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Abstract. The geometry and development of foreland 1 Introduction

basins, being controlled primarily by flexure in front of ad-

vancing orogenic wedges, contain information about these

causative loads. Modeling of the flexure allows es'umatlng':oreland basins are generally accepted to express down-

the relations betweep basin width and depth and the tapefflexing of the lithosphere in front of tectonic loads (Price,
angle of the orogenic wedges. These relations allow con

straining the advance of tectonic wedges and their taper a 1973; Beaumont, 1981, Jordan, 1981; Kamer and watts,
gle based on the onlap of the basin fill and facies migration?lgSSf Lyon-Caen and Molnar, 1985; _Stockmal etal., 1986,
and on the thickness of the basin fill Flemings and Jordan, 1989;. Sinclair et al., .1991; Watts,
' 1992). Therefore the evolution of such basins should be
Application of this approach to the Alps and the Acadian tightly linked to, and contain significant information about,
orogen of New England illustrates how the record of the as-the evolution of the causative loads. This information can
sociated foreland basins can be used to constrain the histofyrovide insights into the development of mountain belts that
of orogenic wedges and their taper angle. The first case alsmay be otherwise difficult to obtain, especially when much
allows to test this approach, while the second case demorerosion or subsequent deformation obliterated the situation
strates its application to a deeply eroded orogen. In thesehat existed during basin formation.
examples the basin records reveal that the orogenic wedges
continued to advance and down-flex the foreland well after The relations between the histories of foreland basins and
the exposed levels of these wedges experienced peak mettie adjacent mountain belts were studied from various points
morphism and deformation. The modeling also shows thatf view (e.g. Karner and Watts, 1983; Lyon-Caen and Mol-
during these late stages of loading of the foreland the oronar, 1985; Stockmal et al., 1987; Flemings and Jordan, 1989;
genic wedges maintained or even increased their taper arSinclair et al., 1991; Sinclair and Allen, 1992; Schlunegger
gles, even though they were much eroded. As erosion tendstal., 1997a, b). In this work we use simple mechanical mod-
to reduce the loads, it follows that concurrent modification eling of distributed two-dimensional loads as a basis for ex-
of the deeper parts of the wedges must have taken place argloring how major basin properties, e.g. width, depth, and
compensated for the reduction of the load by erosion. Suchmigration, are related to the gross geometric features of the
inferences regarding the history of orogenic wedges, whichadjacent orogenic loads during basin development. We fo-
can be deduced from the flexural interpretation of forelandcus on large-scale basin features that express the dominant
basins, may be difficult to obtain otherwise, especially whenflexural effects, though a more detailed analysis should also
the structure that existed during basin formation was muchconsider other factors that influence basin development. We
obliterated by erosion and modified by subsequent deformathen examine from this point of view two examples — the
tion. This shows that integration of the insights that foreland Cenozoic Molasse basin in front of the Alps and the Devo-
basins provide regarding tectonic loads with information ob-nian foredeep in front of the north-central Appalachians —in
tained from the interior of these loads can improve the un-order to illustrate the use of the foreland record to constrain
derstanding of the evolution of mountain chains. the development of adjoining orogenic edifices. The insights
into the orogenic history that are so obtained supplement the
information that can be obtained from the orogenic edifices
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Fig. 1. Formation of a flexural basin and a forebulge in front of a tectonic load. The deflection at any point depends on the properties of the
bent plate, the size and shape of the load and on bending momght(id a force (\§) applied to the edge of elastic plate. See text for
discussion.

2 Modeling Basins these elementary concentrated loads, as detailed in the Ap-
pendix. The deflection produced by a concentrated linear

In order to link the development of foreland basins and theload depends on its magnitude and on a parameteith
causative tectonic loads the quantitative relations betweeglimensions of length, the flexural parameter (see Appendix),
their features need to be known. These relations were muckhose value varies from less than 40 km for young and hot
studied before, so here only some points relevant for thdithosphere to more than 100 km for old and cold lithosphere
present discussion are briefly summarized. Many studiedWatts, 1992). The deflection varies in an oscillatory manner,
(e.g. Jordan, 1981; Karner and Watts, 1983; Lyon-Caen andfs amplitude decreasing exponentially with distance from
Molnar, 1985; Watts, 1992) show that the properties of fore-the load. The relations given in the Appendix show that
land basins can be described by treating the underlying lithoWhen a line load is placed on a semi-infinite plate parallel
sphere as a thin elastic plate that overlies a viscous substrd@ its edge the deflection decreases to zero at a distance vary-
tum and is flexed during the emplacement of orogenic loadsind between 1.57 to 2.3% from the load, depending on the

In reality the lithosphere has a more complicated rheologydistance of the load from the plate edge. Still further away
(Burov and Diament, 1995) but often its overall behavior canfrom the load a low bulge forms, its width beingr, while

still be described as elastic, though other rheologies werétill further away the (oscillatory) deflection is very small.
also suggested (e.g. visco-elastic: Beaumont, 1981). Herdhe deflection caused by forces and bending moments ap-
we follow the common practice of using an elastic rheology Plied along the edge of the semi-infinite plate also decays
as an adequate description, which allows to apply the theorgXponentially with distance, the decay being governed by
of bending of thin plates (Hetenyi, 1946; Nadai, 1963; Tur- & Therefore the external parts of the orogenic loads, about
cotte and Schubert, 1982). In applying this physical descripﬂ—lﬁx wide, as well as the basin fill itself have a dominant
tion it is often useful to approximate foreland basin-orogenéffect on the geometry of the flexure of the foreland. Exam-
systems as having a two-dimensional geometry (Fig. 1). Thidnation of many loads having a variety of shapes shows that
allows to focus on the significant across-strike variations thathe frontal 150 km of the loads govern the flexure of the fore-
dominate the flexure, while ignoring the less important in- land, whereas more internal parts of the loads have a small
fluence of gradual along-strike variations. Ideally 3-D mod- influence (Garfunkel and Greiling, 1996). The latter can be
els should be used, but they are difficult to apply to ancientdescribed as produced by a bending moment and a force act-
orogens where erosion and later deformation hinder detailedd on the supporting plate along a strike-parallel line under
reconstruction of the loads that existed when foreland basinéhe internal part of the load.

