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Abstract. Depending on the polarity of the subduction sys- mechanical coupling of a foreland with the associated oro-
tem controlling the evolution of an orogenic wedge, we dis- genic wedge, either at crustal and/or mantle-lithospheric lev-
tinguish between pro-wedge (fore-arc, foreland) and retro-els. The absence of syn-orogenic intraplate compressional
wedge (retro-arc, hinterland) forelands. Flexural forelandstructures suggests that the respective orogenic wedge and its
basins and/or intraplate compressional structures can develdpreland(s) were mechanically decoupled. The level of me-
in retro-wedge domains of Andean-type and in pro- andchanical coupling between an orogenic wedge and its fore-
retro-wedge domains of Himalayan-type orogens. land is temporally and spatially variable.

Whereas the subsidence of retro-wedge foreland basins is Mechanical coupling and uncoupling of orogenic wedges
exclusively controlled by the topographic load exerted by theand their forelands probably depends on the geometry and
orogenic wedge on the foreland lithosphere, the additionalfrictional shear strength of their common boundary zone.
load of the subducted lithospheric slab contributes towardsSubduction resistance of the foreland, as well as the build-
the subsidence of pro-wedge foreland basins. Flexural foreup of high fluid pressures in subducted sediments, presum-
bulges develop only if the orogenic wedge and the forelandably play an important role. Pro-wedge continental crust
lithosphere are mechanically decoupled at lithospheric lev-and mantle-lithosphere can be subducted to depths of 100-
els. 150 km at which it can no longer support the weight of the

Under conditions of mechanical coupling between anattached oceanic slab and fails. Slab-detachment results in

orogenic wedge and its foreland at crustal and/or mantleUplift of the orogen, mantle back-stop development and the

lithospheric levels, compressional stresses are transmitteffansmission of major collision-related stresses into the fore-

into the latter, inducing reactivation of pre-existing crustal lands.

discontinuities and broad crustal and lithosphere scale fold- The tectono-stratigraphic record of forelands monitors the

ing at distances up to 1700 km from the collision front. Such€volution of collision-related stress fields, the level of me-

stresses can accentuate potential pre-existing flexural forechanical coupling between an orogen and its foreland(s), and

bulges or impede their development. Depending on the thickthus contributes to dating orogenic activity affecting a plate

ness and rheological structure of the crust and its sedimenhargin. These concepts are discussed on the base of the evo-

tary cover, thick- and/or thin-skinned thrusts can propagatdution of selected forelands of Palaeozoic and younger oro-

far into forelands, either disrupting pre-existing flexural fore- gens in Europe, North Africa, Arabia and North America.

land basins or impeding their development.
Collision-related compressional stresses can be transmit-

ted into pro-wedge forelands during 1) initiation of subduc- 1 Introduction

tion zones, 2) periods of subduction impediment caused by

the arrival of more buoyant crust at a subduction zone, 3) ini-Most Phanerozoic orogens, both of the Andean-type

tial collision of an orogenic wedge with a passive margin, and(continent-ocean collision) and the Himalayan-type

4) post-collisional over-thickening and uplift of an orogenic (continent-continent collision), are or were at one time as-

wedge and the development of a mantle-back-stop. sociated with more or less well developed flexural foreland
Development of intraplate compressional/transpressionabasins. Some of these basins were destroyed either during

structures in forelands is indicative for the build-up of late syn-orogenic phases or during post-orogenic times.

collision-related compressional stresses, and thus for stronlyloreover, the evolution of many orogens was associated
with the development of compressional intraplate struc-
Correspondence td?. A. Ziegler (fax +41-061-421.55.35)  tures in their distal forelands, ranging from upthrusting of
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basement blocks and inversion of tensional basins to broac;
lithospheric folding (Ziegler 1990; Cobbold et al., 1993;
Ziegler et al., 1995, 1998; Cloetingh et al., 1999).

The width of preserved flexural foreland basins varies con-
siderably and ranges from 10-50km (e.g. Lower Austrian
Molasse basin: Zimmer and Wessely, 1996) to 500 km (Cen-
tral Appalachians) and even up to 800-1000km (Alberta
Basin: Bally, 1989; Ural Basin: Fokin et al., 2001). How-
ever, some orogenic belts are not associated with well devel-.—
oped flexural foreland basins. Although in some cases sucl|
basins had developed during early syn-orogenic phases, the
were subsequently disrupted during syn-orogenic phases by
upthrusting of basement blocks (e.g. Rocky Mtns: Oldow —ss—3—
et al., 1989) and/or by inversion of pre-existing extensional
basins in the foreland (e.g. Atlas troughs: Frizon de Lam-
otte et al., 2000; West Alpine foreland: Roure and Colletta,
1996), or were eroded due to regional post-orogenic uplift X
(e.g. Caledonides of Sweden and Norway: Ziegler, 1989, sediments crust mantle

1990). Alternatively, syn-orogenic partial to total destruc- [ postrift [ ] continental [T7] old
tion of flexural foreland basins can also be caused by the Bl syt Bl oceanic yanng

propagation of thin- and/or thick-skinned thrusts far into the

foreland (e.g. Dmarld_es: Pamic et al., 1998; Appalachlans:,:ig_ 1. Conceptual model illustratingg) back-arc extensior(b)

Rast, 1998; Mackenzie Mtns.: Oldow et al., 1989; Southeryero-wedge (back-arc) foreland compression, rydcollisional

Alps: Ziegler et al., 1996), or by the emplacement of major retro-wedge (back-arc) and pro-wedge (fore-arc) foreland compres-

allochthonous nappes (Eastern Alps: Zimmer and Wesselysion (after Ziegler et al., 1998).

1996). The frequently observed post-orogenic uplift of fore-

land basins can be attributed to un-flexing of the lithosphere

in response to such processes as detachment of the subducteaise of the discussed examples the question of mechanical

lithospheric slab (Fleitout and Froidevaux, 1982; Bott, 1990, (un)coupling of orogenic wedges and their forelands and ad-

1993; Andeweg and Cloetingh, 1998), retrograde metamordress the interplay between stress and rheology. Finally, we

phism of the orogenic crustal roots involving in the presencedraw conclusions on the problem at hand.

of fluids the transformation of eclogite to less dense granulite

(Le Pichon et al., 1997; Bousquet et al., 1997; Straume and

Austrheim, 1999), and erosional and/or tensional tectonicun2 Types of Flexural Foreland Basins

roofing of the orogen (Stockmal et al., 1986; Sanders et al.,

1999). Depending on the polarity of the subduction system which
In this paper we address dynamic processes which contratontrols the evolution of an orogenic wedge, we distinguish

the development and destruction of flexural foreland basindetween flexural pro-wedge (fore-arc, foreland) foreland

during the evolution of orogenic wedges. Special emphasidasins and retro-wedge (retro-arc, hinterland) foreland basins

is given to evidence for associated intraplate compressionalFig. 1; Ziegler, 1989, 1990; Willet et al., 1993; Johnson

foreland deformation, reflecting strong mechanical couplingand Beaumont, 1995; Bertotti et al., 1998). Pro-wedge flex-

between the evolving orogenic wedge and its foreland(s)ural foreland basins are associated with B-subduction zones,

In this respect it should be kept in mind that mechanicalalong which oceanic lithosphere was consumed prior to the

coupling of the orogenic wedge with its foreland involves collision of the orogenic wedge with its continental foreland

the transmission of compressional stresses from the colliand the subsequent subduction of continental lithosphere. By

sion zone into the latter, either at supra-crustal and/or crustatontrast, flexural retro-wedge foreland basins are associated

and/or mantle-lithospheric levels. In this context, rheologi- with A-subduction zones along which generally only conti-

cally weak layers within or at the base of the supra-crustalnental lithosphere was consumed (Bally and Snelson, 1980);

sedimentary sequence, within or at the base of the crust anelxceptions involve the closure of limited oceanic back-arc

at the base of the mechanical lithosphere can act as stregwsins prior to the onset of continental lithosphere subduc-

guides, controlling the deformation mode of the foreland.  tion (e.g. Devonian Rhenohercynian Basin of the Variscan
In the first part of this paper we summarize dynamic pro- Orogen and Late Carboniferous Havallah Basin of the North

cesses which control the development of foreland basins andmerican Cordillera; Ziegler, 1989, 1990; Ziegler et al.,

address the flexural forebulge phenomenon. In the next part995, 1998).

we review the evolution of selected Palaeozoic and younger A fundamental difference between these two types of fore-

orogens and their forelands in Europe, North Africa, Ara- land basins is that the subsidence of retro-wedge basins

bia and North America. In the third part we assess on thds generally exclusively controlled by the topographic (tec-
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Fig. 2. Conceptual model illustrating forces controlling the subsidence of retro- and pro-wedge foreland basins and showing zone of potential
mechanical coupling between the upper and lower plate.

tonic) load of the orogenic wedge, whereas the subsidence 2+

of pro-wedge foreland basins is governed by a combina- 4 A

tion of the topographic load of the orogenic wedge and the a} ; ; ;
weight of the subducted lithospheric slab (Fig. 2; Stockmal 1 100 200 300km
and Beaumont, 1987; Royden, 1993; Andeweg and Cloet- 2+

ingh, 1998), at least up to the moment of detachment of such 4

a slab from the lithosphere. The magnitude of the load ex- -4km--

erted by a subducted lithospheric slab on a pro-wedge fore-
land depends on the slab composition (oceanic, continentallig 3. Flexural bulge associated with Mariana trench with best fit
as well as on its length and dip, which in turn depend onfiexural plate (thick line) (after Turcotte et al., 1978).

the duration of subduction, the rate of plate convergence and

possibly on the direction of general mantle flow (Doglioni,

.1993; Doglioni et al., 1999). Thereforg, a much greater Ioa_dsubducted (Von Huene and Scholl, 1991, 1993). Sediment
is exerted on pro-wedge forelands which are associated W'tlgubduction, involving the build-up of high pore-pressures

Iong-st.anding, de.ep.reaching oceanic ;ubduction zones (e'%\/on Huene and Lee, 1982), can account for mechanical de-
Apennines: Doglioni, 1993; Urals: Fokin et al., 2001) than oupling of the orogenic wedge and the oceanic foreland

on those which are associated with short duration continent late. Under such conditions, the subducting plate is ex-

subduction (e.g. Pyrenees: Gaspar-Escribano et al., 2001). clusively subjected to bending stresses and slab pull forces
(which can constructively interfere with ridge-push force),
thus allowing for the development of a flexural forebulge.

Other trench systems, such as those of Sumatra and Java,

Most arc-trench systems, along which normal oceanic litho-lack a flexural forebulge. This is attributed to compressional
sphere is actively subducted, are characterized by a more and tensional stress fields within the subducting oceanic and
less well expressed flexural forebulge that parallels the diseontinental Indo-Australian plate that developed in response
tal trench margin (Fig. 3). The wavelength (up to 200 km) to its laterally variable collisional coupling with Asia (Cloet-
and amplitude (up to 500 m) of such forebulges is controlledingh and Wortel, 1986). In this context, it must be real-
by the age-dependent thickness and elastic strength of thieed that subduction processes can be impeded when e.g.
oceanic lithosphere and the subduction rate-dependent digan oceanic plateau, a transform ridge or a continent col-
angle of the Benioff zone (Turcotte et al., 1978; Bodine etlides with an arc-trench system (Mueller and Phillips, 1991;
al., 1981; Bott, 1982). Cloos, 1993). Unless such a subduction obstacle is sheared

Along outer trench slopes and within trenches which areoff and incorporated into the accretionary wedge (Lallemand
associated with such a forebulge, and depending on the flexet al., 1989; Von Huene et al., 1997), tangential compres-
ure intensity, the oceanic crust can be affected by an arragional stresses build up within the subducting plate, poten-
of trench-parallel extensional faults (for examples see Bally tially causing its imbrication (e.g. Southwest Japan Nankai
1983). Such crustal faults develop in response to bendindrough, Izu-Bonin and Zenisu ridges: Lallemant et al., 1989;
stresses, whereas the lower parts of the lithosphere are iballemand et al., 1992). Under such conditions, the subduct-
compression. At subduction zones, sediments overlying théng plate is no longer exclusively subjected to bending, slab-
oceanic crust are partly scraped off and incorporated into acpull and ridge-push stresses. Compressional stresses, build-
cretionary wedges; however, the bulk of these sediments ing up in response to increasing mechanical coupling be-

3 Flexural Forebulge Phenomenon
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tween the orogenic wedge and the subducting foreland platesubsequent visco-elastic relaxation (Quinlan and Beaumont,
interfere with the development of a purely flexural forebulge 1984; Tankard, 1986; Stockmal and Beaumont, 1987; Beau-
and may ultimately lead to subduction progradation to themont et al., 1987).

distal margin of the subduction obstacle (Ziegler etal., 1998). The concept of forebulge development was widely

The concept of flexural down-bending of continental litho- adopted and almost indiscriminately applied to a number
sphere in response to tectonic and topographic loading byf examples. However, these warrant critical review in the
orogenic wedges, controlling the development of forelandface of contemporaneous, partly far-field intraplate compres-
basins, was postulated by Price (1973) and subsequentlyional deformations, involving fault reactivation, basin inver-
quantitatively modelled by Beaumont (1981), Jordan (1981),sion and broad lithospheric folding that must be attributed
Beaumont et al. (1982), Karner and Watts (1983) and otherso strong mechanical coupling of the respective orogenic
(see Stockmal et al., 1986). The width and depth of a flexuralyedge with its continental foreland at crustal and/or mantle-
foreland basin depends on lithospheric levels (Ziegler et al., 1995, 1998).

