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Abstract

Previous works have proposed gravitational collapse as the driving mechanism of extensional deformation of
thickened continental crust. In this work we investigate the physical plausibility of this interpretation for the most
important orogenic belts of the world by computing the spreading force induced by lateral variations of crustal
thickness and the possible resisting forces. Two collapse mechanisms, one involving the upper crust only and the
other the whole crust, have been considered. Particular attention has been devoted to constrain the uncertainty
affecting such computations, mostly due to the large variability of the thermal and mechanical properties of
rocks. The results obtained show that gravitational collapse is not a plausible mechanism in the four Mediter-
ranean orogens here considered (Northern Apennines, Calabrian Arc, Hellenic Arc and Carpathians). For the oth-
er orogenic zones we have taken into account (Western US Cordillera, Central Andes, Himalayas and Central
Alps) the large uncertainty that affects the estimate of spreading and resisting forces does not allow to firmly as-
sess the feasibility of gravitational collapse.

Key words gravitational collapse — rheology of the Solarino, 1998; Gautier et al., 1999; Vander-
crust — tectonic forces — continental crust — lithos- haeghe and Teyssier, 2001).
pheric stress However, in several cases the plausibility of

the collapse model has been questioned and alter-
native driving mechanisms have been proposed

1. Introduction (e.g., Isacks, 1988; Peltzer and Saucier, 1996;
Henk, 1999; Mantovani et al., 2001, 2002, 2006;

Gravitational collapse of thickened continen- Bird, 2002). This suggests that the mere evidence

tal crust has often been invoked as a possible of extensional deformation within an orogenic
driving mechanism of the extensional deforma- belts does not necessarily imply that gravitation-
tion observed in orogenic domains such as the al spreading is the driving mechanism. In fact,
Western European Variscides, North America most of the above-mentioned interpretations ar-
Cordillera, Central Andes, Tibetan Plateau, Alps, bitrarily assume the collapse of thickened crust
Northern Apennines and Aegean region (e.g., as feasible, independently of the related structur-
Dalmayer and Molnar, 1981; Dewey, 1988; Har- al/tectonic context and quantitative analysis of
1y et al., 1993; Carmignani et al., 1994; Eva and relevant tectonic forces. However, analytical

computations and numerical simulations have

shown that the strength of a thickened belt may

overcome the spreading force induced by lateral

Mailing address: Dr. Marcello Viti, Dipartimento di variations of crustal thickness (e.g., Llu’. 2001)
Scienze della Terra, Universita degli Studi di Siena, Via La- and that the Str.ength of the ereland facmg the
terina 8, 53100 Siena, Italy; e-mail: vitimar@unisi.it belt may considerably contribute to maintain
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large-scale gradients of crustal thickness and
topographic relief (e.g., England and Houseman,
1988; Maggi et al., 2000; Rey et al., 2001).

The above considerations suggest that the
feasibility of the collapse model in a given zone
should be checked by properly estimating driving
and resisting forces. However, this check is not
an easy task due to the still incomplete knowl-
edge of the structural, thermal and mechanical
properties of the continental lithosphere. The
large variability of the continental crust, in terms
of its lithological composition, may cause con-
siderable uncertainty on the depth distribution of
crustal density, which in turn affects the estimate
of the gravitational spreading force. An example
in this sense is provided by the debate about the

mechanism of gravitational collapse which
would have generated the Great Basin (south-
western U.S.A.) in early Cenozoic (e.g., Jones
et al., 1999; Rey and Costa, 1999). Analogously,
the assessment of the force that resists gravita-
tional collapse is affected by many uncertainties,
most of them related to the still limited knowl-
edge of the mechanical behaviour of the crust-
mantle system. For instance, the strength of up-
per and lower crustal layers is a matter of lively
debate, due to the large variability of the rheolog-
ical parameters of rocks and lithospheric geot-
herms (Burov, 2003; Ranalli, 2003). Overlooking
these sources of uncertainty compromises the re-
liability of the estimate of the tectonic forces re-
sponsible for gravitational collapse.
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Fig. 1a. Geographical location of some orogenic systems considered in this study. For each system, the moun-
tain belt (dark grey), the underthrusting plate and the foreland zone (both light grey) are shown. Toothed lines
indicate subduction or thrust boundaries. Abbreviations refer to the tectonic domains whose structural and ther-
mal parameter are reported in table I. a) North and South America. Western United States Cordillera: CP=Col-
orado Plateau; GB=Great Basin; GV=Great Valley; SN=Sierra Nevada. Central Andes: AL=Altiplano Plateau;