formed. Based on these considerations we explore how the width,
The flexure produced by distributed two-dimensional depth and shape of foreland basins depend on the cross-
loads is obtained following Hetenyi (1946) and Nadai (1963) section of the causative tectonic loads and on the mechanical
by treating finite loads as consisting of numerous elemen-{properties of the lithosphere. The common shape of tectonic
tary loads concentrated along strike-parallel lines. The totaloads is that of a triangular wedge, which is the expected
flexure is obtained by summing (integrating) the effects of shape of homogeneous loads that attain a critical taper angle
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(Dauvis et al., 1983; Dahlen, 1990). Such loads always pro- L
duce frontal depressions with approximately triangular cross 200
sections, whose deepest point is situated next to the tip of th
loads (Fig. 1). Figure 2 shows how the width and maximum
depth of depressions (cf. Fig. 1) in front of 150 km wide tri-
angular loads depend on the taper angle of the load and on tF 100
flexural parametes when the basin-fill extends to the orig-  «m [
inal level of the down-flexed foreland. Note that here basin
width refers to the depression in front of the wedge, i.e. ex-
cluding the part of the depression that extends above the loa —

tip (the wedge-top basin of DeCelles and Giles, 1996). Maxi- Flexural parameter

mum basin depth increases with the taper angle for a constai =50 km =100 km

a, while for a given taper angle it increases withbecause 14°
whena increases more internal and bulkier parts of the load 8 k™ . -
contribute to the flexure in front of the load. On the other
hand, for a given level of filling basin width is insensitive to 6 kmL
the taper angle of the load. The basin width and maximum
depth also depend on the density of the fill and on the level il4 Kl
reaches. Water-filled basins are 20%-30% narrower and 15
25% shallower than sediment-filled basins, and basins fillec

to above the original level of the foreland will be wider and 2™
somewhat deeper than shown. Detailed modeling should thu
consider the factors controlling the filling of basins (Flem- ©
ings and Jordan, 1989; Jordan and Flemings, 1991) as we

as other factors, e.g. intraplate stresses (Cloetingh, 1988) thi, |
may modify basin geometry. However, since here we con-
sider only large-scale features, we use the relations shown i
Fig. 2, recognizing that these are first approximations only. 4*™

Another factor to be considered is the strong deformation
of the load tips. This causes the frontal parts of the loads tcz km
have somewhat blunt and variable cross sections rather tha
the perfectly triangular shape used in our models. Model- . ,
ing shows that in such cases the parts of the basin that ex¥= ¢ 5 1o° 150
tg;‘gs?ti%\é%;h;éoaigﬁsrétdhjcvggdb%i;?;:rtiz (zifelfjoer(r:neelldezjggiﬁg' 2. Relations between width and depth of foreland basins (de-

. ed in Fig. 1) and the flexural parameterand the taper angle
of the loads occupy much of the internal part of the flexu- 0. The causative load is 150 km wide and has a triangular cross-

ral depression (Garfunkel and Greiling, 1996). However, thesetion. The basin fill extends to the original level of the supporting
width and depth of the depression in front of the load arepjate.

quite similar to those produced by triangular loads (which
are shown in Fig. 2). Thus, using the simple geometry al-
lows avoiding the consideration of tip geometry that is not
well constrained and still model large-scale basin features.
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and thereby to constrain the overall history of the adjacent
orogen.

Many seismic reflection studies show that orogenic edi-
fices consist of wedges that were pushed a few hundred kilo-
3 The evolution of foreland basins meters over the foreland (Cook and Varsek, 1994; Roure et
al., 1996; Hauk et al., 1998). Accordingly, the advance of

The evolution of foreland basins was examined in manyorogenic loads is a major factor that accentuates the down-
works (e.g. Jordan, 1981; Lyon-Caen and Molnar, 1985:flexing of the foreland. Simultaneously, the tectonic load
Stockmal et al., 1986, 1987; Flemings and Jordan, 1989; Sinthay also thicken, e.g. by stacking of thrust sheets and/or by
clair et al., 1991; Sinclair and Allen, 1992). Here we only internal deformation and underplating, and this will also ac-
discuss basin evolution from the point of view of the rela- centuate the flexure of the foreland. Continuing basin subsi-
tions shown in F|g 2. By themselves the models dep|ct justdence records the aCtiVity of either one or a combination of
particular states, but consideration of a succession of state§lese processes.

allows using the models to describe the temporal evolution of The advance of orogenic wedges down-flexes successively
flexure. This allows to utilize basin evolution for estimating more external portions of the foreland and causes the fore-
the taper angle of the causative tectonic load and its advancdéulge to migrate to more external parts of the foreland.
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Fig. 3. Development of foreland basins.
(@) - in front of advancing constant-
taper loads. The flexural basin and
the forebulge migrate to successively
more external positions while maintain-
ing their shape. As a result basin fill on-
laps over the forelandb) — in front of

a stationary load whose taper angle in-
creases. The basin becomes deeper, but
its width does not change.

Therefore, places originally far enough from an advancingthe fill over foreland slows down and sediment supply does

load may be uplifted before subsiding as a result of the apnot decrease can be taken as evidence for an increase in the

proach of the orogenic wedges. Points on the foreland willtaper angle of the load.

begin to subside when the load tip approaches them to within In summary, the above considerations show that relations

some 60km to 150-200 km, depending @r(Fig. 3), and like those shown in Fig. 2 allow deriving several kinds of in-

their subsidence will be maximal when they are reached byformation from the features of foreland basins. Basin width

the front of the tectonic wedge. As the flexural basin mi- (at any given moment) allows estimating the flexural param-

grates, its fill will onlap over successively more external partseter of the underlying lithosphere. Maximum basin depth can

of the foreland. When the basin fill is maintained at a con-then constrain the taper angle of the causative load. The on-

stant level then basin-width remains practically constant, sdap of the basin fill over the foreland provides an estimate

in such a situation the extent of onlap will be comparable toof the advance of the tectonic wedge. The relation between

the displacement of the load and will provide a good approx-the histories of subsidence and onlap can reveal periods of

imation of its advance (Fig. 3a). When increased sedimenincrease in the taper angle of the load. A detailed analysis

supply raises the level of the basin floor, the onlap of its fill requires also taking into account other effects, such as sedi-

on the foreland will exceed the advance of the load. ment supply, but since the flexural effects usually dominate,
The other process that can cause progressive subsidendee use of these large-scale characteristics of basin evolution

of foreland basins is an increase in the taper angle of theotentially allows to obtain reasonable estimates of the pa-

load, which causes basin deepening even when the load doeameters listed above.