(i) the effective elastic thickness ¢ of the continen- As with oceanic lithosphere, development of purely flex-

tal lithosphere (thickness, composition; McNutt et al. ural forebulges in continental lithosphere requires that the
1988° Burov and Diamet ’1995) ' " orogenic wedge and its foreland are mechanically decou-

pled at crustal and mantle-lithospheric levels so that no ma-
(i) the level of horizontal stresses (Cloetingh and Burov, jor tangential shear stresses can be transmitted into the lat-
1995), ter. In this respect, it must be realized that continental litho-

) ] sphere can present considerable subduction resistance, par-
(iii) the magnitude of the loads imposed on the foreland by jcyjarly during its initial collision with an arc-trench sys-

the orogenic wedge and the subducted lithospheric slalem, (ziegler et al., 1998). During over-thickening of an oro-
(Stockmal et al., 1986; Royden, 1993), genic wedge, and particularly during continent-continent col-
(iv) the convergence rate and direction (orthogonal, oblique)liSion and the development of a mantle back-stop, following
and detachment of the subducted lithospheric slab, major com-
pressional stresses can apparently be projected into the pro-
(v) the dip-angle of the subducted lithospheric slab and retro-wedge forelands of an orogen, both at crustal and
(Doglioni, 1993). mantle-lithospheric levels (Ziegler and Roure, 1996; Ziegler
, , et al., 1995, 1998). This concept is borne out by the occur-
Lateral changes in the geometry of a foreland basin are réggpce of intraplate compressional structures in the forelands
lated to variations in the mechanical properties of the loaded, many orogenic belts, as well as by the involvement of fore-
plate, resulting from previous tectonic events such as rifting|gng crustal slices in the architecture of orogenic wedges,
and passive margin formation, as well as to variations in thejoming external crystalline massifs (Ziegler et al., 1995,
loads imposed on it (Waschbusch and Royden, 1992; Millam ggg) “collision-related compressional stresses can interfere
et a!" ,1995)' ) , with the development of a purely flexural forebulge by accen-
Similar to oceanic trenches, and depending on the waveg,aing its amplitude and by narrowing and deepening of the
length and amplitude of the flexural deflection of the conti- 55qqciated foreland basin in response to crustal and/or litho-
nental lithosphere, the crust of pro- and retro-wedge fore'spheric folding (Cloetingh, 1988; Peper et al., 1992; Cloet-
land basins can be affected by a system of ba_sin-parallelingh et al., 1999; Zhang and Bott, 2000). If such stresses
generally small-scale normal faults that develop in responsgy ceed the yield strength of the foreland lithosphere, result-
to bending stresses (e._g. pro-wedge Alpine foreland basni‘hg arches can attain amplitudes of 2-3km and more (e.g.
of Germany and Austria: Roeder and Bachmann, 1986jsges-Black Forest arch), particularly if the lithosphere is

Nachtmann and Wagner, 1987; retro-wedge Taconic forelanghermally weakened by magmatic activity (Cloetingh et al.,
basin of Quebec: Dykstra and Longman, 1995; retro-wedgqgsg)_

Arkoma foreland basin of Ouachita Mtns.: Arbenz, 1989;
retro-wedge Patagonian Cordillera foreland basin: Diraison
et al., 2000).

By analogy with forebulges associated with oceanic4 Evolution of selected Orogenic Wedges and their
trenches, and assuming that the underthrusted continental Forelands
foreland lithosphere has a sufficiently larget® support the
load of the evolving orogenic wedge, Beaumont (1981) pre-Examples discussed in this chapter were carefully selected
dicted that flexural forebulges would develop along the distalfrom a very broad data base in an effort to illustrate the spec-
margins of foreland basins (Beaumont et al., 1982, Stock+rum of variations in the evolution of foreland basins. Special
mal et al., 1996). In this respect, the episodic developmentttention will be given to the spatial and temporal develop-
of unconformities across relatively low-relief arches along ment of intraplate compressional structures in the forelands
the distal margin of the Appalachian foreland basin was at-of orogenic wedges, as well as to the tectonic setting of fea-
tributed to the development of a flexural forebulge in re- tures that have been attributed to the development of flexural
sponse to thrust-loading of the foreland lithosphere and itdorebulges.
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Fig. 4. Late Silurian (Pridolian) tectonic framework of Laurussia (after Ziegler, 1989). Abbreviations: COR = cordillera, NS = Alaska North
Slope, PF = platform, TER = terrane.

4.1 Arctic-North Atlantic Caledonides and their Forelands menced and persisted until the Early Devonian termination
of the Scandian orogenic cycle during which the crust of

Siluro-Ordovician evolution of the Arctic-North Atlantic Baltica was imbricated |nt9 a system of majlor basement-

Caledonides involved the convergence of Laurentia-COred nappes (Gee, 1978; Gee et al., 1985; Stephens and

Greenland and Baltica, of the Gondwana derived composité>€€; 1985; Torsvik, 1998). Under such a scenario, Green-
Avalonia continental terrane with Baltica and Laurentia, /and formed the retro-wedge foreland of the Arctic-North At-

and of continental Arctica with the northern margin of lantic Caledonides. However, the foreland and external thrust
Laurentia-Greenland (Fig. 4; Ziegler, 1989, 1990; Pharaoh,fro”t of the Greenland Caledonides are concealed by glaciers
1999). This resulted in closure of the lapetus, Tornquist andAndersen and Hartz, 1998).
Arctic oceans that had separated Laurentia-Greenland and cjosure of the Tornquist Ocean by southward subduction
Baltica, Avalonia and Baltica and Laurentia-Greenland andpeneath Avalonia resulted in Late Ordovician-Early Silurian
Arctica, respectively (Torsvik, 1998). collision of East-Avalonia with the pro-wedge Baltica fore-
By mid-Silurian times, the lapetus Ocean was closed byland. This was followed by the development of a broad flex-
westward subduction beneath Greenland. With this, thrustural foreland basin, parts of which are still preserved in the
loaded subsidence of the Baltica pro-wedge foreland comdown-faulted Oslo Graben, in the Baltic Sea and in northeast-
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=7 o \ 1989, 1990).
\\ RN - ’&%\ \ That indeed a major flexural foreland basin was associated
\ . ; B o with the Scandinavian Caledonides is suggested by fission-
QQ DN /\? \ﬁ& \ \ \ track data from southern and central Sweden. These indi-
= \ % cate that an at least 2.5 km thick sedimentary sequence was

eroded from their foreland during Late Palaeozoic and Early
Mesozoic timesi@ke Larson et al., 1999; Cederbom et al.,

2000, D. G. Gee personal communication 1996). This is cor-
roborated by the out-building of major Late Permian and Tri-

assic deltaic complexes from the Kola Peninsula into the Bar-
ents Sea (Johansen et al., 1992; Nikishin et al., 1996), as well
as by the Triassic massive transport of clastics from Scan-

\ ) N dinavia into the Northwest European Basin (Ziegler, 1990).
TC v e’ This erosional phase may be related to large radius arching of

o
R
B /
g A o L the evolving Norwegian-Greenland Sea rift system (Ziegler,
<N N $ 1988).
y ) O During the Silurian-earliest Devonian evolution of the
/ S| i . . . . . . _
—Z‘\ Ve Silurian Arctic North Atlar_mc _Caledonldes, increasing coII|S|0naI_ re
\ A - sistance of the thick lithospheres of Baltica and Laurentia re-
Y S ] Ordovician sulted in subduction progradation into the Uralian Ocean and
SN s ES gfég:;%';i:gd the activation of the intra-oceanic Sakmarian-Magnitogorsk
\\\\ \\ ! ~ [T basement arc-trench systems (Fig. 4) (Z?egler, .19.89; Zonen_shain et
- ‘ al.,, 1990). Moreover, increasing collisional coupling be-

_ _ ) _ _ tween the Caledonian orogenic wedge and its conjugate fore-
Fig. 5. Geological map of North America with Devonian and |ands at crustal and mantle-lithospheric levels is evidenced

younger strata removed, showing subcrop pattern of Lower Palaeoby profound imbrication of the foreland crust and its in-
zoic series at the base of the Kaskaskia (Devonian-Early Carbonif-

erous) sequence (after Cook and Bally, 1975; Bally, 1989; Ziegler et}/olver?ent I?t:]he If)rogerll_c Wedgelé Int aEddltlon, far ﬂfld de-
al., 1995). BA = Boothia Arch, HB = Hudson Bay, NV = Nashville ormation of the Laurentian and £ast-turopean cratons oc-

Dome, OZ = Ozark Uplift, TCA = Transcontinental Arch. purre(_j at the 'Fran_sition from t_hg Silurian to the Devonian,
involving reactivation of pre-existing fracture systems, broad
lithospheric folding and the development of a regional un-

ern Poland (Ziegler, 1989, 1990; Pharaoh, 1999: Poprawa e[‘f;ff;g‘r';ﬁt%f%f;tﬁaa:n trlagﬁie'\‘(':';';h'” etal., |19?6). on

al., 1999). . , p pressional stresses in

) o ] . . duced upthrusting of basement blocks in the Hudson Bay and
During the Late Silurian-earliest Devonian, an active arc-yplift of the Transcontinental, Ozark, Nashville, Labrador,
trench system apparently extended south-westwards from thge | peace River-Keewatin arches, resulting in disruption

Caledonides of the British Isles into the area of the Cana-f the formerly regional Ordovician-Silurian carbonate plat-

dian Maritime Provinces and the New England States (Fig. 4%orm (Fig. 5: Cook and Bally, 1975; Bally, 1989; Ziegler et

where the Salinian orogenic pulse gave rise to the accuy| 1995). Similarly, the subcrop pattern of pre-Devonian
mulation of flysch in a complex system of interarc basins. geries on the East-European Carton reflects its broad-scale

This orogenic pulse may have been associated with the initgging and the inversion of some rifted structures in the

tial docking of the West-Avalonia composite terrane that wasyjid-Russian aulacogen belt and Baltic Basin (Milanovsky,

finally accreted to North America during the Middle Devo- 19g7: Nikishin et al., 1996). Stresses controlling these de-
nian main Acadian orogeny (Ziegler, 1989; Robinson et al..formations relaxed with the Early Devonian activation of the

1998). Whether during Late Silurian-Early Devonian times arctic-North Atlantic mega-shear which transects the Cale-

an active arc-trench system extended southwards along thgonides along their axis (Fig. 6). Devonian-Early Carbonif-

entire eastern margin of North America is uncertain. erous motions along this shear zone accounted for a sinis-
Geodynamic considerations suggest that evolution of tharal translation of Laurentia-Greenland relative to Baltica

Himalayan-type Arctic-North Atlantic Caledonides was as- and controlled the post-orogenic collapse of the Caledonides

sociated with the development of major flexural pro-wedge(ziegler, 1989, 1990).

and retro-wedge foreland basins (Greiling et al., 1998). How-

ever, the only remnants of Caledonian pro-wedge basingl.2 Foreland of the Inuitian Orogen

are preserved in the Oslo Graben and in the Baltic (North

German-Polish Caledonides). Indirect evidence for theThe Inuitian Orogen developed in response to collision of the

development of a retro-wedge foreland basin in northerncontinental Arctica block (Chukotka, New Siberian Islands)

Greenland is provided by the Late Silurian influx of clastics with the northern margin of the North American Craton. Pre-

into the Franklinian Basin in the Inuitian foreland (Ziegler, sumably this involved subduction of an intervening oceanic
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Fig. 6. Middle Devonian (Givetian) tectonic framework of Laurussia (after Ziegler, 1989). Abbreviations: B = basin, COR = cordillera, FB =
fold belt, KAZ = Kazakhstan, NS = Alaska North Slope, PF = platform, SIB = Siberia, TER = terrane.

basin beneath an Arctica that was fringed to the south by théasin was dominated until early Eifelian times by the accu-
Pearya arc-trench system (Fig. 4). Collision of Arctica with mulation of thick, orogen-derived turbiditic series, whereas
the Canadian margin probably occurred during the Silurian,carbonate platforms occupied its distal, southern parts. Dur-
as suggested by the late Early Silurian onset of clastic ining the Early Devonian, the Boothia Arch was further ac-
flux from northern sources into the reef fringed Franklinian centuated and the Inglefield Arch of south-eastern Ellesmere
deeper water (passive margin) basin, and by the Late Siluriaihsland came into evidence (Fig. 7) (Kerr, 1977, 1981; Smith
uplift of the north-south trending, basement cored and faultand Okulitch, 1987). By late Eifelian times, the entire basin
bounded Boothia Arch, which transected the southern marhad shallowed out and had assumed the geometry of a clas-
gin of this basin (Fig. 6). The Inuitian orogeny lasted until sical flexural foreland basin, in which a huge deltaic com-
early Mississippian times. Commencing in the late Missis- plex prograded southwards from the rising orogenic wedge to
sippian, this orogen was disrupted by rifting that controlled cover the pre-existing carbonate platform. By this time, the
the subsidence of the Sverdrup Basin (Trettin and Balkwill, Boothia and Inglefield arches had become inactive. During
1979; Trettin, 1989; Ziegler, 1969, 1988, 1989). the Late Devonian, a continental and deltaic clastic wedge

prograded apparently even further southwards in an over
Sedimentation in the proximal parts of the Franklinian
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Fig. 7. Schematic tectonic map of Arctic Canada, showing outlines of the thin-skinned Inuitian fold belt, the basement-involving Boothia
Arch and the post-orogenic Sverdrup Basin (after Kerr, 1981; Trettin, 1989).

1000 km wide foreland basin that was offset to the south by4.3.1 European Variscan Foreland

the Canadian carbonate platform. During the end Devonian-

early Mississippian terminal phase of the Inuitian orogeny, The Variscan foreland basin of Europe is superimposed on
thin shinned thrust sheets propagated far into this forelandhe northern shelf of the oceanic Rhenohercynian back-arc
basin, forming the Parry Island fold- and-thrust belt (Fig. 7). basin. The latter had opened during the Early Devonian in
At the same time the Boothia Arch was reactivated (Kerr,response to back-arc extension and subsequently underwent
1977, 1981; Trettin, 1989; Ziegler, 1988, 1989). a sequence of compressional and extensional phases during
Middle Devonian (Fig. 6) and earliest Carboniferous times.
(gsy the mid-Visean onset of the main Variscan orogenic cy-

tent mechanical coupling between the orogenic wedge an . . .
its pro-wedge foreland at crustal levels, inducing upthrust—de’ th_|s basin was closeq by sputhward su_bductlon t_aeneath
the Mid-German Crystalline High. Following late Visean

ing of major basement blocks in the distal foreland, such as

the 800 km long and 120-180 km wide north-south trendingdﬁtaChmfem olftthe _:,ubc:]uctﬁd ficeamc Slik.)' re_fletchteth_J()j/ a
Boothia Arch (Fig. 7). change from I-type to shoshonitic magmatism in the Mid-

German Crystalline High (Altherr et al., 1999), compres-
sional stresses were projected into the Rhenohercynian Shelf,
causing disruption of its carbonate platform and the develop-
ment of a regional unconformity. From the early Namurian
onwards, this shelf subsided rapidly under the loads of the
During the Carboniferous and Early Permian sutur- advancing' nappe systems that account'for a total of 200 km
ing of Gondwana and Laurussia along the VariscanOf shortening (Oncken etal., 1999). During the Westphalian,
and Applalachian-Mauretanides-Ouachita-Marathon oro-the evolving foreland basin reached a maximum width of
gens (Fig. 8), major retro-wedge foreland basins develope@ome 700km in the southern North Sea area, whereas in
in Western and Central Europe and in the Appa|achian dthS. Irish and POllSh sectors It was Only some 200 km wide
main, while in the Ouachita-Marathon domain syn-orogenic(Figs. 8 and 9) (Ziegler, 1990).

retro-wedge intraplate compression resulted in the develop- During the Late Westphalian, increasing collisional cou-
ment of the Ancestral Rocky Mtns. Either pro-wedge fore- pling between the Variscan Orogen and its foreland at crustal
land basins did not develop in the African foreland of the and mantle-lithospheric levels is evidenced by upwarping of
Variscan and Mauretanides orogens or they were destroyethe Brabant Massif, upthrusting of the Malopolski Massif
during late orogenic phases. During the Carboniferous-and the inversion of Late Devonian-Namurian rifts in the
Permian collision of Kazakhstan and Siberia with the East-British Isles (Fig. 9).

