide of pre-Tertiary
basement apparently was subducted to form a
deep ‘root’ under Taiwan. The crustal charac-
ter of that basement is unknown. The subduc-
tion of the basement could have preceded the
strike-slip displacement along the fault of the
Longitudinal Valley or else the subduction
process occurred during the deformation of
that fault and during the folding in western
Taiwan. Phases of subduction alternating with
strike-slip fauiting over short geological time
spans can also be imagined.

The conclusion is that a substantial room
problem may occur in palinspastic reconstruc-
tions of balanced cross sections across foldbelts
that appear to be related to or later modified
by strike-slip fault systems. Obviously, more
reflection seismic data are needed to gain a
better feeling for the dimension of the prob-

lem. Plate tectonic reconstructions based on
palacomagnetic data frequently suggest the lo-
cation of orogenic systems in an overall strike-
slip/shear context and therefore it becomes
increasingly more important to differentiate
and determine the scale of thrusting related to
strike-slip faulting, A-subduction and B-
subduction.

Folded belts, basement
mobilization and plate tectonic
reconstructions

A corollary of many of the preceding com-
ments and the megasuture concept is that the
crystalline basement of folded belts did not
behave as part of a rigid lithosphere during
orogenic processes. Consequently, it is of some
importance to separate relatively more rigid
lithospheric reaims from basement that has
been remobilized and subjected to regional
metamorphism and from basement fragments
that were overthrust or else were rifted by
complex strike-slip movements.
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EXTENSION OF PRECAMBRIAN SHIELD

[ FRECAMBRIAN BASEMENT: REmNANTS
INVOLVED IN PHANEROZOIC FOLDED BELTS

FIG. 15. Preserved Precambrian plate remnants. Precambrian ‘basement’ remnants that have
been remobilized within Phanerozoic foldbelts do not qualify as ‘rigid’ microplates.

Superficial décollement folds and thrust
sheets of Externides (Kober 1928) are proba-
bly in most cases underlain by a gently dipping
basement ramp which represents unambiguous
rigid lithosphere. The inner remobilized and
metamorphosed portions of folded belts and
small interior basement blocks captured during
the orogenic process obviously represent either
‘ductilized’ lithosphere or else stray crustal
fragments.

Plate tectonic reconstructions that are based
on palaeomagnetic or stratigraphic points of
control which are located within folded belts
obviously have to be contrasted and related to
lithospheric ‘cratonic’ segments that are now
adjacent to these foldbelts. Therefore, there is
an urgent need for reasonably accurate struc-
tural reconstructions of folded belts. At the
same time, it is desirable to map the outlines of
pre-Mesozoic and Precambrian continental
lithospheric remnants to provide some of the
building blocks for plate tectonic reconstruc-
tions. Outlines of the different types of build-
ing blocks are shown on Fig. 15 for the begin-

ning of the Palaeozoic and on Fig. 16 for the
beginning of the Mesozoic. The extensive oc-
currence of Precambrian and Palaeozoic base-
ment remnants in later folded belts again em-
phasizes the ‘ensialic’ aspects of mountain
building.

Conclusions

Normal faulting in folded beits and their fore-
land may be: —listric normal faulting involving
the basement and related to the passive margin
phase preceding orogenic deformation (for
analogue, see de Charpal et al. 1978);
—surficial soft-sediment listric normal faulting
related to the drifting phase preceding
orogenic deformation; —listric normal faulting
related to the genesis of synorogenic accre-
tionary wedges of B-subduction zones;
—synorogenic normal faulting in the foreland
related to the foreland bulge associated with
subduction zones (Buchanan & Johnson 1968;
Hopkins 1968; Laubscher 1978); —syn or
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FiG. 16. Preserved Precambrian and Palaeozoic piate remnants. Palaeozoic and Precambrian
outcrops that have been remobilized within Phanerozoic foldbelts do not qualify as preserved

“rigid” microplates.

postorogenic listric normal faulting associated
with stretching and shearing of the orogenic
system (e.g., Great Basin, Vienna and Panno-
nian Basins).

Thrust faulting in the folded belts may be:
—minor preorogenic thrust faulting at the toe
of deltaic systems of passive margins (for
analogue, see Lehner & de Ruiter 1977);
—synerogenic listric thrust faulting involving
the continental basement within the mountain
range (e.g. Himalayas and eastern Alpine
Nappe) and in the foreland of mountain ranges
(e.g. Wind River Mountains); —synorogenic
thrust faulting or sedimentary sequences re-
lated to A-subduction processes (e.g. Canadian
Rocky Mountains, Appalachians, and Exter-
nides of the Alpine system); —Synorogenic
thrust faulting of sedimentary sequences re-
lated to B-subduction processes (see Fig. 3):
—synorogenic thrust faulting related to strike-

slip faults (Fig. 14).

All information on folded belts permits and
supports their plate tectonic origin at subduc-
tion or else at transform plate boundaries.
However, much of what we actually observe in
mountain ranges involves décollement of and
within sedimentary sequences, as well as sig-
nificant decoupling within the deeper continen-
tal crust. Normal faulting and thrust faulting
due to gravity gliding is not important for
mountain building. This and the absence of
wide-spread tectonically denuded basement ar-
gues strongly against a major role for gravity
gliding. -

Future geological and geophysical work
should aim at defining and mapping such de-
coupling levels, particularly those that occur
within the crust. Seismic crustal studies are a
particularly promising aid in mapping intra-
crustal decoupling levels.

29
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