CB=Chaco Basin; NZ=Nazca Plate.
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Fig. 1b,c. Geographical location of some orogenic systems considered in this study. For each system, the mountain
belt (dark grey), the underthrusting plate and the foreland zone (both light grey) are shown. Toothed lines indicate sub-
duction or thrust boundaries. Abbreviations refer to the tectonic domains whose structural and thermal parameter are
reported in table I. b) Himalayas: GB=Gange Basin; OB=Ordos Basin; TP=Tibetan Plateau. c) Mediterranean region.
Central Alps: LA=Lepontine Alps; MB=Molasse Basin; PB=Po Basin. Northern Apennines: AB=Adriatic Basin;
NTB=Northern Tyrrhenian Basin; UM=Umbria-Marche Apennines. Calabrian Arc: CA=Calabria; IB=Ionian Basin;
STB=Southern Tyrrhenian Basin. Hellenic Arc: CB=Cretan Basin; CR=Crete; HB=Herodotus Basin. Carpathians:
MP=Moesian Platform; SEC=Southeastern Carpathians; TB=Transylvanian Basin.
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The aim of this work is providing quantita-
tive insights into this problem, by computing the
force balance for eight major orogenic belts in
the world: Western US Cordillera, Central An-
des, Himalayas, Central Alps, Northern Apen-
nines, Calabrian Arc, Hellenic Arc and Car-

pathians (fig. la-c). The structural and thermal
data available for each belt, along with the relat-
ed uncertainties (table I), have been used to ob-
tain realistic ranges of driving and resisting
forces, which allow investigating the role of

gravitational collapse in active extension.

Table I. Structural and thermal data concerning the 8 orogenic systems considered in this study. The first, sec-
ond and third row for each zone refer to the subducting crust, the chain and the foreland, respectively. The sec-
ond box (Western US Cordillera 2) only includes two rows, which are respectively referred to the chain and the
foreland. See fig. 1a-c for geographical location of the various domains. e=average height of the chain above the
surrounding domain; L=Ilength of the underthrusting boundary; hw, huc, hic=thickness of the water layer, upper
crust and lower crust, respectively; go=surface heat flow. Small letters close to numbers indicate the reference.
For each zone of the various orogenic systems only the parameters which are relevant for the computation of
spreading and resisting forces acting at that zone (¥, R and T at subduction boundaries and F, R and C at non-
subduction ones) are reported. See text for explanations.

Zone e hw huc hic qo References
km km km km (mW-m™)
Western US Cordillera 1
Great Valley - - 156> 156> 25-55@ @ Fliedner et al. (2000)
Sierra Nevada 3.5 - 200 249 40-57¢ ® Ruppert et al. (1998)
Great Basin 1.5 - 18®0 1200 59-125©@ © Wang and Munroe (1982)
@ Smith and Bruhn (1984)
© Harry et al. (1993)
® Satarugsa and Johnson (2000)
Zone e hw huc hic qo References
km km km km (mW-m™)
Western US Cordillera 2
Great Basin 1.5 - 180 1260 59-125© @ Ruppert et al. (1998)
Colorado Plateau 2.5 - 250de 15040 42-94049) ® Satarugsa and Johnson (2000)
© Harry et al. (1993)
@ Hinojosa and Mickus (2002)
© Lowry and Smith (1995)
Zone e L hw hue hic qo References
km km km km km (mW-m™)
Central Andes
Nazca Plate - 150 5® - 7 - @ Giese et al. (1999)
Altiplano 5. - - 23©@ 45© 70-130“ ® Flueh et al. (1998)
Chaco Basin - - - 280 109 40-509 © Schmitz et al. (1999)
@ Springer and Forster (1998)
© Lucassen et al. (2001)
Zone e L huc hic qo References
km km km km (mW-m™)
Himalayas
Gange Basin - 160 15® 25 - @ Kayal (2001)
Tibetan Plateau 5. - 24© 46© 58-106“® ® Cattin et al. (2001)
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Table I (continued).