European Craton, a major pro-wedge basin developed in the Upon end-Westphalian termination of shortening in the
foreland of the southern and central Urals, whereas in theRhenohercynian thrust belt, the Variscan Orogen and its
northern Uralian foreland intraplate compression interferednorthern foreland were deeply disrupted during the Stepha-
with the development of a classical foreland basin. nian and Early Permian by a conjugate system of wrench

The evolution of the Inuitian Orogen reflects intermit-

4.3 Forelands of Late Palaeozoic Orogens
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Fig. 8. Late Carboniferous (Westphalian) tectonic framework of Laurussia (after Ziegler, 1989). Abbreviations: AB = Anadarko Basin,
ACB = Aquitaine-Cantabrian Basin, B = Basin, CINC = Cincinnati Arch, NS = Alaska North Slope, NV = Nashville Dome, OZ = Ozark
Uplift.

faults that developed in response to dextral translation oftrolled the Late Carboniferous onset of crustal extension in
Africa relative to Europe during the Alleghanian orogeny of the Norwegian-Greenland Sea area (Fig. 8) (Ziegler, 1989;
the Appalachians (Ziegler, 1989, 1990; Ziegler et al., 1995;Ziegler et al., 1995).
Ziegler and Stampfli, 2001).

4.3.2 Northwest African Variscan and Mauretanides Fore-

The evolution of the Rhenohercynian Zone reflects strong land

mechanical coupling of the Variscan orogenic wedge with its
continental foreland at lithospheric levels during their initial The north-western margin of Africa began to collide
collision, their mechanical decoupling during the subsequentluring the Late Devonian-Early Carboniferous with the
Namurian-early Westphalian development of a typical flex- Palaeotethys subduction system that governed the evolution
ural foreland basin and their increasing coupling during theof the Variscan Orogen. During the main phases of the
terminal late Westphalian stages of the Variscan orogeny. Favariscan orogeny, the collision front between Gondwana and
field stresses related to collisional coupling of the VariscanLaurussia propagated eastward and south-westward in con-
Orogen with its European foreland are thought to have conjunction with the progressive closure of the Palaeotethys and
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Fig. 9. Westphalian tectonic framework of the Northwest and Central European Variscan retro-wedge foreland basin, showing restored basin
outlines, foreland inversion structures (anticlinal symbols) and main Variscan thrusts (barbed heavy lines) (after Ziegler, 1990). Abbrevia-
tions: CRB = Craven Basin, DBT = Dublin Trough, LBM = London-Brabant Massif; MM = Malopolski Massif, MNH = Mid-Netherlands
High, MVG = Midland Valley graben, WM = Welsh Massif.
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Fig. 10. Permo-Carboniferous intraplate deformation of the Sahara Platform, forming pro-wedge foreland of the Mauretanides-Atlas fold
belt. White arrows indicate major arches. Schematic evolutionary diagram of the Ougarta Trough (after Ziegler, 1988). Abbreviations: Ti =
Tinduff Basin, Ta = Taoudeni Basin, Tm = Timimoun Basin, Gh = Ghadames Basin, Mz = Mourzouk Basin. For location see black bar on
map.

Protoatlantic oceans, respectively. By Westphalian timesthe northern margin of the Sahara Platform. However, in-
Gondwana had collided with the Appalachian arc-trench sys-<reasing collisional coupling of the Variscan Orogen with the
tem (Fig. 8) (Ziegler, 1989, 1990; Stampfli, 1996; Stampfli African Craton at lithospheric levels is evidenced by progres-
et al., 2001; Ziegler and Stampfli, 2001). sive inversion of the Cambro-Ordovician Saoura-Ougarta-

During Early Carboniferous and Namurian times, a rel- Adrar rift, transpressional reactivation of the Panafrican El-
atively narrow pro-wedge foreland basin developed alongBiot shear zone, and upwarping of the broad Reguibat Arch
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Fig. 11. Geological map of the northern Sahara Platform with Mesozoic and younger strata removed, showing subcrop pattern of Palaeozoic

sediments beneath the Hercynian unconformity (after Boote et al., 1998).

(Fig. 10). This caused restriction and ultimately the West-man, 1995). With this, the proximal parts of the Appalachian
phalian interruption of the marine sea-way that had linkedShelf were incorporated into a foreland basin that evolved
the Palaeotethys and Protoatlantic seas via the Sahara Platepwise during the end-Silurian Salinian, Middle-Late De-
form. Development of a classical flexural foreland basin wasvonian Acadian and the Permo-Carboniferous Alleghanian
impeded by these important intraplate deformations, whichorogenies (Figs. 8 and 12) (Quinlan and Beaumont, 1984;
extend over a distance of some 1200 km from the VariscarTankard, 1986; Rast, 1998; Gao et al., 2000; see also Ziegler,
collision front into the area of the Hoggar Massif and caused1989).

disruption of the sedimentary cover of the Northwest African

Shelf (Fig. 11) (Ziegler, 1988, 1989; Ziegler et al., 1995; g|5gtic flexural forebulges, such as the Taconic Waverly Arch
Boote'et al., 1998). . ) and the westward adjacent Nashville-Cincinnati-Finlay-
During the Westphalian and Early Permian develop- zjgonquin Arch that came into evidence during the Aca-
ment of the Mauretanldes_, intraplate com_presswnal stressesian orogeny and underwent several uplift pulses during the
caused further accentuation of the Reguibat Arch, separaia|ieqhanian orogeny. These arches essentially parallel the
ing the Taoudeni and Tinduff basins, and uplift of the Eastgyye of the Appalachian Orogen and partly separated the
Guinea, Banko and Volta arches in West Africa (Fig. 10). Apnajachian Basin from the contemporaneously subsiding
Whether a pro-wedge foreland basin was associated with tha cratonic Illinois and Michigan sag basin (Fig. 12) (Quin-
Mauretanides is difficult to assess due to their intense posty,, 4ng Beaumont, 1984; Tankard, 1986: Beaumont et al.,

orogenic erosion (Ziegler, 1989). 1987; Root and Onasch, 1999; Howell and van der Pluijm,
The Late Palaeozoic evolution of the Sahara Platform re-lggg)_

flects its increasing collisional coupling with the Variscan ]
and Mauretanides orogenic wedges, presumably in response Subsurface data show, however, that the Early-Middle
to their over-thickening and subduction resistance of theCambrian rift system, that underlies the Appalachian fore-

The Appalachian Basin is the type locality of visco-

African Craton. land basin was repeatedly transpressionally reactivated dur-
ing orogenic pulses, leading to partial inversion of e.g. the
4.3.3 Appalachian Foreland Rome Trough. Moreover, the location of the Cincinnati

Arch appears to be preconditioned by basement discontinu-
The Appalachian Basin is a classical retro-wedge fore-ities, partly related to the Grenvillian front and partly to Pre-
land basin. Following Early-Middle Cambrian rifting, the cambrian rifted basins (Root and Onasch, 1999; Gao et al.,
lapetus-Thé&e Ocean began to open during the Late Cam-2000). This suggests that during the Taconic, Acadian and
brian and the Appalachian Shelf developed under a passivAlleghanian orogenies compressional stresses were transmit-
margin setting until its conversion into an active margin dur-ted from the Appalachian collision zone into the foreland.
ing the mid-Ordovician Taconic orogeny (Dykstra and Long- Development of these arches may not so much have been
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Fig. 12. Schematic tectonic map of Appalachian-Ouachita-Marathon retro-wedge foreland basin, showing major inversion structures (form-
ing the Ancestral Rocky Mountains) and simplified depth contours at top-basement level in km. Cross-hatched area are basement highs
CA = Cincinnati-Finlay-Algonquin arch, CB = Central Basin Platform, FR = Frontrange Uplift, NV = Nashville dome, UC = Uncompahgre
Uplift. Compiled from various sources.

controlled by the thrust load-induced deflection of the litho- al., 1997; Roden-Tice, 1998), it cannot be excluded it was
sphere and its visco-elastic relaxation, as proposed by Quinalso uplifted during the Alleghanian orogeny along a system
lan and Beaumont (1984) and Tankard (1986), than by theof crustal faults in conjunction with the build-up of major
build-up of intraplate compressional stresses, inducing faulcompressional stresses in the northern Appalachian foreland
reactivation and arch accentuation by lithospheric folding.(Ziegler, 1989).

This concept is supported by the occurrence of upthrusted

basement blocks in the lllinois Basin that developed during4.3.4 Ouachita-Marathon Foreland

Late Mississippian through Pennsylvanian times in response ) ) )

to the build-up of intraplate compressional stresses (e.g. Ld "€ Ouachita-Marathon orogenic belt, which forms the
Salle and Lincoln anticlines; McBriden and Nelson, 1999). South-western continuation of the Appalachians (Fig. 12),
As such, they reflect strong collisional coupling between theevolved_m response to the Lat_e Palaeozoic coII|S|or_1 of Gond-
evolving Appalachian-Ouachita orogenic wedge and its fore-vana with the southern margin of the North American Cra-
land at lithospheric levels. Moreover, the Ordovician and N The onset of this collision is reflected by the Middle-
Late Silurian-Middle Devonian pulses of accelerated subsi--at€ Mississippian sharply accelerated subsidence of the
dence of the Michigan Basin probably also reflect the build-deeper-water Ouachita Basin and the accumulation of thick
up of intraplate compressional stresses at lithospheric levilySch sequences derived from the evolving orogenic wedge

els during the Taconic and Salinian-Acadian orogenic cycle?ounding it to the south. During the Pennsylvanian, the
(Howell and van der Pluijm, 1999). northward adjacent shelf commenced to subside under the

load of the advancing orogenic wedge; flexural bending
A feature of special interest is the erosional northern ter-stress caused the development of an array of normal faults
mination of the Appalachian external thrust belt and its as-in the foreland basin. By Late Desmoinesian times (Late
sociated foreland basin. In this respect, it is noteworthy thatWestphalian) the thrust front had reached its present location.
the northward adjacent Adirondack basement block was apburing the Late Pennsylvanian-Early Permian, a basement-
parently uplifted along a system of reverse faults, delimitinginvolving duplex structure was up-thrusted in the internal
it towards the St. Lawrence river, and a gentle flexure form-parts of the Ouachita Orogen. Similarly, the progressively
ing its south-western margin. Although fission-track data in- narrowing Marathon deep-water basin was converted during
dicate that the Adirondack block was significantly uplifted the Desmoinesian into a thrust belt (Arbenz, 1989; Meckel
during Middle Jurassic and Cretaceous times (Schofield ejr. et al., 1992).
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Fig. 13. Schematic tectonic map of pro-wedge Uralian foreland basin, showing simplified thickness contours inkm for Late Permian series.
Complied from various sources. Abbreviations: BB = Barents Sea Basin, DD = Dniepr-Donets Trough, PCB = Pericaspian Basin, TP =
Timan-Pechora Province, VUB = Volga-Ural Basin. Cross-hatched = orogenic belts, broken dark grey band = sutures. Squares: major cities
A = Archagel’sk, K = Kiev, M = Moscow, ST.P = St. Petersburg.

During the latest Carboniferous to Early Permian, major4.3.5 Uralian Foreland
compressional stresses were exerted on the retro-wedge fore-
land, causing the development of the Ancestral Rocky Mtns.The Uralian Orogen and its northern continuation in Novaya
These are characterized by an array of upthrusted baseme&emlya developed during the Late Palaeozoic collision of the
blocks and intervening transtensional fault-bounded basin&azakhstan terrane and the Siberian Craton with the passive
(Fig. 12) (Ross and Ross, 1986; Kluth, 1986; Stevensorgastern margin of the East-European Craton and the Barents
and Baars, 1986: Oldow et al., 1989; McBriden and Nel- Sea Shelf. Major pro-wedge foreland basins are associated
son, 1999). The most distal transpressional structures ar@ith the southern and central Urals and the Novaya Zemlya
located some 1500 km to the north of the contemporaneou®rogen, whereas in the foreland of the Polar Urals and Pay-
Marathon-Ouachita thrust front (Ziegler, 1989; Ziegler et al., Khoy, the Timan-Pechora province, syn-orogenic inversion
1995), with compressional microtectonic deformation evi- of Devonian rifts interfered with the development of a dis-
dent at distances of up to 1700 km (Craddock et al., 1993tinct foreland basin (Fig. 13) (Nikishin et al., 1996; Fokin et
van der Pluijm et al., 1997). al., 2001).
The Uralian Ocean began to open during the Ordovi-
cian. During the Silurian, the intra-oceanic Sakmarian-
Development of the Ancestral Rocky Mtns. com- Magnitogorsk arc, that was associated with a west-dipping
menced during the Late Mississippian-Early Pennsylvaniarsubduction zone, came into evidence, partitioning the
(Chesterian-Morrowian, Namurian) and ended essentiallyUralian Ocean into the Sakmarian back-arc and the Uralian
during the Early Permian (Ziegler, 1989; Ye et al., 1996). fore-arc basins (Fig. 4). During Middle and Late Devonian
Their Late Pennsylvanian-Early Permian evolution was ac-times, plume-assisted back-arc extension affected the east-
companied by upthrusting of internal crystalline massifs inern margin of the East-European craton and the Sakmarian
the Ouachita Orogen (Arbenz, 1989). This reflects increasind@asin (Fig. 6). Late Frasnian-earliest Famennian back-arc
collisional coupling between the Ouachita-Marathon Orogencompression, resulting in upthrusting of basement blocks in
and its foreland, at least at crustal levels, starting already durthe future southern Uralian foreland, can be related to col-
ing the subsidence of its flexural foreland basin and intensify-ision of the Mugodjary terrane with the Magnitogorsk arc-
ing during the Late Pennsylvanian and Early Permian partiatrench system. Following Early Carboniferous collision of
destruction of the latter. the Kazakhstan terrane with the Siberian Craton and their
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the Late Visean-Serpukhovian whereas in the Barents Sea
it commenced during the Early Permian (Fokin et al.,
2001). At the Sakmarian-Artinskian transition, convergence
between the Uralian orogenic wedge and the East-European
craton changed from oblique to cylindrical (Puchkov, 1997);
with this thrust-loaded subsidence of the Uralian foreland
basin accelerated. At the same time the Vyatka, Timan and
Pechora-Kolva and numerous smaller rifts were inverted
(Nikishin et al., 1996). This interfered with the development
of a flexural foreland basin, particularly in the Timan-
Pechora sector (Sobornov and Tarasov, 1994). During the
Late Permian, the Uralian Orogen became inactive, whilst
the Pay-Khoy-Novaya Zemlya thrust belt was affected
by a last, though major phase of crustal shortening at the
Triassic-Jurassic transition Nikishin et al., 1996; Fokin et
al., 2001).