not advance (Fig. 3b). If at the same time the tectonic

wedge maintains its triangular profile the basin width will

not change, as it is practically independent of the taper an4 Case histories

gle. In this case the edge of the basin fill will not advance

over the foreland while basin subsidence continues (unlesg.1 The Molasse basin

sediment supply increases). An increase in the taper angle

while the load continues to advance should accelerate basifihe ca. 600km long Tertiary Molasse basin (also called

subsidence compared to what is expected in front of an adthe North Alpine Foreland Basin) formed north of the Alps

vancing constant-taper load, which may not be easy to deci¢Fig. 4) in Late Eocene to Middle Miocene times. The fill

pher. However, continuing subsidence while the advance obf the southern part of the basin was involved in the Alpine
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Fig. 4. The Molasse basin north of the Alps, showing the onlap of the different units of the basin fill on the foreland, after Bachmann et al.
(1987), Homewood et al. (1986), Burkhard and Sommagura (1998), Ziegler et al. (1996).

deformation and is designated as the Subalpine MolasséViolasse series is divided into four units, which are, from
Farther north the basin fill remained essentially undeformedbottom to top (ages according to Schlunegger et al., 1997a):
(Plateau Molasse). Here the relations between the historieshe Lower Marine Molasse (UMM, following the German
of the foreland basin and the adjacent orogen are probablysage) of Early Oligocene age; the Lower Freshwater Mo-
known in greater detail than anywhere else, so this area praasse (USM) of Late Oligocene to earliest Miocene age (ca
vides an opportunity to test the application of the approach30to ca. 20 Ma); the Upper Marine Molasse (OMM) of Early
outlined above. Miocene age (20-18 Ma); and the Upper Freshwater Molasse
) ) (OSM) of Middle to Late Miocene age (18 to ca. 13 Ma). The
~ The main features of the Molasse basin were summagyient and thickness of these units were controlled primarily
rized by Homewood et al. (1986), Pfiffner (1986), Bach- ,, qown-flexing of the underlying European crust, though
mann et al. (1987), Sinclair et al. (1991), Roeder and Bachyqgitional factors such as fluctuations of sea level and sedi-

mann (1996), Lihou and Allen (1996), Schlunegger et al. ment supply also influenced the details of the section.
(1997a) and Burkhard and Sommaruga (1998). These stud-

ies show that the Mesozoic shelf sediments of the foreland In the east (long 183-11°E) the undeformed UMM covers
were eroded before being covered by the sediments fillinga ca. 100 km wide belt, but originally it extended0 km