Zone e L huc hic qo References
km km km km (mW-m™)
Himalayas
Ordos Basin 1. - 19©@ 24© 48-72¢9 © Wang (2001)
“ Hu et al. (2000)
Zone e L huc hrc q0 References
km km km km (mW-m™)
Central Alps
Po Basin - 125@0 20@ 10@ - @ Okaya et al. (1996)
Lepontine Alps 2.5 - 30« 30@ho 60-80” ® Marchant and Stampfli (1997)
Molasse Basin 0.5 - 200 10> 68-110“ © Cermak and Bodri (1996)
@ Della Vedova et al. (1995)
Zone e L huc hic q0 References
km km km km (mW-m™)
Northern Apennines
Adriatic Basin - 100® 20" 10%9 - @ Ponziani et al. (1995)
Umbria-Marche Belt 1. - 15®4) 204 40-60"# ® Okaya et al. (1996)
N. Tyrrhenian Basin - - 12¢ 10¢ 67-1477 © Finetti et al. (2001)
@ Giudici and Gualteri (1998)
© Gualteri er al. (1998)
® Della Vedova et al. (1995)
® Pasquale et al. (1997)
Zone e L hw huc hic qo References
km km km km km (mW-m™)
Calabrian Arc
Ionian Sea - 120@ 460 760 g - @ Van Dijk et al. (2000)
Calabria 1. - - 20@ 6 40-60© ® De Voogd et al. (1992)
S. Tyrrhenian Basin - - 46 - 1049 75-143©  © Cataldi et al. (1995)
“ Duschenes et al. (1986)
© Della Vedova et al. (1995)
Zone e L hw huc hic qo References
km km km km km (mW-m™)
Hellenic Arc
Herodotus Basin - 150@ 3@ 10@P 11@ - @ Bohnhoff et al. (2001)
Crete 1.5 - - 13@ 20@ 50-60© ® De Voogd et al. (1992)
Cretan Basin - - 2@ 6 8w 60-70© © Cermak (1993)
Zone e L hue hic qo References
km km km km (mW-m™)
Carpathians
Moesian Platform - 180® 14® 16 - @ Linzer et al. (1998)
Southeastern 1 - 20" 30® 50-70™ ® Fan et al. (1998)
Carpathians © Andreescu et al. (2002)
Transylvanian 0.5 - 1209 18®9 40-60®<® @ Serban et al. (2001)
Basin
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Fig. 2. Driving (solid arrows) and resisting (empty arrows) forces presumably involved in the gravitational col-
lapse of a thickened crust. F=gravitational spreading force; R=tensional strength of the chain; C=compression-
al strength of the foreland; T=frictional resistance at the underthrusting boundary (thick line), whose length is L

in the text.

2. Dynamics of gravitational collapse

It has been demonstrated that a lateral varia-
tion of crustal thickness produces a spreading
force, whereas thickening of the underlying
lithospheric mantle generates an opposite effect
(Rey et al, 2001). An upper bound for the
spreading force can therefore be obtained by con-
sidering the difference in crustal thickness be-
tween the chain and the related foreland (e.g., Liu
and Shen, 1998; Liu, 2001; Liu and Yang, 2003).

Assuming that the spreading force only acts
in the crust, the collapse of a thickened belt re-
quires that the crust is decoupled from the lithos-
pheric mantle by a zone of low mechanical
strength, as revealed by rheological profiles of
continental lithosphere (e.g., Bird, 1991; Viti et
al., 1997; Meissner and Mooney, 1998). In our
computations, we have adopted a structural
scheme involving a thickened crustal domain
confined by a thinner foreland, on one side, and
by a subduction or collision boundary, on the
other (fig. 2). The spreading force (F) generated
in the thickened crust is resisted by the tensional
strength of the chain (R), the compressional
strength of the foreland (C) and the frictional re-
sistance at the underthrusting boundary (7).

Gravitational collapse can only occur when
the spreading force overcomes the strength of the
chain (e.g., Liu, 2001): F-R=0. However, this
condition is not sufficient, due to the contribution
of the other boundary resistances. In particular,
lateral collapse towards the foreland occurs when
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F-(R+C)>0 (2.1a)

and towards the underthrusting boundary when

F-(R+17)=0. (2.1b)
In the next we describe the formulation adopted
for estimating the above driving and resisting
forces.