The external parts of the Urals are characterized by thin
skinned thrust sheets and more internal basement-involving
thrust stacks, the geometry of which were controlled by Pre-
cambrian rifts (Zonenshain et al., 1990; Perez-tistet al.,
1997).

Mechanical coupling between the Uralian Orogen and its
foreland varied through space and time, generally increased
during the late orogenic phases and was particularly strong
at crustal levels in the Timan-Pechora sector. Conversely,
coupling of the Novaya Zemlya Orogen with its foreland

E Paleogene was largely restricted to sedimentary levels, as evidenced by
E Upper Cretaceous the lack of major inversion structures in the eastern Barents

_ Sea and the preservation of a very deep foreland basin (Nik-
[ Upper Jurassic - Lower Cretaceous ishin et al., 1996). Similarly, the deep Pericaspian Basin, that

evolved in response to tectonic loading of the East-European
Fig. 14. Schematic tectonic framework of Cordilleran retro-wedge platform by the Urals in the east and by the Karpinsky Swell
foreland basin, ShOWing pl’esent distribution of Late JUraSSiC'Earlyin the South’ ShOWS no eV|dence for |ntrap|ate CompreSS|ona|

Cretaceous, Late Cretaceous and Paleogene syn-flexural series (%féformation (Nikishin et al., 1996, 2001; Fokin et al., 2001).
ter Cook and Bally, 1975, Bally, 1989). Abbreviations: AB = Al- ' ' ' '

berta Basin, AN = Alaska North Slope, BL = Bekami Lake, B =
British-Romanzof Mtns., MK = Mackenzie Mtns., R = Richardson
Mtns., RM = Rocky Mtns., S = Sevier thrust Belt, SG = Sweetgrass
Arch.

4.4 North American Laramide Cordilleran foreland

Major Cretaceous to Paleogene retro-wedge flexural fore-
land basins are only preserved in the foreland of the Brooks
Ranges in Alaska (Bird and Molenaar, 1992) and the Cana-
o o _ ) ) dian Cordillera of British Columbia and Alberta (Leckie and
joint collision with the Magnitogorsk-Mugodjary arc-trench gmith, 1992). In the sectors of the Canadian Mackenzie
system, its west-dipping subduction system was abandonefjiins. (ziegler, 1969) and the USA Sevier thrust belt (Gries
and a new east-dipping one developed along its western mag; a|. 1992), pre-existing foreland basins were disrupted
gin (Fig. 8). This subduction system controlled the closureduring the Late Cretaceous-Paleogene Laramide orogeny
of the Sakmarian Basin and the evolution of the Uralian Oro—(Fig_ 14: Oldow et al., 1989). The following discussion con-
gen until Late Permian times (Ziegler, 1989; Zonenshain eicentrates on areas which lack well developed foreland basins.
al., 1990; Nikishin et al., 1996). During Middle Jurassic-Early Cretaceous times, a contin-
During the Early Visean reorganization of the uous flexural foreland basin extended from the Arctic Sea to
Magnitogorsk-Mugodjary subduction system, compres-the Gulf of Mexico, into which clastics were shed from the
sional stresses were exerted on the East-European cratoayolving Cordilleran Orogen. During Aptian to Santonian
inducing wide-radius arching, the development of a re-times, this basin widened and broadly overstepped its eastern
gional unconformity and inversion of Devonian rifts in the margin, providing for intermittent marine communications
Volga-Ural Province. Oblique collision of the evolving between the Arctic Sea and the Gulf of Mexico. However,
Uralian orogenic wedge with the East-European passivahese were permanently severed during the Campanian in
margin accounted for the time transgressive onset of itsconjunction with rapid thrust propagation into the foreland in
thrust-loaded subsidence, commencing in the south duringhe area of the Mackenzie Mtns. (Ziegler, 1969; Frazier and
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Fig. 15. Structural cross-sections through southern Mackenzie Mtns. and Alberta foothills and front ranges at same scale, illustrating changes
in structural style related to thickness of the imbricated sedimentary sequence and the distribution of detachment levels within it.

Schwimmer, 1987; Bally, 1989; Leckie and Smith, 1992). From mid-Cretaceous times onwards, the Ogilvie-
Nevertheless, subsidence of the Alaskan North Slope andlackenzie Mtns. and the British Mtns.-Nahoni Range
the Western Canada foreland basins persisted until the midsalients developed in response to thrust propagation into the
Eocene termination of the Laramide orogenic cycle (Bird andforeland, modifying the geometry of the Cordilleran foreland
Molenaar, 1992; Leckie and Smith, 1992; Stockmal et al.,basin (Fig. 14). These salients were preconditioned by the
1992). presence of very thick Late Precambrian sediments and the
. i i . “soft” basement of the Inuitian Orogen, respectively. In the
During the Jurassic-Early Cretaceous tectonic loading 0Ofyjackenzie salient, thin-skinned thrusts propagated far into
the North American Craton, the Cordilleran foreland basin e foreland during the late Senonian and Paleogene, involv-
was nearly linear, and, as far as can be judged, relatively,q yery thick Late Precambrian and Palaeozoic sediments
narrow. A regional base Jurassic unconforrr_my he}s been at(,:ig_ 15), partly reactivating pre-existing fracture systems
tributed to the development of a forebulge, involving flexu- ot control the geometry of the Franklin Mtns. which are
ral deflection of the relatively weak lithosphere of the North .4 acterized by system of interference folds (Oldow et al.,
American continental margin (Stockmal et al., 1992). This 1989). At the same time, the Early Palaeozoic extensional
unconformity may also have resulted from tangential stressegichardson Mtns. Trough was inverted in response to the
that were exerted onto the North American passive maryijd-yp of compressional foreland stresses at crustal lev-
gin during its the initial collision with the Cordilleran oro- ¢g (Fig. 16) (Ziegler et al., 1995). This resulted in a pro-
genic wedge (after closure of the Late Carboniferous oceani¢qnq disruption of the Late Cretaceous foreland basin and
Havallah back-arc basin during the Permo-Triassic SON0Mghe campanian isolation of its southern parts from the Arctic

Orogeny: Oldow et al., 1989). Cretaceous progressive broadsg a4 (Ziegler, 1969: Leckie and Smith, 1992).
ening of the Cordilleran foreland basin, accompanied by ' ' '

the development of a series of less profound “forebulge” The external parts of the Alberta, and to a degree also
unconformities, suggests that increasingly stronger litho-of the British Columbia sectors of the Cordillera are char-
sphere was deflected by the load of the advancing orogeniacterized by thin-skinned thrust sheets, employing multi-
wedge (Stockmal et al., 1992). However, eustatic and perple sedimentary detachment levels, that involve a generally
haps stress-induced relative sea-level fluctuations apparentipuch thinner pre-flexural sedimentary sequence, partly due
played an important role in the development of this system ofto the presence of a much thinner Late Precambrian sequence
low relief unconformities (Bally, 1989; Jervey, 1992), cast- (Fig. 15) (Bally et al., 1966; Ziegler, 1969; Oldow et al.,
ing some doubt on their relation to “forebulge” development. 1989). Despite major supra-crustal shortening, thrusting did
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Fig. 16. Inverted Early Palaeozoic Richardson Mtns. Trough, northwestern Canada. Location map showing position of cross-section. Struc-
tural cross-section and its schematic palinspastic restoration, illustrating Ordovician-Devonian shale basin and adjacent carbonate platforms
superimposed on Cambrian rift and its flanks (modified after Ziegler et al., 1995).

not propagate as far into the foreland basin as in the Mackenthe array of basement blocks forming the Rocky Mtns.
zie salient. Thus, the foreland basin of Alberta and north-eastommenced during the Campanian and persisted until mid-
British Columbia is still largely preserved, despite its signifi- Eocene times (Fig. 17). This caused a deep disruption of
cant uplift during post-Laramide times. Syn-flexural normal the proximal parts of the Cretaceous flexural foreland basin
faults, related to bending stresses, are conspicuously abseahd an interruption of the seaway that had extended from the
in these basins and the adjacent foothills thrust belt (Bally etGulf of Mexico northwards into the West-Canadian foreland
al., 1966), reflecting a highglof the lithosphere and a low basin (Gries et al., 1992). These basement blocks are carried
curvature of its deflection. by listric reverse faults which sole out at lower crustal levels.
In the foreland of the Sevier trust belt, upthrusting of Crustal shortening achieved in this thick-skinned foreland
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Fig. 17. Tectonic elements of the Laramide Rocky Mountains, western U.S.A. and balanced cross-section (modified after Bally and Snelson,
1980; Egan and Urquhart, 1993).
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Fig. 18. Schematic cross-section through Sweetgrass Arch, straddling US-Canadian border in Cordilleran foreland (after AAPG Highway
map Alberta).

thrust belt amounts to some 35 km and was presumably comEocene alkaline intrusive and extrusive magmatic activity
pensated at mantle levels at the Cordilleran A-subductiorthat is attributed to low-degree partial melting of the litho-

zone. The most distal compressional foreland structures o$pheric thermal boundary layer (Cook and Bally, 1975;
the Rocky Mtns. occur 750 km to the east of the thin-skinnedOldow et al., 1989), possibly in response to its decompres-
Sevier thrust belt (Oldow et al., 1989; Egan and Urquhart,sion in conjunction with broad lithospheric folding. Simi-

1993; Ziegler at al., 1995). Development of the Rocky Mtns. larly, Paleogene uplift of the broad Sweetgrass Arch, which
indicates that during the Laramide orogeny mechanical coustraddles the US-Canadian border in the Cordilleran fore-
pling of the Cordilleran Orogen with its foreland progres- land, was punctuated by alkaline magmatic activity (Fig. 18)
sively increased at crustal levels, possibly in response tdLeckie and Smith, 1992). Development of this arch, which
over-thickening of the orogen (Ziegler et al., 1998). is unique in the Cordilleran foreland and has an amplitude

Evolution of the Rocky Mtns. was accompanied by of up to 1000 m, can be attributed to f0|d|ng of the entire



34 P. A. Ziegler et al.: Dynamic processes controlling foreland development

0 5 km 10

Fig. 19. Cross-section through Bekami Lake structure, northeastern British Columbia, showing Laramide compressional reactivation of a
Pennsylvanian extensional fault (same vertical and horizontal scale). PC = Late Precambrian sediments, M-D = Mississippian-Devonian;
Mr = Mississippian carbonates; Pst = Pennsylvanian clastics, Tr-K = Triassic to Cretaceous; KL = Lower Cretaceous, KM = Middle Creta-
ceous.

orogenic belts E foredeep basins z basement highs

Fig. 20. Tectonic framework of the Alpine-Mediterranean area, showing distribution of orogenic belts, flexural foreland basins and major
basement uplifts in forelands (modified after Ziegler and Roure, 1999).

lithosphere in response to the build-up of intraplate compressignificant supra-crustal shortening accounts for its strong

sional stresses, rather than to its thrust-loaded deflection ancbupling at sedimentary levels. However, inversion of the

visco-elastic relaxation, as advocated by Beaumont (1981). Early Palaeozoic Richardson Mtn. Trough (Fig. 16) (Ziegler
The above suggests that during the late phases of thet al., 1995), reflects that, at least at crustal levels, com-

Laramide orogeny the Cordilleran Orogen was mechanicallypressional stresses were transmitted into the foreland of the

strongly coupled at lithospheric levels with its foreland in northernmost Cordillera.

the area between the US-Canadian border and New Mexico.