the flexural low, which is interpreted as recording erosion offarther south. Farther west this unit is increasingly deformed
an exposed forebulge that formed in front of the approach{Fig. 4), but palinspastic restorations show that originally the
ing Alpine orogenic wedge. Near the southern shelf edgeundeformed part of the basin was not much narrower than
(now within the Helvetic zone, Fig. 4) sedimentation be- in the east. During deposition of the overlying USM the
gan in the Middle Eocene, and it spread to more externaforeland basin fill extended some 40 km further north while
areas in the Late Eocene, 40-38 Ma ago (time scale of Candiés southern margin was deformed. At any time, however,
and Kent, 1992). Fast subsidence converted these areas intibe undeformed part of the basin had a similar width as be-
an underfilled basin where flysch accumulated, but soon affore, though somewhat narrowing westward (Homewood et
ter the beginning of the Oligocene shallow marine and con-al., 1986; Sinclair and Allen, 1992; Roeder and Bachmann,
tinental sediments — the Molasse series proper — began t©996; Burkhard and Sommaruga, 1998). The younger units
accumulate and onlapped over successively more externdOMM and OSM) spread still further over the foreland, but
(northern) parts of the foreland. In most of the basin thetheir original extent is obscured by erosion that was espe-
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cially large in the west. Many authors related this history tening in the southern Alps. This leaves ca. 80 km for the co-
to the development of a flexure in front of the advancing eval shortening of the Alpine wedge and its advance over the
Alpine orogenic wedge emphasizing various points of view European foreland, whereas the onlap of the Molasse basin
(e.g. Homewood et al., 1986; Stockmal et al., 1987; Sin-fill on the foreland in the same period was ca.180km (see
clair et al., 1991; Sinclair and Allen, 1992; Schlunegger etabove). This difference calls for reexamining the above esti-
al.,1997a, b). Here we examine this basin from the point ofmate and suggests that it may be too low, because otherwise
view outlined above. it would be very difficult to explain the advance of the basin
As the history of the Molasse Basin records the advanceover the foreland as a result of flexure.
over the foreland of a flexure whose width varies from 60— The data along this traverse also allow to examine the
80 km to about 100 km and somewhat more in the east, weénferences regarding the taper angle of the Alpine wedge.
infer from Fig. 2 thate ~50 km in the west ané=75km in Two stages need to be distinguished. In the early stage the
the east. The onlap of the Molasse over the foreland sincevedge developed by stacking and folding of the Penninic
the end of the Eocene amounted to about 180 km in the cenrappes and by emplacement of exhumed units that expe-
tral part of the basin (Fig. 4). This is interpreted to reflect rienced very high-pressure metamorphism. Along this tra-
a similar advance of the Alpine tectonic wedge. During theverse the Adula nappe (Fig. 5) was subducted to a depth of
initial stages of basin evolution the edge of its fill advanced >120 km (p>35 kbar) 43-40 Ma ago, but it was exhumed to
at a rate of 1cm/y or more, but the rate diminished to ca.depths of 40 km and less by 35-33 Ma ago (Gebauer, 1996),
0.2cmly during deposition of the USM, but the rate of on- i.e. in the lastest Eocene (time scale of Cande and Kent,
lap may have somewhat accelerated afterwards. Near th£992). Such reshuffling of large units does not allow esti-
Alpine deformation front the basin fill reached a thickness mating the taper angle at that stage, i.e. before and during
of 3.5-4km and 5km to-6 km at the end of deposition of initiation of the foreland basin.
the UMM and USM, respectively (Pfiffner, 1986). Thisindi-  However, by 32 Ma to 27 Ma ago the thermal regime led
cates that the adjacent wedge had a taper angle of abdut 1@ development of metamorphic isograds that cut across the
and even reached13° by the end of deposition of the USM boundaries of the Penninic nappes (Frey et al., 1980; Vance
(if it was ca. 150km wide, cf. Fig. 2). An increase in the and O’Nions, 1992). This indicates thermal equilibration of
taper angle during deposition of the USM is indicated by theadjacent nappes and therefore the end of significant motions
considerable thickness of this unit compared with the underbetween the various parts of the Alpine tectonic wedge, al-
lying basin fill, even though the USM was deposited while lowing to estimate its taper angle. At that time (end of depo-
the rate of onlap of the basin edge over the foreland slowedition of the UMM) the presently exposed rocks in the south-
down. Increased sediment supply that maintained the basiern part of the wedge were at pressures oftd. % kbar to
floor above sea level during that time would augment the on-8.5+1.5 (ibid.), i.e. at depths of 25-30 km. Combined with
lap of the basin fill over the foreland, adding to the effect of the seismically determined position of the base of the Pen-
the advance of the tectonic load, rather than slow it down.ninic nappes (Fig. 5), this shows that the internal part of the
On the other hand, continuing subsidence is indicated by thevedge was 30—40 km thick. The width of the wedge is esti-
fact that eventually the USM was lowered enough to be cov-mated as ca. 150 km, allowing for subsequent shortening by
ered by the sea in which the OMM formed. Such behaviorbackfolding in its southern part and for erosion of its frontal
— continuing substantial subsidence while the load tip doegart (today the remaining part is ca. 100km wide). This
not advance much — is expected when an increase in the tamplies a taper angle of 2315 that is broadly similar to
per angle of the load is the main cause of basin subsidencehe estimate obtained above. The taper would be somewhat
Continuing subsidence of the basin during deposition of thesmaller if the shortening of the southern part of the wedge
OMM and OSM, and the thickness of the basin fill near the were underestimated (as suggested by Schmid et al., 1996).
front of deformation — 4-5 km — suggest that during this pe- For the following period, i.e. the time of deposition of the
riod the taper angle of the load did not change much, thougtUSM, OMM and OSM, the onlap of the Molasse basin over
it may have eventually decreased. the foreland indicates that the advance of the Alpine tectonic
To test to what extent these inferences compare with thavedge slowed down, in accord with the history of Alpine
data on the development of the adjacent tectonic wedge wedeformation presented by Schmid et al. (1996). The record
examine the well-studied traverse across the central Alp®f the foreland basin also implies an increase in the taper
(Schmid et al., 1996; Ziegler et al., 1996) next to the mid- angle during deposition of the USM, as discussed above.
dle portion of the basin (Figs. 4, 5). We focus on the advanceSuch a change of the orogenic wedge was already inferred
of the tectonic load and on changes in its taper angle — thérom different considerations (Sinclair et al., 1991; Sinclair
most important features that are constrained by the record afind Allen, 1992; Schlunegger et al., 1997b), which supports
the foreland basin. the validity of our analysis. It is noteworthy that the in-
Schmid et al. (1996) estimated that along this traverseferred thickening of the wedge took place while it was be-
plate convergence amounted to ca. 300 km since some 50 Miag strongly eroded (Sinclair and Allen, 1992; Schlunegger
ago, and to ca. 150 km since 40 Ma. About 70 km of the latteret al., 1997b), which would tend to reduce its taper angle.
were accommodated by backthrusting along the rear side ofhis shows that other processes more than compensated for
the Alpine tectonic wedge (on the Insubric Line) and by shor-the erosion by modifying the lower parts and/or interior of
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Fig. 5. Cross section along the traverse through the Molasse basin and central Alps discussed in text, shows ages of important motions on
the major thrusts (after Pfiffner, 1986; Schmid et al., 1996; Schmid and Kissling, 2000). Location shown in Fig 4. See text for discussion.

the wedge. ropean lower crust was pushed beneath the Alpine wedge in

One mechanism that could contribute to maintaining thefrlorc]jt 3ftt1het Aldrla {)r:ate.t j.cf(;nt]ld and Ktlhsslllng t(ZIOOO)t C?':;]
volume of the wedge was underplating by incorporation of ¢luded that along the studied traverse the frontal part of the

slices derived from successively more external parts of théA‘drla plate was pushed in between the Alpine tectonic wedge

foreland. This is evidenced by the younging of the major"’mdttheI.ur1defrlt3r/1'r‘9|’E Europealn crust (F;g. 5) Whrlledflar';hert
thrust movements toward the exterior of the orogen (MilnesWes aslice ol In€ uropean lower crust was pushed in tron
of the Adria plate. Emplacement of such bodies augments

and Pfiffner, 1977; Pfiffner, 1986: Schmidt et al., 1996) as h . q ¢ fh bducted E ¢
shown in Fig. 5. Thus, the thrust beneath the Helvetic nappeg € orogenic wedge on top of Ihe subducted uropean crus
and will enhance the flexure of the foreland, being equiva-

formed at the end of the Eocene, while that beneath the north- . .
ern flank of the underlying Gotthard massif formed in the lent to an Increase in the “'?‘pef angle of the load. The role of
Early Oligocene. Since late-Oligocene times the still moresuch loading and its contribution to the flexure of the fore-

external Aar massif and adjacent parts of the Molasse basi '?hde:?c?ylx erllcl;?ng?erlg:]aelgsm.:);?]émlgogtsr;;g:]?.gr:ggot%r;tztehde
were thrust northward, while in mid-Miocene times the entire : ) P | u :