2.1. Spreading force

The gravitational spreading force is induced
by the horizontal gradient of potential energy
stored in the crust of the orogenic and foreland
domains, which depends on the lateral varia-
tions of crustal thickness and density (e.g., Mol-
nar and Lyon-Caen, 1988). Various mecha-
nisms of gravitational collapse, involving dif-
ferent portions of the crust, have been discussed
(e.g., Rey et al., 2001). In this work, we have
investigated both the possibilities that the col-
lapse is confined to the upper crust and that it
involves the whole crust. In these cases, lateral
spreading would be allowed by low-strength
layers respectively at the base of the upper and
lower crust, as predicted by strength envelopes
(e.g., Meissner and Mooney, 1998).

For the simplified structural model shown in
fig. 3 the average spreading force (F) per unit
length of the orogenic belt (Nm™) is given by
(e.g., Coblentz and Sandiford, 1994; Liu, 2001)
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F= f Ap(2)dz (2.22)

Ap@ =g [[pc@-p-@]dE  (22b)

where Ap is the difference of lithostatic pres-
sure in the chain and foreland, pc and pr are the
related depth-distributions of rock density and g
is the gravity acceleration (9.81 ms™). e is the
topographic height of the chain above the fore-
land, z is the depth measured downward from
the top of the foreland and zc is the the depth of
the bottom of the collapsing crustal layer. It fol-
lows from fig. 3 that zc=hcy for collapse of the
upper crust, and zc=hcu+hcL for collapse of the
whole crust.

The above computation of F applies to both
cases of gravitational collapse shown in fig. la-c,
i.e. towards the foreland or towards the sub-
ducting plate. The structural data about fore-
land, chain and subducting plate, required to es-
timate F' by eq. (2.2a), are reported in table I,
for each of the orogenic systems considered.

2.2. Strength of the chain and the foreland

The integrated tensional strength of the
thickened crust of the chain (Nm™) is defined
by (e.g., Liu and Shen, 1998; Liu, 2001)

R= anT(z)dz (2.3a)

where Aor(z) is the depth-distribution of the
tensional strength of the orogenic belt and z¢ is
defined as in eq. (2.2a). Analogously, the com-
pressional strength of the foreland is defined by

C= f Ade(z)dz (2.3b)

where Aoc(z) is the depth-distribution of the
compressional strength. The depth zr corresponds
to the bottom of the crust of the foreland oppos-
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ing collapse and depends on the collapse mecha-
nism considered (upper or whole crust; hry=
=zr=hpy+hp from fig. 3). C represents a lower
bound for the strength of the foreland, since it
does not take into account the contribution of the
mantle facing the crustal root of the chain.

To evaluate R and C, constitutive equations,
describing the inelastic deformation of rocks,
have to be adopted (Kohlstedt et al., 1995). In
computing classical strength envelopes (Goetze
and Evans, 1979), two basic deformation mecha-
nisms, i.e. frictional slip on optimally oriented
faults (in the brittle field) and dislocation creep
(in the crystal plastic field) are taken into account.
However, a large amount of experimental results,

Foreland or

underthrusting
plate Chain
z \\ el
Pru Pcu cu h EU,

Fig. 3. Schematic structural model used in compu-
tations of spreading force and resistances. Light,
medium and dark gray depicts upper crust, lower
crust and upper mantle, respectively. puy=density of
the upper mantle; pcu, pcr (pru, prr)=density of the
upper and lower crust in the chain (foreland); hcu,
her (hru, hr)=thickness of the upper and lower crust
in the chain (foreland); e=topographic height of the
chain above the foreland; z=depth.
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concerning high-pressure rock deformation (Ord,
1991; Shimada, 1993), suggests that a third kind
of behaviour, often indicated as semi-brittle
yielding, should be considered. This behaviour
involves several kinds of micro-mechanisms,
ranging from high-pressure fracture to true plas-
ticity. Within the depth range where semi-brittle
deformation dominates, rock strength becomes
nearly independent of depth and stress regime, al-
though it depends on rock composition.