Conversely, north of the Canadian border, compressionally.5 Forelands of the Alpine-Mediterranean Orogen

reactivated basement faults are virtually absent. A notable

exception is the Pennsylvanian Bekami Lake normal fault inMain elements of the Alpine-Mediterranean orogenic system

NE. British Columbia (Fig. 19). This suggests that in this are the Alpine, Carpathians-Balkans, Dinarides-Albanides-

area the orogenic wedge was only weakly coupled with itsHellenides-Taurus, Apennine-Maghrebides-Betic and Pyre-

foreland at crustal and mantle-lithospheric levels, whereasiean thrust belts (Fig. 20). More or less well developed pro-
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Fig. 21. Tectonic framework of Iberia (after Ziegler, 1988), showing location of structural cross-sections A and B through the Pyrenees.
Palinspastic restoration of cross-section B (aftérgés and Gara-Senez, 2001).

wedge foreland basins are associated with the Apennine anBetic-Balearic subduction system gained in importance dur-
the Taurus, the Central and Eastern Alps and the Carpathiing the late Eocene and Oligocene, strain was gradually con-
ans. Typical retro-wedge foreland basins are associated withentrated on the southern margin of Iberia at the expense of
the Southern Alps and the Balkanides. During the evolutionthe Pyrenean system. The latter became inactive with the late
of the Pyrenees, the Ebro Basin developed in a pro-wedg®ligocene onset of rifting in the Balearic back-arc domain
setting, whereas the Aquitaine Basin developed in a retro{Gueguen et al., 1998;&8anne, 1999; Roca, 2001; Stampfli
wedge setting. Below we review the evolution of some of et al., 2001).

these forelands. .
Development of the Pyrenees involved some 135km of

4.5.1 Pyrenean Foreland Basins crustal shortening and northward subduction of the Iberian
lithosphere beneath Europe (Fig. 21). Correspondingly,
The Pyrenean fold-and-thrust belt (Fig. 21) evolved duringthe Ebro foreland basin developed in a pro-wedge setting
late Senonian to Oligocene times in response to convergenoghereas the conjugate Aquitaine Basin evolved in a retro-
of Africa with Europe. However, as the northwest-dipping wedge setting. The western extension of the Pyrenean sys-
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tem is formed by the Cantabrian fold-and-thrust belt, whichthe Pyrenees and inversion of the Iberian and Catalan Coast
is associated with a south-dipping subduction zone alongRanges terminated. Thereafter, convergence between Africa
which some 50 km of oceanic lithosphere of the Bay of Bis-and Europe was exclusively compensated for by activity
cay were consumed. The switch in subduction polarity be-along the Betic-Balearic subduction system (Roca, 2001).
tween the Pyrenees and the Cantabrian system occurs in theate Oligocene and early Miocene back-arc rifting in the
region of Pamplona (Engeser and Schwentke, 1986; TurneiGulf of Lions and Valencia Trough caused uplift of the east-
1996). In Cantabria, inversion and southward thrusting ofern parts of the Ebro Basin. Erosional breaching of the Cata-
the Mesozoic extensional Cantabrian-Basque Basin inhibitedan Coast Ranges was followed by deep truncation of the
the development of a retro-wedge foreland basin (8s@nd  sedimentary fill of the Ebro Basin and the accumulation of
Garda-Senez, 2001). erosion products in deltaic complexes that prograded from
Crustal shortening commenced in the Pyrenees during th&erravallian times onwards into the Valencia Trough; this
Senonian, initially inducing inversion of Mesozoic exten- contributed to unflexing of the Iberian foreland lithosphere
sional basins in the Pyrenean rift system. Thrust-loading of(Gaspar-Escribano et al., 2001).
the Iberian foreland commenced during the late Paleocene
and progressively increased during the Eocene, controllingt.5.2 West Alpine Foreland
the gradual subsidence of the flexural pro-wedge Ebro Basin,
where marine carbonates and clastics transgressed over &y Middle Jurassic times, the area of the future West Alpine
end Cretaceous regional unconformity (Mescet al., 1998).  pro-wedge foreland (Fig. 20) was characterized by a wide
It is unlikely that this unconformity can be related to the shelf that was superimposed on a system of Triassic to
development of a flexural forebulge as by this time a fore-Middle Jurassic half-grabens and horsts which had evolved
land basin had not yet developed. During Paleocene-Eocengrior to the opening of the Piemont-Penninic Ocean (Baudri-
times, compressional stresses exerted on the northeastemont and Dubois, 1977; Lemoine and de Graciansky, 1988;
retro-wedge Pyrenean foreland caused the development dRazin et al., 1996). This shelf was further destabilized by
the Languedoc-Provence fold-and-thrust belt, involving theOxfordian-Aptian rifting that preceded the opening of the
inversion of Mesozoic extensional basins; this inhibited theNorth Atlantic, Bay of Biscay and the Valais Trough, result-
development of a flexural foreland basin (Roure and Collettajng in isolation of the Ibero-Briangonnais terrane (Stampfli,
1996). By contrast, further west, thrust loading of the Eu-1993; Philippe et al., 1998).
ropean lithosphere caused the subsidence of the Aquitaine Starting in Campanian times, compressional stresses were
retro-wedge foreland basin (Le Vot et al., 1996). exerted on the West Alpine passive margin in conjunction
By late Eocene times, crustal shortening in the Pyre-with convergence of the Apulian block with the continental
nean system was apparently no longer able to accommoBriangonnais terrain and the early phases of the Pyrenean
date the majority of the Africa-Europe convergence, as ev-orogeny (Roure and Colletta, 1996; Stampfli et al., 1998;
idenced by increased activity along the Betic-Balearic sub-Philippe et al., 1998). During the Paleocene, this margin was
duction system and the build-up of compressional stressesplifted, as evidenced by the development of a regional un-
within cratonic Iberia. The latter controlled up-thrusting conformity (Philippe et al., 1998; Beck et al., 1998); this
of the Sierra Guaderrama basement block and inversion ofvas accompanied by upthrusting of a basement block in the
the Mesozoic extensional Iberian and Catalan Coast RangeRBelvoux Massif (Ford, 1996). Although interpreted as re-
basins. This resulted in tectonic silling of the Ebro Basin flecting the development of a flexural forebulge (Crampton
which thus assumed its present triangular shape and becanamd Allan, 1995), this deformation was more likely con-
separated from the adjacent seas (Gaspar-Escribano et alrplled by a combination of compressional stresses transmit-
2001). Rapid Late Eocene and Oligocene uplift of the Pyre-ted into the foreland crust from the Alpine collision front
nees, involving imbrication of the Iberian and European crustthrough the oceanic crust of the Valais Trough and from the
and thrust propagation into the conjugate forelands (Fig. 21Pyrenean orogen. By middle Eocene times, the West Alpine
(Seguret and Dageres, 1985; Vergs and Gai@-Senez, orogenic wedge had obliquely collided with the European
2001), reflects increasing collisional coupling between themargin, as indicated by the development of a flexural fore-
orogenic wedge and its forelands at crustal levels, presumbkand basin that continued to evolve during the Oligocene.
ably in response to the development of a European mantl®uring this time span, the Bresse, Valence, Limagne and
back-stop (Ziegler and Roure, 1996). Moreover, progres-Gulf of Lions rift system came into evidence to the west
sive lengthening of the subducted Iberian lower crustal andof the evolving foreland basin (Sissingh, 2001). Starting in
mantle lithospheric slab exerted an additional load on theearly Oligocene times, gradually increasing mechanical cou-
Iberian foreland, thus contributing to the flexural subsidencepling between the West Alpine Orogen and its foreland at
of the pro-wedge Ebro Basin (Gaspar-Escribano et al., 2001)ithospheric levels, which can be attributed to the develop-
Rapid erosion of the rising Pyrenees was accompanied by thement of the Apulian Ivrea Zone mantle back-stop, caused
accumulation of 2—3 km thick continental clastics in the tec-imbrication of the foreland crust, progressive uplift of the
tonically silled Ebro Basin, exerting an additional load on its external massifs and thrust-propagation into the foreland, in-
lithosphere. ducing inversion of its Mesozoic extensional basins (Fig. 22)
Towards the end of the Oligocene, crustal shortening in(Schmid and Kissling, 2000). By this process, the earlier
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Fig. 22. Schematic crustal sections through the Wesfajrand Central Alpgb). Light grey: European lower crust, dark grey: Apulian
mantle (after Ziegler and Roure, 1996).

formed flexural foreland basin was largely destroyed (RoureBlack Forest and Bohemian Massif arches was also attributed
and Colletta, 1996; Ziegler and Roure, 1996; Beck et al.,to forebulge development by Laubscher (1987, 1992). How-
1998; Lickorish and Ford, 1998). Moreover, these forelandever, these interpretations are difficult to reconcile with the
stresses impeded the evolution of the Cenozoic rift systenevolution of the Alpine Orogen and its northern foreland.
(Ziegler, 1994; Sissingh, 2001). Contemporaneous inversion ) . )

of Mesozoic rifts in the Celtic Sea and Western Approaches The base-Tertiary unconformity of the Helvetic Shelf and

area (Fig. 23) can be related to far-field stresses that Weréhe ar:zljalcent a(r:ea of the futurz I\F/’Iollasse Bast;n der:/_elr? ped dL:]r'
transmitted from the Alpine collision zone into the EuropeanIng the latest Cretaceous and Paleocene, by which time the

foreland at crustal and possibly mantle-lithospheric levels'2'9€ S_OUth Penninic Ocean was clqsed and the Austroalpine
(Ziegler, 1990; Ziegler et al., 1995). orogenic wedge began to collide with the southern flank of
Middl,e MiO(;ene and PIioc,ene uplift of the Massif Central the Middle Penninic continental Briangonnais terrane. The

accompanied by widespread volcanic activity, may have beell]atter was _stiII separated_fr_om the_ Helvetic shelf m_argin by
controlled by a combination of stress-induced Iithospherictlhgegg_cezz.in'? NorthIPelngnérél.c SV ala|sﬂ'_l'roudghM(ScL1m|d igg;_’
folding and mantle plume activity, with the former appar- » Zlegler et al,, ; Stampili an archant, '

ently governing its neotectonic deformation (Sobolev et al_,Stampri etal., 1998, 2001). Presumably, initial subduction

1997; Miller et al., 1997; Sissingh, 2001) resistance of the Briangconnais block resulted in the build-
' B ’ ’ ' up of compressional stresses that propagated through the
4.5.3 Central Alpine Foreland oceanic crust of the Valais Trough into the Helvetic Shelf,

inducing its folding, uplift and erosional truncation (Ziegler
In the northern, pro-wedge foreland of the Central Alps et al., 1998). This is supported by the irregular subcrop pat-
(Fig. 20), the regional unconformity that separates the deeplyern of Mesozoic series that were locally truncated to Ox-
truncated Mesozoic series of the Helvetic Shelf from thefordian levels (Hauber, 1961; (Bhi and Schlanke, 1977
Cenozoic sedimentary fill of the Molasse Basin has been atCrampton and Allen, 1995), as well as by faulting, involv-
tributed to the development of a flexural forebulge by Cramp-ing uplift and erosion of basement rocks (Mayoraz, 1995;
ton and Allen (1995) and Burkhard and Sommaruga (1998) Burkhard and Sommaruga, 1998). Moreover, this interpre-
Middle-late Miocene uplift of the Massive Central, Vosges- tation is compatible with the far-field compression-induced
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Fig. 23. Paleocene compressional foreland deformation of Western and Central Europe (after Ziegler, 1990).

inversion of Mesozoic extensional basins in Northern Ger-Tauern window from Late Oligocene times onwards (Fig. 22;
many, the Netherlands and the North Sea (Fig. 23) (ZieglerSchmid et al., 1996; Lammerer and Weger, 1998). On the
1990; Ziegler et al., 1995). In view of this, the forebulge other hand, imbrication of South Alpine retro-wedge base-
hypothesis for the development of the base-Tertiary unconment commenced during the Late Cretaceous, was inter-
formity on the Helvetic Shelf has to be rejected. rupted during late Campanian to Eocene times, resumed dur-
Following activation of a subduction zone along the north- ing the_OIigocene and p_ersisted unti the end of_the Torton_ian
(Schmid et al., 1996; Ziegler et al., 1996). This reflects in-

ern margin of the Briangonnais terrane (Stampfli et al., 199.8) reasing collisional coupling of the Alpine Orogen with its

gli;#?ggﬁ::}?g e?fafhig%r?g?gqg?st SIl Oclggg)d t::ﬁg:/%lgipro- and retro-wedge forelands at lithospheric levels, involv-
. S  £1eg | ' ing wedging of the Apulian lithosphere into the European
ing of the Helvetic Shelf commenced during the late Eocene g . . o
(Sissingh, 1998). This was accompanied by the develo one at a mid-crustal level (Schmid and Kissling, 2000). Mid

gn, 1356). P y p_dle Miocene to Pliocene crustal shortening resulted in further
ment of bending stress-related normal faults (Herb, 1988

. . uplift of the Aar Massif and, during the late Serravallian, in
Menkveld-Gfeller, 1995). By now, sediment _subduct|on pre- thrust-propagation into the pro-wedge foreland, controlling
sumably accounted for mechanical decoupling of the evolv-

) : . . folding of the essentially thin-skinned Jura Mtns. (Fig. 22
ing Alpine Orogen and the Helvetic Shelf, as indicated by (Laubgscher 1987 1992),/ Philippe et al., 1996 BurIEhagrd arzd
the absence of further inversion structures in the foreland ’ p ' ¥ :

During the Oligocene, the evolving foreland basin subsidedsommaru.ga’ 1998)'. In the process of this, the Swiss MO'
lasse Basin was uplifted and partially destroyed by erosion.

- . . %L ate folding phases of the Jura Mtns., which apparently per-
rising Alps. ‘With the early Oligocene detachment of the sist until the present, as indicated by geodetic data and intra-

Alpine subduction slab, a mantle backstop developed andCrustaI earthquake activity, involved the partial inversion of

in conjunction with continued convergence, compressional : . . }
) . Permo-Carboniferous extensional basins underlying the Mo-
stresses began to build up in the pro-wedge foreland, re:

sulting in the imbrication of its crust and the progressive lasse Basin and the Jura Mtns. This suggests activation of an
: . intra-crustal detachment horizon that is rooted at the front of
uplift of the Gotthard and later of the Aar massifs and the
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Fig. 24. Structural cross-section through the western parts of the Upper Austrian Molasse Basin and the Kalkalpen (near city of Salzburg;
after Kollmann and Malzer, 1980; Zimmer and Wessely, 1996).

the Aar Massif (Ziegler et al., 1996). Massif and the inversion of the extensional Polish Trough

Uplift of the Vosges-Black Forest and the Massif Central and of Mesozoic transtensional basins along the northern
arches, which are both transected by elements of the Cendnargin of the Bohemian Massif (Fig. 23) (Ziegler, 1990;
zoic European rift system, commenced some 15 My ago andiegler et al., 1995).

was accompanied by volcanic activity. This was followed  Although exact dating of the collision of the Austro
around 13 Ma by the onset of the Jura folding (LaubscherAlpine-North Carpathian orogenic wedge with the European
1987, 1992; Sissingh, 1998, 2001). By contrast, uplift of passive margin is uncertain, it probably occurred during the
the Bohemian Massif, that is transected by the volcanic Egefate Senonian-Paleocene (Kovac et al., 1993). During this
rift, commenced only during the Pliocene (Ziegler, 1994). collisional phase, the European crust presented apparently
The crustal and lithospheric configuration of the Massif Cen-major subduction resistance, as evidenced by its intense de-
tral, the Burgundy transfer zone and the Vosges-Black Foresformation and the resulting destruction of its Mesozoic sed-
area (Prodehl et al., 1995; Lefort and Agarwal, 1996) sug-imentary cover. Subsurface data show that this deformation
gests that lithospheric folding contributed significantly to the extends deeply beneath the nappes of the northern Carpathi-
development of this system of arches. This concept is comans and the Eastern Alps. Considering that the European
patible with strong mechanical coupling of the Alpine Oro- foreland crust extends some 150 km beneath the Eastern Alps
gen with its northern foreland at lithospheric levels, as evi-(Tari, 1996), the most distal Paleocene intraplate compres-
denced by its present stress regimeil(lér et al., 1997) and  sjonal structures occurred about 1500 km to the northwest of
the by Plio-Pleistocene accelerated subsidence of the Nortthe contemporaneous East-Alpine-Carpathian orogenic front
Sea Basin, which is also attributed to lithospheric folding (Fig. 23) (Ziegler, 1990; Ziegler et al., 1995, 1998).