. . Alpine tectonic wedge continued to advance northward also
Aar massif was thrust over the foreland. These units became i ) .
fter deposition of the OSM. Then the entire Molasse basin

incorporated into the tectonic wedge and formed a stack of

thrust slices that extend to a considerable depth beneath itVsVeSt of long. 8.5E moved northward up to ca. 30 km over a

frontal part. A similar history is also recognized farther west newly formed detachment which produced the Jura fold bun-

where the external massifs and the adjacent parts of the Mod!€ in the Late Miocene and Pliocene, though the depth of

lasse basin became successively incorporated into the or(ghe detachment s still controversial (Ziegler et al., 1996).
genic wedge (Homewood et al., 1986; Burkhard and Som-

maruga, 1998). Geometric compatibility requires that the It would be desirable to extend the analysis also east of the
northward displacement of these external units was accomexamined traverse where the record of the basin would lead
panied by continuing advance of the entire orogenic wedgedo similar inferences regarding the orogenic load. However,
south of them as a piggy-back stack of nappes. This, in turnthe widespread cover of the Austro-Alpine nappe pile (Fig. 4)
requires that a thrust or shear zone remained active under itsides most of the underlying tectonic wedge, so at present its
base. The newly formed thrusts and shear zones in the extehistory is not known in sufficient detail to test the inferences
nal part of the wedge must have joined this deep movementrom the foreland basin.

zone beneath its internal part. This history raises the pos-
sibility that the thickening of the orogenic wedge resulting

. . . . In summary, the foregoing considerations show that the
from underplating that outweighed its erosion. y going

implications of the Molasse basin for the development of
Another mechanism that modified the Alpine wedge from the adjacent orogenic wedge are broadly compatible with the
below was indentation, i.e. emplacement of material from therecord of the Alps. This supports the use of the geometry
rear concurrently with its continuing advance. Roure et al.of other foreland basins to constrain temporal variations of
(1996) suggested that a wedge of slices derived from the Eularge-scale features of the causative tectonic wedges.
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Fig. 6. The Devonian foreland basin (Catskill Delta) of the central Appalachians. Showing migration of the distal delta facies and the
metamorphic zones of the Acadian orogen in New England (after Williams and Hatcher, 1983; Faill, 1985; Robinson et al., 1998). Contours:
thickness of the Devonian clastic wedge (Catskill Delta). MNE — Medial New England terrain. Patterns with age indications: successive
positions of distal black shale facies of the Catskill Delta, after Ettenson, 1985. WA and EA — the Western and Eastern Acadian metmaorphic
zones, after Armstrong et al., 1992.