2.3. Frictional slip, semi-brittle deformation
and plastic flow

We assume that the rock strength at a given
depth is the minimum value among the stress
differences required to drive frictional slip, se-
mi-brittle deformation and plastic flow (Ao,
Aosg and Aopyr, respectively)

Ao = min (Ao, Ao, AGr) 2.4)
where Ao=01-03 and 01, 03 are the maximum
and minimum principal stresses, respectively.
In the extensional (compressional) Andersonian
stress regime o is vertical (horizontal), e.g. Jae-
ger and Cook (1984).

Frictional strength of faults linearly depends
on the lithostatic and pore fluid pressure (p and
Py, respectively) by the relationship

AOw = ap.+b 2.5)
where p.=p-pyis the effective pressure and the
coefficients a and b depend on the friction coef-
ficient and tectonic stress regime (Jaeger and
Cook, 1984). In particular, the estimate of the
mechanical strength of the chain and foreland by
egs. ((2.3a) and (2.3b)) requires the computation
of Ao in the tensional and the compressional
stress regime, respectively. Realistic values of
the coefficients a and b in eq. (2.5) can be ob-
tained for the above stress regimes by taking in-
to account Byerlee’s (1978) laws on rock fric-
tion. For the tensional regime, Mueller et al.’s
(1996) formulation gives a=0.79 and b=0 in
the range 0<p.<529 MPa, and a=0.68 and b=
=57 MPa for p.>529 MPa, while for the com-
pressional regime a=3.68 and b=0 when 0<
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<pe<113 MPa, and a=2.12 and b=177 MPa for
pe>113 MPa.

Since the relatively large permeability of
lithospheric rocks suggests that the long-term
pore pressure is close to hydrostatic values
(Zoback and Townend, 2001), in computing
Aopg by eq. (2.5) we have assumed that py al-
ways corresponds to the hydrostatic pressure
and p.=g(p-pw)z, where py=1000 kg m~ is the
water density.

Since no reliable constitutive law for the se-
mi-brittle regime is currently available, the relat-
ed rock strength is considered pressure-inde-
pendent and affected by lithological composition
only. Tentative values of Aosg for the upper and
lower crust are assumed to be 400 MPa and 300
MPa, respectively (Shimada, 1993; Bassi, 1995).

A power law related to steady-state disloca-
tion creep is commonly adopted to describe the
high-temperature, plastic deformation of sili-
cates (Weertman, 1978; Poirier, 2005)

s \l/n
& ) R (2.6)

o =(§
where &, T, n, H, A, R are strain rate, absolute
temperature, stress exponent, activation energy,
pre-exponential coefficient and the gas constant
(8.31 J°K'mol™), respectively. Although the
flow strength Aop,, generally increases from up-
per to lower crustal rocks, the values of the rhe-
ological parameters n, H, and A strongly vary
with rock composition and water content (e.g.,
Fernandez and Ranalli, 1997). Moreover, the
lithological characterization of the crust by seis-
mic surveys is not unequivocal, due to the com-
plex relationships among mineralogical compo-
sition, thermal state and velocity of seismic
waves (Christensen and Mooney, 1995). Consid-
ering the above problems, we have assumed that
the flow strength of the upper and lower crust
may vary between a lower and upper bound, re-
spectively related to the weakest and strongest
crustal rock type (tables II and III).

Geological structural data indicate that tec-
tonic strain rate may vary in a large interval:
1077-10" ™' (Pfiffner and Ramsay, 1982). How-
ever, estimates of seismic deformation and geo-
detic measurements (e.g., Talwani, 1999) sug-
gest that this range may be narrower (107'°-107"
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Table II. Parameterisation of the crust and mantle used in computations. p = density; k=thermal conductivity;
Q=heat production per unit volume; Aosp=semi-brittle strength; A =pre-exponential factor; n=stress exponent;
H=activation energy, 7 ="fault shear strength. See text for details. Small letters close to numbers indicate the rel-
evant references.