(van Wees and Cloetingh, 1996). In view of this, it is un- Thrust- and slab-loaded subsidence of the East Alpine-

likely that uplift of the Massif Central, Vosges-Black Forest North Carpathian foreland basin commenced during the

and Bohemian Massif arches can be attributed to the deVelEocene and persisted into the Miocene. Transgressive late
opment of a purely flexural forebulge.

Paleocene and Eocene series initially infilled the remnant
. ] erosional topography of the Paleocene inversion structures
4.5.4  East Alpine-North Carpathian Foreland (Nachtmann and Wagner, 1987), such as deep canyons in
Czechia (Brzobohaty et al., 1996). During the late Eocene,
The eastward termination of the continental Mid-Penninic g rather ill-defined gentle swell partly separated the south-
Briangonnais terrane (Stampfli et al., 1998, 2001) means thagrn deeper-water basin from the northern shallow shelf of
the evolution of the northern foreland of the Eastern Alpsthe East-Alpine foreland basin (Wagner, 1996, his Fig. 9c).
and North Carpathians differs considerably from that of thewhether this should be interpreted as a flexural forebulge or
Central Alps. as related to the topography of the Paleocene unconformity,
During the Turonian closure of the eastern Penninicremains an open question. Oligocene to early Miocene pro-
Ocean, pre-collisional compressional stresses began to bgressive obduction of the East-Alpine and North Carpathian
exerted onto the European passive margin, as evidenced hyappe systems was accompanied by accelerated subsidence
the onset of intraplate compressional deformation in the do-of the foreland basin and the development of a system of
main of the Bohemian Massif and the Polish Trough. Dur- basin-parallel antithetic and synthetic normal faults with
ing the Senonian this stress build-up continued intermittentlyheaves of some 200 m (Fig. 24). Activity along these faults
and culminated during the Paleocene in intense deformatiofbecame northwards progressively younger in tandem with
of the European Shelf, involving upthrusting of a Rocky the progressive northward shift of the basin axis and broad
Mountain-type array of basement blocks in the Bohemianoverstepping of the northern basin margin (Bachmann et al.,
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Fig. 25. Structural cross-section through the Ukrainian Carpathians (after Ellouz and Roca, 1994).

1987; Nachtmann and Wagner, 1987; Bessereau et al., 19968puthern Germany to 10-30 km in areas adjacent to the Bo-
Roeder and Bachmann, 1996; Slaczka, 1996; Wagner, 199&emian Massif and about 75km in southern Poland. This
1998; Zimmer and Wessely, 1996). suggests that the Paleocene inversion-induced relief of the

Significantly, there is no evidence of Eocene to MioceneBohemian Massif strongly influenced the geometry of the
compressional intraplate deformations in the foreland of thenorthern parts of this basin.
Eastern Alps and the North Carpathians (Ziegler, 1990). This
indicates that during the emplacement of their nappe systemé'

these orogenic wedges were mechanically decoupled frongy, ion of the East Carpathian foreland basin (Fig. 20)

f[heirhforgll_and (Ziegleijr I\E/}|t al., 1995’| 1.998)'f Ir\1/|0rEeoveAr\,| ‘?'”r' commenced only during the late Palaeogene-early Neogene
Ing the Oligocene and Miocene evolution of the East Alpine- i, the collision of a flysch-dominated accretionary wedge

Carpathian foreland basin_, the Bohemian Massif, tha_t WaSyith the European foreland (Ellouz and Roca, 1994). How-
translect(alqﬁ bé/ EH? yolcgamc Egsr ﬁraben, was .not ‘;"g'?('jf"ever, pre-collisional build-up of intraplate compressional
cantly uplifted. This Is born out by the transgression of Mid- oo sqas quring the progressive closure of the oceanic intra-

Miocene marine series along incised yalley sys_tems _de_ep int%arpathian Magura-Piennide Basin is held responsible for
the south-egstern parts of the Bohemian Massif (Steininger She Paleocene partial inversion of the Mesozoic shelf in the
al., 1989; Ziegler, 1990). Ukraine (Sovchik and Vul, 1996), located in the prolonga-
Whereas east of the Tauern window (Lammerer andton of the Polish Trough (Ziegler and Roure, 1996). On
Weger, 1998) the European foreland crust is not imbricatedhe other hand, Early and Middle Cretaceous inversion of
beneath the Eastern Alps (Tari, 1996), it appears to be imbrithe Dobrogea Trough, that extends north-westwards beneath
cated beneath the outer Carpathians (Bessereau et al., 1996 outer Carpathians, reflects the build-up of far field com-
Zoetemeijer et al., 1999). While the timing of these struc- pressional stresses during the evolution of the Balkanides
tures is uncertain, there is evidence of late compressionadgeghedi, 2001; Georgiev et al., 2001).
reactivation Of some Syn'ﬂexural normal faUItS in the Up- During the O“gocene to |ate Miocene emp'acement Of the
per Austrian Molasse Basin (Wagner, 1996, 1998; Gunzencarpathian nappes on the European foreland, the latter sub-
hauser et al., 1997). This suggest that collisional couplingsided rapidly. This was accompanied by the activation of
between the orogenic wedge and its foreland gradually inan array of essentially synthetic flexural faults (Dicea, 1995,
creased at crustal and mantle-lithospheric levels, presumablygge: Matenco and Bertotti, 2000). Particularly in the area of
during the late Mio-Pliocene. During the Plio-Pleistocene the Ukrainian Carpathians, reactivation of presumably Meso-
the Bohemian Massif was significantly uplifted; this was ac- zojc fault systems accounted for strain concentration on a
companied by further volcanic activity (Ziegler, 1990). Sim- small number of major faults with throws of up to 2.5km
ilar to the Vosges-Black Forest arch, uplift of the Bohemian(pig_ 25) (Ellouz and Roca, 1994; Izotova and Popadyuk,
Massif probably reflects lithospheric folding in response t01996: Sovchik and Vul, 1996). Geophysical data show that
the build-up of the present compressional stress regime.  the European foreland crust extends up to 75km beneath
Post-orogenic uplift of the East Alpine-North Carpathian the Carpathian nappes before it is imbricated, forming deep-
foreland basin commenced during the late Miocene. Itsseated antiform structures (Dicea, 1996; Sovchik and Vul,
northern margin was only moderately eroded during the Plio-1996; Stefanescu and Baltes, 1996). In the foreland of the
Pleistocene uplift of the Bohemian Massif Arch. The width East Carpathians, there is no evidence for a flexural forebulge
of the East Alpine-Carpathian foreland basin, which in late nor for young intraplate compressional structures. The rem-
Eocene times was some 150 km wider (Roeder and Bachrant East Carpathian foreland basin ranges in width between
mann, 1996; Wagner, 1996), varies now between 200 km inL0 and 40 km and widens out to the south to some 100 km in

5.5 East Carpathian Foreland
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Fig. 26. Schematic cross-section through Taurus pro-wedge foreland basin (modified after Gilmoudleid1d96).

the Romanian Focsani Basin. Rapid late Pliocene to Recert.5.7 Po Plain-Adriatic foreland basin
subsidence of this basin is apparently governed by the nearly

vertically dipping Vrancia slab which consists of continen- The Po Plain-Adriatic foreland basin is superimposed on the
tal mantle-lithosphere that was partly delaminated from thestable continental Apulia block that is characterized by thick

European foreland (Chalot-Prat and Girbacea, 2000). Mesozoic platform and basinal series. At present this plat-
form is almost entirely surrounded by thrust belts and related
foredeeps, albeit of different depth, extent and age (Fig. 20)
(Doglioni, 1993). The Po Plain foreland basin is rimmed to

the west and north by the Alps and to the south by the Apen-
Evolution of the Taurus Orogen (Figs. 20 and 26) com-nine. To the southeast it opens into the Adriatic Basin which
menced with the Mid-Cretaceous activation of an intra-js delimited to the southwest by the Apennines and to the
oceanic arc-trench system in the Neotethys (Stampfli et al.northeast by the Dinarides and Albanides. To the south, the

2001). This arc collided during the early Senonian with the Adriatic Basin opens into the oceanic lonian Sea, a remnant
northern passive margin of Arabia, as evidenced by the emof Neotethys.

placement of an ophiolite nappe, the subsidence of a pro- pying the Late Jurassic and Early Cretaceous the Apulian
wedge foreland basins and uplift of a distal potential fore- p|atform formed part of the larger Dinaric-Hellenic continent

bulge that was followed by imbrication of the passive mar- hat was fringed by the Neotethys, Maliak-Vardar and Alpine
gin sedimentary prism. These thrust sheets were sealed bYethys (Penninic) oceans (Stampfli et al., 2001).

Maastrlchtla_n—PaIeocene marine series (Gilmour aradifm Following closure of the Vardar Ocean, the northeastern
1996). During the Eocene, out-of-sequence thrusting re-

X . . X . . .. margin of the Apulian Platform became thrust-loaded by the
sumed and persisted into the Miocene in conjunction with .~ ¥ . . X
. Dinarides orogenic wedge during the latest Cretaceous. This
emplacement of the basement-cored Taurus nappes (Yilmaz, .
Was accompanied by the development of a pro-wedge flex-
1993). . )
_ o _ o ural foreland basin. Thrusting and nappe emplacement con-
Already during the Coniacian-Santonian, collision-relatedtinued until the Oligocene. During the Eocene-Oligocene,
far-field compressional stresses induced a first phase of invethin-skinned thrusts, involving a thick carbonate-dominated
sion of the PelrmO-Carbonlferous north(.east strlklng. Pallmyrasequence, propagated far into the foreland, destroying t he
Trough of Syria and the Lebanon. During the Coniacian topre-existing Dinarides foreland basin (Pamic et al., 1998).
Campanian, the north-westerly striking Euphrates graben ofn the Albanides, thin-skinned thrusting and development of
Syria came into evidence. This was followed by the latea pro-wedge flexural foreland basin also commenced dur-
Eocene to Miocene main inversion of the Palmyra Troughing the latest Cretaceous-Paleogene and persisted until early
(Salel and Bguret, 1994; Sawaf et al., 2001; Walley, 2001). mid-Miocene times; following an interruption, thrusting and
At the same time the remnant foreland basin of the Tauridegoreland basin subsidence resumed during the Pleistocene

was disrupted by the upthrusting of an array of basemen{Frasheri et al., 1996; Velaj et al., 1999; Robertson and
blocks (Fig. 26) (Gilmour and kel, 1986). Shallo, 2000).

4.5.6 East Taurus foreland

The evolution of the Taurus pro-wedge foreland reflects In conjunction with the evolution of the Central Alps,
its intermittent, though strong mechanical coupling with the back-thrusting and loading of the northern parts of the Apu-
Taurus Orogen at lithospheric levels. lian Platform commenced during the late Cenomanian and
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Fig. 27. Schematic cross-sections through the Po Plain and Adria pro-wedge foreland basin of the Apennines and Dinarides and the retro-
wedge foreland basin of the South Alps (after Ziegler, 1988).

persisted intermittently until the Tortonian, and in part un- persists until the mid-Pleistocene, went hand in hand with
til the present. During the Oligocene and middle Miocene,the development of the Apennine pro-wedge foreland basin
development of a thick clastic prism testifies to the subsi-(Fig. 27) (Anelli et al., 1996).
dence of a retro-wedge flexural foreland basin (Bertotti et During late Oligocene to late Miocene times, the Po Plain
al., 1998). However, during the late Miocene this basindeveloped as a double-loaded foreland basin, forming the
was largely destroyed by thrust propagation into the fore-pro-wedge basin of the Apennine and the retro-wedge basin
land. The internal, northern parts of the Southern Alps areof the Alps (Fig. 27). Strong collisional coupling of both oro-
characterized by stacked basement-involving thrust sheetgenic wedges at crustal levels with their common foreland is
whereas their external, southern parts are thin-skinned. Imndicated by the propagation of basement-cored thrust sheets
the Lombardy sector, these thrusts are sealed by Messiniafleep into the Po Basin, as well as by basement-involving in-
deposits while in the Veneto sector the thrust front is still ac-version of Mesozoic extensional features within it (Cassano
tive (Figs. 22 and 27) (Roeder and Lindsay, 1992; Anelli etet al., 1986). In view of this, the gentle base Pliocene arch
al., 1996; Ziegler et al., 1996). that is observed in the eastern part of the Po Plain, which co-
Evolution of the Apennines commenced with the lat- incides with the site of Oligocene alkaline volcanism, may be
est Cretaceous-Paleocene activation of the Balearic subdugather attributed to lithospheric folding than to the develop-
tion system that dipped north-westwards beneath the Iberiament of a flexural forebulge, as postulated by Royden (1988)
plate, controlling the progressive closure of the Alpine (se€ also Bertotti et al., 1998).
Tethys and opening of the Algero-Provencal back-arc basin In the northern and central Adriatic domain, flysch sedi-
(Gueguen et al., 1998;éBanne, 1999; Zeck, 1999; Roca, mentation commenced only after the Messinian. As by this
2001). As evidenced by the onset of flysch sedimentationtime the Dinarides were inactive, this basin evolved only in
thrust-loaded subsidence of the western margin of the Apufresponse to Apennine thrust and slab loading. However, its
lian Platform commenced in the northern Apennine duringPlio-Pleistocene development was accompanied by the prop-
the late Oligocene and during the middle Miocene in theagation of deep-seated, possibly basement-involving thrusts
southern Apennine. Thrusting and progressive imbricationinto the foreland, exerting a strong control on its subsidence
of the sedimentary cover of the Apulian Platform, which pattern and the facies development of its clastic fill. By con-
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Fig. 28. Tectonic framework of Rif-Tell Orogen and Atlas System in the pro-wedge foreland of northwestern Africa and schematic crustal
cross-section (after Frizon de Lamotte et al., 2000).