4.2 Devonian foreland basin of the Appalachians ued until the earliest Carboniferous. However, most of the
clastic fill of the basin accumulated during the Middle Devo-
The development of the Appalachians was accompanied byian (ca. 395-383 Ma) and especially during the Late Devo-
the formation of a succession of foreland basins along thenian (383-362 Ma ago). Close to the orogen large parts of the
edge of Laurentia that are interpreted as flexural featuredasin fill consist of continental beds, but further away from
(Quinlan and Beaumont, 1984; Tankard, 1986; Thomas andhe orogen the entire clastic basin fill consists of marine sed-
Schenk, 1988). Here we examine the record of the Devoniaiiments. Towards the west and southwest these clastics thin
foreland basin next to the central Appalachians (Fig. 6) fromand pass laterally into the marine cover of the interior of the
the point of view presented above and explore its implica-Laurentian platform. Local unconformities exist, but they do
tions for the adjacent orogen. not define a forebulge that migrated to successively more ex-
This foreland basin formed during the Acadian orogenicternal positions during basin development. The subsidence
phase (410-405 Ma to 360—350 Ma ago: Devonian time scal®f the Laurentian platform and consequent deposition of its
of Tucker et al., 1998) that is well expressed in New Eng-cover began in the Cambrian and continued into the Devo-
land and in more northern parts of the Appalachians (Fig. 6;nian, apparently independently of the foreland basin forma-
Williams and Hatcher, 1983; Osberg et al., 1989; Tremblaytion, which prevented the forebulge from rising enough to be
and Pinet, 1994; Pinet and Tremblay, 1995; Robinson et al.significantly eroded. Therefore it is not possible to define
1998). The clastic fill of this foreland basin, known as the onlap relations along the edge of the foreland basin, but the
Catskill Delta (Fig. 6), extends some 500 km along the Ap-thickness variations of the basin fill and the westward migra-
palachian orogen (lat. 380 43N). Its northern edge is tion of the main facies belts — distal delta, proximal delta,
eroded, but there is no evidence that it extended much faralluvial fan and redbeds — reflect the overall migration of the
ther to the north £200 km?), while its southeastern eroded flexure. In particular, basinal shales along the western side
edge extends along the front of the strong orogenic deforof the clastic buildout shifted westward by 200-250 km from
mation. The development of this basin was summarized byca. 400 Ma ago to ca. 375Ma ago, and an additional 100—
Dennison (1985), Ettensohn (1985), and Faill (1985, 1997)150km in the next 15Ma (Ettensohn, 1985; Fig. 6). This
who emphasized its relation with the Acadian deformationis interpreted as recording the down-flexing of successively
in the adjoining Appalachian orogen. These studies shownore external parts of the foreland, and as discussed above, it
that the influx of clastics from the east, i.e. from the Ap- is considered to record a comparable advance of the Acadian
palachian mountain chain, began in the Emsian and continerogenic wedge over Laurentia, though enhanced sediment
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supply from the east probably also contributed to shifting of Along the studied traverse the preserved part of the Aca-
the facies belts. dian orogen comprises two metamorphic zones (Armstrong
The Catskill delta is exceptionally widez300km, be- et al., 1992) — Western and Eastern — that had different ther-
cause its fill extends over the forebulge. The down-flexedmal histories (WA and EA in Figs 6, 7). In the Western
area was probably narrower, perhaps ca. 200 km wide, sugZone strong deformation dominated by westward tectonic
gesting thatr ~120-130km. The total down-flexing at the transport and metamorphism at peak conditions of p = 6—
end of the Devonian exceeded 3.5km (top of sequence i8kbar (i.e. 22—29 km depth) and T = 58’00 C took place
eroded), which implies that the causative load had a taper arca. 400-395 Ma ago (late Emsian: Tucker et al., 1998) and
gle of >6°—7°, but this is a very approximate estimate. The somewhat later (Armstrong et al., 1992; Sevigny and Han-
continuing subsidence of the flexural basin, which may haveson, 1993; Lanzirotti and Hanson, 1995). The rocks near the
even accelerated in the Late Devonian, suggests that the t@present western border of this zone record p = 4-6 kbar at
per angle of the wedge did not change much or may havdeast, i.e. depths of 15-22 km or more, and T =50@C0C
even somewhat increased as it advanced over the forelandiHames et al., 1991). These age determinations show that
but details cannot be resolved. These values, though not verthe Acadian tectonic wedge was already strongly deformed
precise and in need of further testing and refining, provideand metamorphosed when clastics derived from the east were
an estimate of what the size and displacement of the tecfirst transported into the foreland basin. The inferred migra-
tonic wedge should have been in order to produce the flexur¢éion of the tectonic wedge implies that then its tip was lo-
recorded by the foreland basin. cated some distance east of the Catskill Delta (Fig. 7). In a
To explore the implications of the above estimates for thewedge having a taper angle of &e rocks of the Western
adjacent orogen, we examine a traverse close to latN42 Zone, metamorphosed at a depth of 15-22 km (4—6 kbar),
through southern New England (Fig. 6). Here the Appalachi-must have been located at least 105155 km east of its tip
ans were shaped during several orogenic phases. In the Tac@ig. 7), and even further away if the taper wads-B. This
nian phase, culminating 460-440 Ma ago, the Medial Newimplies that a wide frontal portion of the Acadian orogenic
England (Gander) terrane was accreted to Laurenia and botivedge has been destroyed, probably eroded.
were strongly tectonized while an oceanic area that had ex- Inthe Middle and Late Devonian the Western Zone cooled
isted between them was eliminated (Williams and Hatcherto temperatures o£500° (i.e. lower than during peak meta-
1983; Stanley and Ratcliffe, 1985; Pinet and Tremblay, 1995morphism), and cooling to £300°C continued into earli-
Ratcliffe et al., 1998). Later the Acadian orogeny affected theest Carboniferous times (Sutter et al., 1985; Dietsch et al.,
Medial New England terrane together with its post-Taconian1987; Harrison et al., 1989; Hames et al., 1991). In partic-
sedimentary-volcanic cover as well as more eastern terraneadar, in the western part of this zone temperatures dropped
(Osberg et al., 1989; Tremblay and Pinet, 1994; Pinet ando 500°C and less between 405-400 Ma ago to 380-350 Ma
Tremblay, 1995; Robinson et al., 1998). Still later defor- ago. These rocks are now thrust over rocks that record only
mation took place during the Alleghanian phase. Along theTaconian metamorphism and cooled tg300°C already ca.
studied traverse only the deeper part of the Acadian oroger440 Ma ago. Such an abrupt change in thermal history shows
which experienced medium and high-grade metamorphismthat substantial thrust motions juxtaposed these units late in
is preserved. It is delimited on the west by a line of ma- the Devonian (or still later). This supports the above infer-
jor thrusting, which separates it from a ca. 60 km wide zoneence that the Acadian orogenic wedge moved a significant
in which only Taconian deformation and metamorphism aredistance westward over the Laurentian platform in the Mid-
recorded (Fig. 6). The eastern part of the studied traverselle and Late Devonian, i.e. when most of the subsidence of
crosses the Avalon terrane that was accreted to the Medighe foreland basin took place and most of its fill accumu-
New England terrane during the Acadian orogeny. Seismidated. It is quite likely that then the Laurentian crust ex-
reflection studies show that the Taconian and Acadian structended under a large portion of the Acadian wedge, which
tures form a wedge pushed westwards over Laurentian contieontrolled its down-flexing. However, granites that invaded
nental crust, and that in the subsurface the latter extends to the Eastern Acadian metamorphic zone at that time have a
distance of some 150 km east of the Catskill Delta (Phinneynon-Laurentian source (Sevigny and Hanson, 1993), which
and Roy-Chowdhury, 1989). indicates that Laurentian crust did not extend that far to the
The above estimates of the displacement of the Acadiareast beneath this zone (Fig. 7). Thus, this part of the oro-
tectonic wedge and its taper angle allow constraining ingenic edifice may have contributed little to the flexure of the
broad outline the development of the adjacent orogen, a$oreland.
shown in cross-sections in Fig. 7. These cross-sections are The Middle and Late Devonian cooling of the Western
highly simplified, being intended to depict merely the im- Acadian Zone, i.e. while most of the foreland basin fill accu-
plications of the record of the foreland basin for the overall mulated, indicates considerable unroofing of this portion of
structure of the causative load. More detailed reconstructionshe orogenic wedge, most likely by erosion that supplied sed-
are not warranted also because only approximate estimatdéments to the adjacent basin. On the other hand, the record of
of the advance and shape of the orogenic wedge could be olthe foreland basin suggests that during this period the frontal
tained, and these should be further tested and improved in theart of the tectonic wedge, which caused most of the flexure,
future. maintained its taper angle. This requires that the unroofing
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Fig. 7. Schematic cross-section showing possible development of the tectonic wedge through the Acadian foreland basin (Catskill Delta and
southern New England. Location shown in Fig. 6. Tectonic history integrates the constraints derived from the foreland with data from the

orogenic wedge. See text for discussion.

of the higher parts of the wedge be compensated by modifithat time metamorphic conditions of T= 68&50C and

cation of its deeper levels. In part this probably resulted fromp = 6.5+1 kbar prevailed along the contact between these
the widespread continuing Acadian deformation that post-units, showing that here the overlying orogenic wedge was
dated peak metamorphism (Osberg et al., 1989; Robinsothen 20-27 km thick. Thus it appears that the Avalon terrane
et al., 1998). Underplating of the frontal part of the wedge acted as an indenter since its accretion to North America.
may have also taken place, but this possibility is difficult to As a result, it underlies the metamorphosed Early Paleozoic
evaluate. supra-crustals of the Eastern Zone (Fig. 7), which implies