Layer p k 0 Aosg Rock type A n H
(kgm™) (Wm'°C") (uWm?) (MPa) (MPa™s™) (kJ mol™)

Upper crust  2600-2800” 2.4-3.89  1.0-2.5“  400® Westerly granite (wet)® 0.0002 1.9 141
Quartz-diorite (wet)®  0.032 240 219

Lower crust 2800-3000¢ 2.6-3.5°  0.05-0.5 300“  Anorthosite (wet)®  0.00032 3.2 238
Maryland diabase (dry)® 0.063 3.1 276

Upper mantle 3200-3300”  3.7-4.6° 0.001-0.01 600 Anita Bay dunite (wet)” 10000. 3.4 445
Anita Bay dunite (dry)® 32000. 3.6 535

Subduction fault Continental thrust
T (MPa) 14_43(1; 25_50(m)

@ Okaya et al. (1996); ® Jones et al. (1998); © Lowry and Smith (1995);  Ranalli (1997);  Bassi (1995);
® Hansen and Carter (1982); © Shelton and Tullis (1982); ® Caristan (1982); ® Chopra and Paterson (1984);
@ Tichelaar and Ruff (1993); ™ England and Molnar (1991).

Table III. Bounding values for the various physical parameters, which has been adopted to assess the uncer-
tainty that may affect the crustal spreading force and the mechanical strength of crust and upper mantle. LD, HD
=«Low Density» and «High Density» models. LS, HS=«Low Strength» and «High Strength» models. UC, LC,
UM =Upper Crust, Lower Crust and Upper Mantle. Other symbols as in table II. See text for explanations.

Spreading force

Density (kg m™) LD HD
puc, pre (chain) 2600, 2800 2600, 3000
puc, prc, pum (foreland) 2600, 3000, 3300 2600, 2800, 3200
Mechanical strength
Parameter LS HS
¢ (s 10 1075
go (MW m™) Max in table I Min in table I
kue, kic, kuy (W m™ °C™) 24,2.6,3.7 3.8,3.5,4.6
Quc, Orc, Qum (W m™) 2.5,0.5,0.01 1.0, 0.05, 0.001
Avc, Arc, Auy (MPa™ s7) 0.0002, 0.00032, 10000 0.032, 0.063, 32000
nuc, nLc, Num 1.9,32,34 24,3.1,3.6
Hyc, HLC, HUM (kJ mol") 141, 238, 445 219, 276, 535
s") when plate boundaries are concerned. This due to the stacking of crustal thrust sheets. Heat
last range has been adopted for strain rate in production induced by thrust shearing and decay
computing plastic flow stress by eq. (2.6). of radioactive isotopes induces a thermal relax-
Studies of the thermal evolution of mountain ation lasting millions of years after orogenesis.
belts (e.g., Midgley and Blundell, 1997; Liu, The final point of this process is the steady-state
2001) predict that immediately after the cessation conductive geotherm (Chapman, 1986) we as-
of orogenesis the geotherm has a sawtooth shape, sume to hold through the whole lithosphere.
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This kind of temperature-depth relationship
depends on lithological layering, surface heat
flow and thermal parameters of rocks. For a ho-
mogeneous layer we have
Qz’
2k Tk
where t, o, qo, k, Q are the temperature at depth
z, surface temperature, surface heat flow, aver-
age thermal conductivity and heat production
per unit volume, respectively. To obtain a more
realistic geotherm, eq. (2.7) may easily be
adapted to a layered crust (e.g., Ranalli and
Murphy, 1987; Viti et al., 1997).

The uncertainty that may affect the thermal
parameters k and Q depends on the uncertainty
about the composition of each crustal layer. To
take this variability into account we have con-
sidered the upper and lower bounds of available
experimental values of the above thermal pa-
rameters (tables I and II).

qoZ

t(Z) =— + to (27)

2.4. Resistance at underthrusting boundaries

Interplate coupling contributes to laterally
sustain the thickened crust (e.g., Platt, 1986). At
an underthrusting boundary (subduction or colli-
sion), we define the resistance per unit length as

T=AowL =2tL (2.8)
where Aoyy is the stress difference related to the
the average frictional strength (7) at the contact
between the accretionary belt and the under-
thrusting crust and L is the down-dip length of
this subduction fault (fig. 2). Basic rock me-
chanics (e.g., Jaeger and Cook, 1984) shows that
the lower bound of stress difference is twice the
related shear stress, since 7 = Adyy(sin2a/2),
where « is the angle between the maximum
principal stress o1 and the plane on which 7 acts
(O=a=m/2). To obtain a conservative estimate
of T, we adopt the above bound for Aoyy in eq.
(2.8).