—

trast, the evolution of the southern parts of the Apennineinvolving pre-Pliocene carbonates (Casnedi, 1988; Sella et
foreland was controlled by thrust loading by the Apennineal., 1990; Argnani et al., 1993; Doglioni et al., 1994). By
and the Albanides (Anelli et al., 1996). Seismic tomographiccontrast, its eastern flank is marked by partly major east-
studies suggest that beneath the Apennine the subducted sldlading normal faults (Anelli et al., 1996; Frasheri et al.,
is detached from the foreland lithosphere, whereas it mayl996). Subsidence of the Bradanic Trough and associated
still be attached to it in the domain of the Calabrian arc (Wor- uplift of the Gargano-Puglia Arch was interpreted by Royden
tel and Spakman, 1992; de Boorder et al., 1998; Lucente an988) in terms of flexural forebulge development. Yet, in-
Soeranza, 2001). This concept is compatible with the geotense imbrication of the autochthonous basement and its sedi-
chemical signature of magmatic activity in the internal partsmentary cover beneath the Apennine nappes (Mostardini and
of the Apennine (Wilson and Bianchini, 1999). Merlini, 1986; Anelli et al., 1996; Noguera and Rea, 2000)
Whereas in the northern and central Adriatic the Plio- SU9gests strong mechanical coupling between the orogenic
Pleistocene Apennine foreland basin is 3-7km deep andvedge and its foreland at crustal levels. This may be an effect
100-200 km wide, it narrows to 15-30km in its southern of increasing subduction resistance of the thick Puglian litho-
parts where it is flanked by the Gargano-Puglia Arch (Apu-SPhere, resulting in the build-up of compressional stresses
lian Platform, Fig. 27). This arch, which separates theWithin it, causing its buckling (Doglioni et al., 1994).
narrow, steeply dipping southern Apennine foreland basin
(Bradanic Trough) from the much wider Albanian fore- 4.5.8 Northwest African Maghrebian Foreland
land basin, is a unique feature in the Apennines foreland
(Doglioni et al., 1994). Starting in early Pliocene times, The structural configuration and evolution of the northwest
the Gargano Platform, and in mid-Pleistocene times also théfrican Maghrebian Orogen (Rif and Tell thrust belts) and
Puglia Arch, were uplifted (Bertotti et al., 1999). The west- its foreland is summarized in Fig. 28 and 29. During the Tri-
ern flank of this arch, corresponding to the Bradanic Trough,assic and Early Jurassic, the future foreland of the Maghre-
is marked by a system of normal and reverse faults, includingsian Orogen was transected by the Tunesian Trough and the
ramp anticlines, pop-up structures and dextral transfer fault$Sahara, High and Middle Atlas rifts (Vially et al., 1994).
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Fig. 29. Evolution of Tell-Atlas system (after Frizon de Lamotte et al., 2000).

These became inactive with the Middle Jurassic openingdue to an acceleration of subduction rates (Frizon de Lam-
of the Alpine Tethys (Ziegler, 1988; Stampfli et al., 1998, otte et al., 2000) or to the arrival of an unspecified subduc-
2001). Closure of the West Mediterranean segment of thdion obstacle in the respective trench (e.g. tranform ridge).
Alpine (Maghrebian) Tethys began with the latest Cretaceoug-ollowing late Oligocene and early Miocene back-arc exten-
to Paleocene development of a northwest-dipping subducsion, controlling the subsidence of the Valencia Trough and
tion zone along the Betic-Balearic margin of the Iberian platethe Provencal Basin, the Alboran-Kabylia terrane was sepa-
(Séranne, 1999; Vekis and Sabat, 1999; Zeck, 1999; Roca, rated during the Burdigalian from the Balearic arc, resulting
2001; Vera, 2001). in opening of the oceanic Algerian Basin (Vésgand Sabat,
1999; Roca, 2001). During progressive consumption of the

First minor inversions of the Atlas rift systems occurred remnant Maghrebian Tethys and contemporaneous opening
at the end of the Cretaceous, probably in response to comaf the Algerian Basin, no major stresses were exerted on
pressional stresses related to the convergence of Africa witlthe North African margin. By Langhian times, the Alboran-
Europe. These were also responsible for the activation oKabylia terrane collided with the African margin, inducing
the Betic-Balearic subduction system along the conjugatehe third deformation phase of the Atlas system, which per-
Iberian margin. The second, middle to late Eocene major insisted until the Pleistocene and involved imbrication of the
version of the Atlas troughs (Vially et al., 1994; Zizi, 1996), African crust and inversion of the Mesozoic Atlas grabens.
that also affected the Early Palaeozoic Saoura-Ougarta riftn the process of this, successive small pro-wedge foreland
(Fig. 10) (Ziegler, 1988), is related to the transmission basins developed that were step-wise incorporated into the
of compressional stresses though the oceanic crust of therogenic wedge. During the Pleistocene and early Quater-
Maghrebian Tethys from the Balearic subduction zone, either
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nary, the Rif-Tell orogenic system was inactive whilst con- un-stretched crust (Wong A Ton and Wortel, 1997). In this
tinued crustal shortening was accommodated by the proparespect, it noteworthy that the composition of old continental
gation of thick-skinned thrusts into the Atlas system, induc- mantle lithosphere can differ from that of oceanic lithosphere
ing its wholesale uplift and inversion of Mesozoic grabensin so far as it can contain significant amounts of eclogitized
(Bracene et al., 1998; Frizon de Lamotte et al., 2000). crustal material (Ziegler et al., 1998).

Apparently, the African passive margin presented strong In simplistic models, syn-orogenic detachment of the sub-
subduction resistance and could not be significantly overducted lithospheric slab from the continental pro-wedge
stepped by the Alboran-Kabylian orogenic wedge. This re-lithosphere may results in its un-flexing, uplift and in-
sulted in intense deformation of the pro-wedge foreland,creased mechanical coupling with the upper plate at mantle-
involving the reactivation of pre-existing tensional crustal lithospheric levels (mantle back-stop; Fig. 22). However, as
faults, thus impeding the development of a classical flexuralplate motions are not exclusively governed by slab pull forces
foreland basin. (Ziegler et al., 1995), slab detachment does not automatically

entail the end of orogenic activity (e.g. Central Alps, 120 km
post slab detachment shortenig: Schmid et al., 1996; Ziegler
5 Mechanisms related to the Interplay of Stress and et al., 1996). Under conditions of continued convergence
Rheology after slab detachment, large compressional stresses can be
transmitted into the pro- and retro-wedge forelands, induc-
The evolution of pro- and retro-wedge forelands depends esing major intraplate compressional deformation (Ziegler et
sentially on the rheological properties of their lithosphere,al., 1998).
which is strongly influenced by the presence or absence of The flexural response of foreland lithosphere to topo-
pre-existing crustal discontinuities, as well as on the stressegraphic and slab loads depends on igswvhich is controlled
that are exerted on it during the evolution of the encroachingby its rheological structure — largely a function of its ther-
orogenic wedge. These stresses include the vertical, dowrmal regime and the thickness of the continental crust. In
wards directed topographic (tectonic) load of the orogenicthe presence of thick continental crust, the upper part of the
wedge, and for pro-wedge forelands also the downwards dimantle-lithosphere may be weak, whereas in the presence of
rected load of the subducted lithospheric slab, as well agelatively thin continental crust the upper part of the mantle-
tangential stress that can be projected into the foreland akthosphere is strong and contributes significantly to thefT
a result its mechanical coupling with the respective orogeniche lithosphere (Cloetingh and Burov, 1995).
wedge (Fig. 2). Purely flexural forebulges can only develop when the oro-
genic wedge is mechanically decoupled from the under-
5.1 Mechanisms controlling Foreland basin developmenthrusted foreland lithosphere and the latter has a sufficient
and destruction Te to transmit the loading forces into the foreland. However,
when the orogenic wedge and the underthrusted foreland
The width and depth of retro-wedge flexural foreland basinslithosphere are mechanical coupled, compressional stresses
is controlled by the T of the underthrusted continental litho- exerted on the latter can induce its folding, causing narrow-
sphere and the load exerted on it by the orogenic wedgeing and deepening of the foreland basin and uplift of an outer
Conversely, the width and depth of pro-wedge basins is conarch (e.g. Bradanic Trough and Puglia Arch; Cloetingh et al.,
trolled by the T of the underthrusted lithosphere and a com- 1989; Peper et al., 1992, 1994; Zhang and Bott, 2000).
bination of the tectonic loads exerted on it by the orogenic Flexural bending of a foreland lithosphere, depending on
wedge and the subducted lithospheric slab. The magnitudés intensity and radius, can be accompanied by the develop-
of the latter depends on the dip-angle, length and composiment of flexure-induced synthetic and antithetic extensional
tion of the subducted lithospheric slab. faults (e.g. German and Austrian Molasse Basin, Quebec

Whereas subduction slabs consisting of oceanic litho-Lowlands, Anadarko Basin, Patagonia).
sphere can extend unbroken down to the core-mantle bound- Particularly in the presence of a thick crust and pre-
ary (Grand et al., 1997; Bijwaard et al., 1998), continen-existing crustal-scale orogen-parallel faults, the of the
tal lower crust and mantle-lithosphere can be subducted ta@ontinental lithosphere can be weakened to the degree that
depths of 100 to 150km, as indicated by the occurrencethe loads of the orogenic wedge and the subducted slab are
of high to ultra-high pressure metamorphic rocks in oro- not fully transmitted into the foreland. This results in the de-
genic belts (Altherr and Kalt, 1996; Matte, 1998). How- velopment of a steep, narrow foreland basin, characterized
ever, at these depths and temperatures, the strength of suby major synthetic syn-flexural normal faults (e.g. Ukrainian
ducted continental lithosphere apparently decreases to thEast Carpathians).
point at which it can no longer support the load of the at- Flexural foreland basins can only fully develop when dur-
tached oceanic slab and fails. Depending on convergencig the entire orogenic cycle no major compressional stresses
rates and the thermal and rheological structure of the subare transmitted at crustal and/or mantle-lithospheric levels
ducted continental lithosphere, the slab break-off point mayfrom the orogenic wedge into the foreland (e.g. Alaska North
be located at depths ranging between 80 and 150 km, eitheBlope, Alberta and Adriatic basins). However, in the pres-
within the subducted continental margin or in the adjacentence of a thick pre-flexural sedimentary sequence (passive
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sion of pre-existing tensional basins and lithospheric folding
(e.g. forelands of Central Alps, Eastern Taurus, Pyrenees).

5.2 Scenarios for intraplate foreland compression

Horizontal intraplate compressional stresses can be exerted
on back-arc and retro-wedge foreland domains during con-
vergence acceleration of the colliding plates and particu-
larly during over-thickening of the orogenic wedge. Major
syn-orogenic retro-wedge foreland compression controlled
for instance the Paleogene development of the Rocky Mtns.
and the Late Palaeozoic development of the Ancestral Rocky
Mtns. Horizontal compressional stresses can be exerted on
pro-wedge foreland domains under the following scenarios
(Fig. 30) (Ziegler et al., 1998).

(1) During the initiation of a new subduction zone along

Fig. 30. Conceptual model for different scenarios of pro-wedge
foreland compressional deformatiaf@) during subduction initia-

tion along one of the margins of an oceanic basin compressional
stresses can be transmitted into the conjugate mafig)ngduring
subduction impediment, caused by the arrival of a microcontinent
at an arc-trench system, compressional stresses may build-up of in
the lower plate, causing subduction progradation and deformation
of a distal passive margiii¢c) during the initial collision of an oro-
genic wedge with a passive margin, subduction resistance of the
latter causes the build-up of compressional stresses in the foreland,
inducing intense intraplate deformatidd) during over-thickening

of a collisional belt, involving the development of a mantle back-
stop, compressional stresses build-up in its pro- and retro-wedge
foreland. Legend same as Fig. 1 (after Ziegler et al., 1998).

)

margin prism), thin-skinned thrusts can propagate far into the
foreland, causing partial or total destruction of a pre-existing
flexural foreland basin (e.g. Dinarides, Mackenzie Mtns.).
Generally this is not accompanied by the development of
major secondary flexural foreland basins, presumably due to
the relatively low density of the imbricated sediments and
their relatively low topographic expression. On the other
hand, subduction resistance of a pro-wedge continental fore-
land lithosphere during its initial collision with an orogenic
wedge, can result in the transmission of mayor stresses into
the foreland. These can induce activation of rheologically
weak layers within or at the base of the crust, acting as de-
tachment horizons, and intense deformation and partial to to-
tal destruction of the passive margin sedimentary prism (e.qg.
East Alpine-North Carpathian and Maghrebides forelands);
this impedes the later development of a thin-skinned foreland
fold-and-thrust belt.

Similarly, during stages of collisional over-thickening of
an orogenic wedge, compressional stresses can be transmit-
ted into its foreland at crustal and mantle-lithospheric lev-
els, inducing its thick-skinned deformation, far-field inver-

one of the continental margins flanking a relatively old
oceanic basin compressional stresses exerted on them
can cause their deformation. However, once a sub-
duction zone is activated along one of the two mar-
gins, the conjugate margin becomes tectonically inac-
tive. Which of the two conjugate margins will be the
locus of subduction initiation is controlled by their rhe-
ological structure and depends largely on their crustal
configuration and the thickness of their sedimentary
cover (Ziegler et al., 1998). Examples are compres-
sional structures which developed in northwest Africa
during the end-Cretaceous activation of the Balearic
subduction system (Frizon de Lamotte et al., 2000) and
on the slope of the Armorican Shelf during the Eocene
development of the Cantabrian subduction zone (Mas-
son et al., 1994).

During periods of subduction impediment, caused by
the arrival of more buoyant crustal material at a mature
arc-trench system, such as an oceanic plateau, transform
ridge, island arc or microcontinent. Subduction resis-
tance of such crustal element can cause the build-up of
compressional stresses in the lower plate (Mueller and
Phillips, 1991; Coos, 1993). Depending on the size and
rheological structure of such an subduction obstacle, its
upper parts can either be sheared off and incorporated
into the accretionary wedge (Lallemand et al., 1989),
or a new subduction zone can develop along its distal,
non-collisional margin. In either case, compressional
stresses may be transmitted through a relatively old
oceanic basin, separating the subduction obstacle from
a passive margin, and cause deformation of the latter.
However, once subduction of such an obstacle begins,
or a new subduction zone is activated along its non-
collisional margin, stresses in the lower plate will relax.
An example of this is the Paleocene deformation of the
Helvetic Shelf and the inversion of Mesozoic grabens in
the Channel and North Sea area (Ziegler, 1990), which
occurred during the collision of the Austroalpine oro-
genic wedge with the continental Briangonnais terrane
(Stampfli, 1993). Similarly, the late Eocene inversion of
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Mesozoic and Palaeozoic grabens in northwest Africapre-existing crustal discontinuities, lateral changes in crustal
(Frizon de Lamotte et al., 2000) may be related to athickness, thermal anomalies and possibly also to ancient
subduction obstacle arriving at the Balearic arc-trenchsubduction zones, presenting discontinuities within the con-
system rather than to its activation. tinental mantle-lithosphere (Ziegler et al., 1998).