Indentation of the Acadian orogenic wedge from the eastthat the original pre-Acadian bgsemgnt of these series must
could have also taken place. This is suggested by thdave peen pushed below the mdentmg Avalon te.rrane and
widespread east-directed backfolding that was superposed dROSt likely was detached. Later, in the Early Permian (280~
the early Acadian structures that formed by westward tec-26> Ma ago) normal-sense motion along the contact between
tonic transport, especially in the Eastern Zone (Fig. 7; Os-the Acadian wedge and the Avalon terrane took place (ibid.),
berg et al., 1989; Peterson and Robinson, 1993; Robinson &ut this only modified the earlier structural situation.
al., 1998). In the latter zone eastward tectonic transport pro- The southward extension of the Acadian wedge is recog-
duced large-scale backfolds and shear structures under higlmizable on a seismic profile close to lat. 4WN5(Phinney
grade metamorphic conditions £70C°C) in the Late De- and Roy-Chowdhury, 1989), but farther south post-Taconian
vonian and somewhat afterwards (370-350 Ma) — the Neosediments or volcanics are not known, so Devonian tecton-
Acadian phase of Robinson et al. (1998). The backfoldingism is difficult to identify next to the southern part of the
can be interpreted as having been produced by a west-movinGatskill delta. However, the former existence of a substantial
indenter that can be identified with the Avalon terrane. ThereAcadian orogenic wedge next to it, extending as far south as
is evidence showing that the Avalon terrane moved westwardat. 38N, must be postulated if the foreland basin is to be
beneath the Eastern Acadian Zone, acting as an indenter, algxplained as a result of flexure in front of a tectonic load.
in the Late Carboniferous, 300—-285 Ma ago (Fig.7; Getty andThis is supported by the finding that the detrital micas in the
Gromet, 1992; Wintsch et al., 1992; Moecher, 1999). At southern part of Catskill foreland basin are overwhelmingly
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of Devonian age, indicating that an extensive source that was The extensively studied Molasse basin and the Alps allows
affected by Acadian metamorphism originally existed nearbytesting this approach. We find that the inferences derived
(Aronson and Lewis, 1994). On the other hand, the absencéom the features of the foreland basin are broadly compat-
of a Devonian foreland basin south of the lat.°R7shows ible with current interpretations of the Alps, though some
that either the Acadian tectonic wedge did not extend that faiquestions arise such as the amount of advance of the load
south or that it was situated more to the east with respect tmver the foreland. In part this may reflect inadequacies of
Laurentia than farther north. the modeling, but we suspect that the differences point at the
For completeness, it should be mentioned that the westerneed for improved interpretations. The other example, the
portion of the Acadian wedge was further modified by post- Appalachian Devonian foreland basin, illustrates a case when
Acadian deformation. This is inferred from the evidence the advance and taper angle of the tectonic wedge cannot
that the eastern half of the Catskill Delta was overlain by abe readily inferred from the orogenic belt itself, as this was
>5 km thick overburden, which covered Carboniferous rocksmuch deformed and extensively eroded after the formation
south of the studied traverse but no longer exists (Sarwar andf the foreland basin. In this case the record of the foreland
Friedman, 1995; Zhang and Davis, 1993). This overburderbasin may be the only information that can be used to con-
may have consisted of the Appalachian orogenic wedge or oftrain the large-scale features of the orogenic wedge during
sediments that accumulated in response to additional downbasin evolution. Integration of the inferences derived from
flexing of the foreland. In either case an additional advancethe basin record with other data provides a framework in
of the Applalachian tectonic wedge during the Alleghanianwhich the orogenic evolution can be examined, supplement-
orogenic phase is indicated (Fig. 7). ing the insights gained from data about the Acadian orogen
In summary, the foregoing discussion shows how theitself. This case illustrates the potential use of information
record of a foreland basin can be used to constrain the defrom foreland basins.
velopment of an old orogenic wedge that was considerably It is noteworthy that in both cases much of the shaping
modified by subsequent deformation and partly obliteratedof the foreland basins continued well after the initial as-
by extensive erosion. In such a situation the original tapersembly and the main deformation and metamorphism of the
angle and motions of the wedge would be difficult to ex- causative orogenic wedges. The late stages of basin de-
tract from the present orogenic structure. The record of thevelopment highlight some aspects of the advanced evolu-
foreland basin allows, however, to estimate in broad outlinetion and modification of the nearby orogenic wedges. One
these features of the orogenic wedge. This information, wher@spect is that the basin record shows that in these stages
combined with available field observations, can be used agrogenic wedges maintain or even increase their taper an-
a framework for reconstructing the orogenic history, thoughgles while they are much eroded, which tends to reduce the
our simplistic analysis certainly requires much further im- wedges. Combined, these constraints call for modification of
provement and should be extended and integrated with théhe deeper parts of the wedges that offsets the thinning of the
wealth of existing data that could not be discussed here. ~ wedges by erosion. This can be achieved by internal defor-
mation, underplating and indentation of tectonic slices from
the rear. This inference is confirmed by the exceptionally
5 Discussion abundant information about the Alps and is compatible with
the information about the Acadian orogen. The late stages of
In the foregoing sections we examined how the record ofbasin development also constrain the duration of tectonic ac-
foreland basins can be related to the history of the causativévity affecting the adjacent orogenic wedges, because con-
orogenic loads, based on the interpretation of foreland basingnuing basin accentuation requires coeval augmentation of
as flexural depressions in front of tectonic loads. This per-the loading of the foreland. This, in turn, implies continuing
mits using simple models of flexure due to two-dimensionaladvance of the orogenic wedges over thrusts or shear zones at
wedge-shaped loads to quantitatively relate the size and suliheir base and/or modification of their lower parts, e.g. by in-
sidence history of the basins to the advance and to the tapeatentation or other processes. Such tectonic activity at depth
angles of the loads. These relations, in turn, allow to utilizemay not be readily inferred from the coeval record of cool-
the record of the basins to constrain in broad outline the deing, waning of deformation, and erosion that take place in the
velopment of the adjacent orogenic wedges. Integration oftores of the adjacent mountain belts. In well studied young
this input with information from the orogenic edifice itself or still active orogens other lines of evidence, besides the
can improve the understanding of the orogenic history. De+ecord of the adjacent basin, may provide much information
tailed interpretations require more realistic and sophisticatedibout the very late tectonic activity. However, in old oro-
models that incorporate other effects besides flexure, but thgens the foreland basins may be the main source of evidence
input required for such modeling may sometimes be difficultregarding the final phases of tectonic activity that affects pri-
to obtain, e.g. in old and much eroded orogens or when latemarily the deeper parts of orogenic edifices but is not well
deformation modified the original structure. In such casesexpressed in their shallower exposed parts.
simple models such as those used here allow using the record In conclusion, the above considerations show that the
of foreland basins in order to obtain useful constraints andrecord of foreland basins can provide important insights into
significant insights into the history of orogenic wedges. the adjacent mountain belts that supplement other lines of
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evidence regarding the structure and evolution of orogenidVhen 0< x < x*, i.e. to the left of the load, the deflection
belts. Simple mechanical models of flexure due to two-w;(x, x*) is given by
dimensional loads reveal quantitative relations that allow to
use large-scale features of the basins to estimate and €O (x. x*) = [eV(;* (cos —x sin*— *> 4
strain the advance and the taper angle of the adjacent tectonic 20pg o o
wedge. This can be particularly useful when the develop- . . .
ment and extent of orogenic wedges during basin formation ,*£ <2 cos” — > 4 cost X _gpnXtt® ) (A3)
is difficult to reconstruct because of subsequent erosion and o o o
deformation. The advanced stages of the basin history can
also help to constrain the final stages of orogenic develop-
ment because at that stage tectonic activity mostly continue&’
at the deeper levels of orogenic wedges and does not affect [ . ( ¥ * *>

e cos +

Whenx* < x i.e. to the right of the load, the deflection
(x, x*) is given by

o

much their eroded shallow parts. Thus the record of fore-w, (x, x*) = + sin™
land basins provides a perspective on the orogenic evolution 2ap8 « «

that supplements the data provided by the tectonic wedges __, - X — x* x+x* . x4x*
themselves. Integration of the data from both the foreland ¢ (2 COS—— + CoS—— —sin— >:| (A4)
and the interior of the orogen can, therefore, help to obtain a

complete understanding of mountain belt evolution. Whenx* = 0 equation (A4) gives the deflection of a bro-

ken plate due to a load placed along the break (note that
this case depicts two adjacent semi-infinite plates with free
edges, while only half the total load affects each side). Tak-

) T ! :
We develop here a method of modeling the flexure that a pINgx—xas the distance from the load, and lettirig— oo,

o ; . then equation (A4) reduces to the expression for the deflec-
D distributed load of arbitrary cross-section produces on Bion due to a line load placed on an infinite blate
thin semi-infinite elastic plate that floats on a fluid substra- The deflection prodEced by a distributedpload.placed over
tum. When the plate is not subject to horizontal stressesthe interval 0< x* <A can be calculated, following Nadai

then a load that is uniform perpendicular to theoordinate oo -
. : I . (1963), by treating it as consisting of the sum of elementary
(Fig. 1) produces a deflectian, positive downward, that is * . .

. ! ) . . loadsg (x*)dx. The total deflection at any place is the sum
described by the well known differential equation (Hetenyi, . : :
1946: Nadai, 1963: Turcotte and Schubert, 1982) (integral) of the deflections due to the elementary loads given

' ' ! ' by equations (A3) and (A4) in whicl is replaced by (x*).

Appendix : Flexure produced by a distributed 2-D load

d*w Thus, the deflectiortWy(x) under the load itself, i.e. when

D —oa trsw= q(x) (Al) 0 < x <A, and the deflectioW,(x) outside the load, i.e.
when A< x are given, respectively, by

where D = ER/12(1+?) is the flexural rigidity € is Young’s N s
modulus/i is the effective thickness of the elastic plates  w, (x) = / wy (x, x*)dx* +/ wy (x, x*)dx* (A5)
Poisson’s ratio), and is constant (otherwise terms including 0 x
its derivatives will be present). The second term expresses A
the buoyancy arising because of the deflection of the platey, (x) = / w, (x, x¥)dx* (A6)
(p is the density of the mantle angdis the acceleration of 0

gravity). The term on the right ¢(x) — expresses the pres- These integrals can be evaluated numerically for any given
sure due to all the loads that act on the plate except for the

q(x).
buoyancy. ) ) To complete the modeling, the effects of a vertical shear
We use standard methods to solve this equation for a con

d line load of ude it h stressVp and bending momen¥, applied atx = 0, i.e.
centrated line load of magnitudeé (per unit length perpen- along the edge of the semi-infinite plate (Fig. 1), should also

dicular to thex coordinate) placed on a semi-infinite plate be incorporated into the solution. Since equation (A1) is lin-

© =X = o), ata d'istance* from the p!ate edge (Fig. 1), ear, this is accomplished by adding to the solution given by
subject to the following boundary conditions: the plate edge,(A5) and (A6) an extra deflection given by

x = 0, is free, andw(x) — oo asx — oo. At x*, under
the concentrated load, the deflection, slope of the plate, and e X Cx
the bending moments are continuous, but there is a jump of’ ) = gl [(MO +aVo) cos— — Mo S'”;} (A7)
magnitudeV in the vertical shear stress within the bent plate
(Hetenyi, 1946). The values db and p enter the solution WhereVo andMp are given per unit length of the plate edge.
through the single parameter called the flexural parame- This gives the effects ofo and Mo acting on the plate edge
ter, which has units of length and is given by wheng (x) = 0.
In applying these expressions to foreland basins the load
4d is divided into two parts: the orogenic wedge and the fill of

1/4
o= [E] : (A2) the basin, which usually will have different densities. For

X
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any given fill, equations (A5) and (A6) allow to calculate Flemings, P. B. and Jordan, T.. A synthetic stratigraphic model
the level to which it extends (deflection of plate + thickness of foreland basin development, Jour. Geophys. Res., 94, 3851~
of load). The fill thickness cannot always be specified in 3866, 1989.

advance because it also influences the flexure, but it can berey; M., Bucher, K., Frank, E., and Mullis, J.: Alpine metamor-
constrained to extend to a prescribed level. The fill thickness Phism along the geotraverse Basel-Chiasso — a review, Eclog.

can then be iteratively adjusted while evaluatiiig(x) and Ga?fi(r)]te"l'e;’" 73& 5(327_1'546’ éggc()),' nf i v of
Wa(x), until it extends to the desired level. » £ and Srering, k. .- n. uence of the geometry o
orogenic loads on foreland basins: Preliminary results, Z. Dt.

Geol. Ges., 147, 415-425, 1996.
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