(3) During the initial collision of an orogenic wedge witha 110 intensity of collisional coupling between an orogen

passive margin, and depending on the subduction resis; its pro- and/or retro-wedge foreland is temporally and
tance of the latter, compressional stresses can be trangpatia|ly variable (Hippolyte et al., 1994). Mechanisms con-
mitted into a pro-wedge foreland, causing major in- y|jing mechanical coupling of an orogen and its foreland(s)
traplate compressional deformation. Once subductiony e jl| uncertain and require further research. However,
of continental lithosphere commences, nappes are obge by oyancy of the subducting material (e.g. age of oceanic
ducted on the passive margin and a flexural forelandcrust, Cloos, 1993) probably plays an important role, par-

basin develops. At this stage, mechanical coupling beicjarly in terms of the magnitude of slab-pull forces, con-
tween the orogenic wedge and its foreland may eitherq|ing’ whether a passive margin is underplated (e.g. Hi-

persist or cease. This is exemplified by the latest Cre 51344 or its upper crustal parts are incorporated into the

taceous and Paleocene deformation of the East Alping,rogenic wedge (e.g. Alps). Moreover, the frictional shear
and North Carpathian foreland, prior to the Eocenegyangth and the geometry of the boundary layer between an
development of a flexural foreland basin. Resulting oogenic wedge and its foreland presumably play an impor-
structures include inversion of Mesozoic extensionalant role in the level of their mechanical coupling. In this
basins and upthrusting of the Rocky Mtn.-type array of \egpect, the build-up of high fluid pressures in subducted
basement blocks forming the Bohemian Massif. Dur- qeqiments, as well as the rheological contrast between them
ing the Eocene to early Miocene emplacement of the,n the underlying basement, may account for mechanical
East Alpine and North Carpathian nappes, the 0rogeniGyecqpling of an orogenic wedge and its foreland(s) (Von
wedge and its foreland were apparently mechanicallyyene and Scholl, 1991, 1993; Degan and Robertson, 1994).
decoupled, as evidenced by the lack of further forelandgthermore, the crustal configuration and rheological struc-
compressional deformation (Ziegler, 1990; Ziegler ety e of 4 passive margin, as well as the presence or absence of
al.,, 1995). a thick sedimentary cover, probably play a significant role in
its subduction resistance, and consequently the magnitude of
wedge at high strain rates, and also in response to slaftresses that can be transmitted_ into it from a.coIIision zone.
detachment and the development of a mantle back-stop>'€ared and upper plate margins, characterized by a more
large stresses can be transmitted into pro- and retrog:\brupt contlnenf[-ocear) transition zone, are likely to_ present
wedge forelands (Beaumont et al., 1994: Roure et aL,great_er subduction resistance than lower plate margins, char-
1996). These can induce imbrication and detachment oftCt€rized by a more gradual and drawn out thinning of the
the foreland continental crust at the level of the middle CTUSt (Ziegler et al., 1998).

or lower crust, resulting in uplift of external massifs, as
well as far-field intraplate deformation, including basin
inversion and broad lithospheric folding. Examples are

(4) During post-collisional over-thickening of an orogenic

Strong mechanical coupling at crustal and mantle-
lithospheric levels between an orogenic wedge and its un-
provided by the Oligocene and later evolution of the derthrusted foreland allows for the transmission of major

Western and Central Alps and their foreland, the Latet@ngential stresses into the latter, causing imbrication of the

Palaeozoic deformation of the Sahara Platform and thdoreland crust and its incorporation into the orogenic wedge,
Uralian Timan-Pechora Province. the end Devonian up_as well as far-field inversion of extensional basins, upthrust-

lift of the Boothia arch in the Inuitian foreland and the N9 Of basement blocks and lithospheric folding (e.g. West-
end Silurian lithospheric folding of the Caledonian fore-

ern and Central Alps, Atlas-Maghrebides, Ancestral Rocky
lands (Ziegler et al., 1998). Mtns., Arabian Taurus foreland, Midcontinent Arch, etc.).
Whereas compressional stresses transmitted from the oro-
5.3 Mechanical coupling of orogenic wedges and forelandsgenic wedge into the foreland at lithospheric levels impede
the development of purely flexural forebulges, their build-up
The build-up of collision-related compressional intraplate can result in an amplitude accentuation of potentially pre-
stresses is indicative of mechanical coupling between an oroexisting forebulges (e.g. Appalachian Basin?) and in large
genic wedge and its pro- and/or retro-wedge foreland(s)radius lithospheric folding (e.g. Vosges-Black Forest Arch,
Resulting crustal- and lithosphere-scale compressional deNorth Sea Basin).
formations indicate mechanical coupling between an oro-
genic wedge and its foreland(s) at the level of the crust and The tectono-stratigraphic record of forelands monitors the
the mantle-lithosphere, respectively. Spatial strength vari-evolution of collision-related intraplate stress fields and thus
ations within the crust and mantle-lithosphere play an im-the level of mechanical coupling between a foreland and the
portant role in the localisation of crustal- and lithosphere-associated orogen. As such, it can contribute to dating of
scale deformation. Such strength variations can be related torogenic activity affecting the respective plate margin.
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6 Conclusions into the foreland, disrupting a pre-existing flexural basin (e.g.
Mackenzie Mtns., Dinarides).
Integration of geological and geophysical data and a review ynder conditions of mechanical coupling of an oro-
of the evolution of a wide spectrum of orogenic belts and genic wedge and its foreland(s) at crustal and/or mantle-
their forelands in Europe, North Africa, Arabia and North |ithospheric levels, compressional stresses are transmitted
America allows us to conclude that mechanical coupling be-from the collision zone into the foreland. Depending on
tween orogenic wedges and their cratonic forelands at suprane thickness, thermal regime and fluid content of the fore-
crustal, crustal and mantle-lithospheric levels is temporallyjang crust, rheologically weak layers within it or at its base,
and spatially highly variable. acting as stress guides, can be activated as detachment hori-
Mechanical coupling of an orogenic wedge and its fore-zons, controlling thick-skinned deformation of the foreland,
land at supra-crustal levels is common and underlies the dencluding the upthrusting of external crystalline massifs, as
velopment of thin-skinned external fold-and-thrust belts (e.g.well as far-field inversion of pre-existing tensional basins
Appalachians, Rhenohercynian belt, Canadian Cordillera(e g. Western Alps). Moreover, the base of the mechanical
Apennines). On the other hand, coupling at crustal lev-jithosphere can also be activated as a detachment horizon,
els is evidenced by the imbrication of the foreland crust, allowing for lithospheric folding, involving narrowing and
forming external crystalline massifs (e.g. Alps; Pyrenees),deepening of foreland basins and uplift of peripheral arches
and by far-field inversion of tensional basins and upthrust—(e_g_ Appalachian basin, southern Apennines), as well as
ing of basement blocks (e.g. Ancestral Rocky Mtns., Rockyfar-field uplift of broad arches (e.g. Transcontinental Arch)
Mtns, Alpine foreland, Atlas system, northern Urals). Fur- and/or accelerated subsidence of sedimentary basins in the
thermore, coupling at mantle lithospheric levels is indicatedinterior of a continent (e.g. Michigan and North Sea basins).
by far-field folding of the lithosphere, causing accelerated pepending on the amplitude of such arches, decompressional
subsidence of intracratonic sedimentary basins (e.g. Michi-partia| melting of the lithospheric thermal boundary layer
gan and North Sea basins) and/or the upwarping of broagnay occur (e.g. alkaline magmatism during uplift of the
arches (Transcontinental and Reguibat arches) and far-field\yeetgrass Arch). Similarly, far-field large-scale intraplate
reactivation of pre-existing crustal faults (e.g. Hudson Bay,compressional structure, such as inverted tensional basins
Sahara Platform). Evidence for mechanical decoupling ofand upthrusted basement blocks occurring at distances of up
an orogenic wedge at lithospheric levels during the emplacetg 1700 km from a collision zone, probably reflect the trans-
ment of major allochthonous, partly basement-cored nappegission of collision-related compressional stresses at litho-
comes from the Eastern Alps. spheric levels (e.g. Ancestral Rocky Mtns., Northwest Euro-
Following collision of an orogenic wedge with its conti- pean inversion structures).
nental foreland(s), and under conditions of their mechani- ~qiisional coupling between an Andean-type orogenic
cal decoupling at lithospheric levels, retro-wedge forelandwedge and its retro-wedge foreland can occur during pe-
basins develop in response to tectonic and topographic 10adso s of accelerated convergence of the colliding oceanic
ing of the underthrusted foreland lithosphere by the orogeniqg,yer plate and the continental upper plate and particularly

wedge. By contrast, the additional load of the subductedyring gver-thickening of the orogen. The latter pertains

oceanic lithospheric slab contributes materially to the SUbSi'specificaIIy to retro-wedge domains which involved the clo-

dence of pro-wedge foreland basins. Under such conditionSgre of an oceanic back-arc basin (e.g. Cordilleran Haval-
and in the presence of a for_eland lithosphere characterizefl, 4nd Variscan Rhenohercynian basins): as crustal short-
by a high &, a broad, low relief flexural forebulge may de- gning progresses in such domains, gradually less attenu-
velop along the distal margin of the evol_vmg foreland basin. 4ia 4 foreland crust gets involved in the orogenic system and
However, in the presence of a rheologically weak forelandyesents increasing subduction resistance. Moreover, when
lithosphere, or one that is weakened by pre-existing crustalyn_qrogenic crustal thickening, confined at lower crustal

faults that can be reactivated during its load-induced deflecyg, o5 to a narrower zone than at upper crustal and supra-
tion, loading stresses are not fully transmitted into the fore-q gt |evels, attains a critical point, strain is preferentially

land; therefore, a flexural forebulge will not develop and the 5 itioned to the external parts of the orogen and its foreland
foreland basins will be narrow (e.g. East Carpathians). More—(e_g_ Rocky Mtns.).

over, if mechanical coupling of the orogenic wedge with the Pro-wedge forelands of evolving Himalayan-type oro-

foreland is essentially restricted to supra-crustal levels, rheo- . . .
. . . genic wedges can be subjected to compressional stresses dur-
logically weak sedimentary layers, such as evaporites, shal

. : n
and over-pressured sandstones, acting as stress guides, can B
activated as detachment horizons. The thickness and compo-
sition of the supra-crustal sedimentary prism, and the distri-
bution of potential detachment horizons within it, controls
the structural style of the resulting thin-skinned fold-and-
thrust belt (see contrasting style of Mackenzie Mtns. and 2) periods of subduction impediment caused by the arrival
Alberta Foothills; Fig. 15). In the presence of a very thick of more buoyant crust at a subduction zone (e.g. Central
sedimentary prism, thin-skinned thrusts can propagate far  Alpine Helvetic Shelf),

1) the initiation of a subduction zone (e.g. northwest
Africa),
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3) the initial collision of the orogenic wedge with a pas- Altherr, R., Henes-Klaiber, U., Hegner, E., Satir, M., and Langer,
sive margin presenting considerable subduction resis- C.: Plutonism in the Variscan Odenwald (Germany): from sub-
tance (e.g. East Alpine-North Carpathian foreland), and duction to collision, Int. J. Earth Sci., 88, 422443, 1999.

Arbenz, J. K.: The Ouachita system, in: Bally, A. W. and Palmer,

4) post-collisional over-thickening and uplift of an oro- A R.(Eds.): The Geology of North America; an overview, Geol.
genic wedge, involving the development of a mantle- Soc. Am. The Geology of North America, vol. A, 371-396,
back-stop, and particularly during continued conver-  1989.
gence after slab detachment (e.g. Central Alps). Argnani, A., Favali, P., Frugoni, F., Gasperini, M., Ligi, M., Marani,

] ) ) ) M., Mattietti, G., and Mele, G.: Foreland deformation pattern in
Mechanical coupling and uncoupling of an orogenic the Southern Adriatic Sea, Ann. Geofisica, Bologna, XXXVI,

wedge with its foreland(s) at lithospheric levels probably de- 229247, 1993.

pends on convergence rates and directions (orthogonal dBachmann, G. H., Mller, M., and Weggen, K.: Evolution of the
oblique), as well as on the frictional shear strength and the Molasse Basin (Germany, Switzerland), Tectonophysics, 137,
geometry of the boundary layer which separates the orogen 77-92,1987.

and its foreland. In this respect, the crustal configuration anddally, A. W., Gordy, P. L., and Stewart, G. A.: Structure, seismic
rheological structure of the colliding foreland margin, as well ~data and orogenic evolution of southern Canadian Rocky Moun-

as whether or not a major subducted oceanic slab is attacheéiatli:”sABw' (ICEZn).- Ssogi'sfneigcl’zl'xgr‘zc;'é}f:’0?0851;535} allgggles ol
to it, may have a bearing on in its subduction resistance. 3, Tectonics of Compressional Provinces/Strike Slip Tectonics,

Mor.eover, the build-up O_f high fluid pressures in subducted Am. Assoc. Petrol. Geol., Studies in Geology, 15 (atlas), 1983.
sedlments maY play an important role_ in the degree_ of me'Bally, A. W.: Phanerozoic basins of North America, in: Bally, A. W.
chanical coupling between an orogenic wedge and its fore- 4ng paimer, A. R. (Eds.): The Gelogy of North America; an
land at lithospheric levels. Obviously, more research needsto overview, Geol. Soc. Am. The Geology of North America, vol.
be directed towards understanding mechanisms which con- A, 397-446, 1989.
trol the mechanical (de)coupling between orogenic wedgesally, A. W. and Snelson, S.: Realms of subsidence, in: Miall, A. D.
and their foreland(s). (Ed.): Facts and Principles of World Petroleum Occurrence, Can.
Soc. Petrol. Geol., Mem., 6, 9-94, 1980.
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