Quantifications of the average frictional
strength, mostly based on estimates of friction-
al heating, indicate that a realistic range for 7 is
14-43 MPa for subduction faults (Tichelaar and
Ruff, 1993) and 25-50 MPa for continental
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thrusts (England and Molnar, 1991). The limits
of the above intervals have been used to obtain
realistic bounds of 7. The length L has tenta-
tively been estimated at each boundary from
crustal sections reconstructed by seismic sur-
veys, whose references are given in table I.

3. Assessment of tectonic forces
in orogenic belts

To estimate the force balance related to
crustal collapse for the eight orogenic belts con-
sidered (fig. la-c), we have collected structural
and heat flow data by taking into account the
most up-to-date geophysical evidence (table I).
However, as discussed in the following sections,
a reliable assessment of the feasibility of the
gravitational collapse must take into account the
level of uncertainty that may affect the estimate
of the spreading and resisting forces.

3.1. Constraining spreading force

The uncertainty on the spreading force is
mainly conditioned by the approximate knowl-
edge we have on the density depth-distribution
(e.g., Rey and Costa, 1999). Taking into ac-
count the density ranges currently suggested for
the upper crust, lower crust and lithospheric
mantle (table II), we have defined two density
distributions, hereinafter identified as «Low
Density» (LD) and «High Density» (HD) mod-
els respectively (table III). In the LD model, the
lower bounds of the density ranges reported in
table II have been assigned to the chain, and the
upper bounds to the foreland or the subducting
plate. The opposite combination of density val-
ues has instead been adopted for the HD mod-
el. Then, an estimate of the lower and upper
bound of the spreading force has been obtained
using the above LD and HD density models in
eq. (2.2), respectively.

3.2. Constraining crustal strength

Since thermal and rheological parameters
strongly depend on rock type (table II), uncer-
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tainty on crustal lithology considerably affects
the estimate of the plastic flow stress by eq.
(2.6), which in turn affects the integrated crustal
strength defined by eqgs. ((2.3a) and (2.3b)). To
tentatively assess the above uncertainty, we have
considered two combinations of thermal and rhe-
ological parameters, here indicated as the «Low
Strength» (LS) and «High Strength» (HS) mod-
els (table III), chosen among the values reported
in literature (table II). In the LS model, the plas-
tic flow stress of the upper and lower crust is re-
spectively controlled by the rheological parame-
ters of granite and anorthosite. The thermal con-
ductivity and heat production related to these
rock types respectively correspond to the lower
and upper bound of the ranges reported in table
II. For this model we have also assumed the
maximum value of surface heat flow, among
those estimated in the orogenic belts (table I),
and the lowest value of strain rate. In the HS
model, the representative rocks for the upper and
lower crust are quartzdiorite and diabase, respec-
tively. The thermal conductivity and heat pro-
duction of these rocks respectively corresponds
to the upper and lower bounds of the proposed
ranges (table II). For this model we assumed the
minimum value of surface heat flow (table I) and
the highest value of strain rate. The LS and HS
models may be taken as lower and upper bounds
for the tensional strength of the chain (R) and for
the compressional strength of the foreland (C).
To estimate the lower and upper bounds of
the resisting force at subduction/underthrusting
boundaries (7) by eq. (2.8), we have adopted the
ranges of fault shear strength reported in table II.

4. Results

Taking into account the structural parameter
(topographic height and thickness of crustal
layers) for the chain, foreland and subducting/
underthrusting plate (table I), along with the
relevant density model (table III), we have com-
puted by eq. (2.2) the lower and upper bounds
of the spreading forces acting on both sides of
the belt (table IV).

Structural data (table I), along with the pro-
posed combinations of thermal and rheological
parameters (table III), have also been used for
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determining the lithospheric geotherm (eq.
(2.7)) and the integrated strength of the various
domains [eqs. ((2.3a) and (2.3b))]. The rock
strength values, computed by eq. (2.4) using
both LS and HS models, have been plotted with
respect to depth to obtain the tensional strength
envelopes of the chain for the various orogenic
belts (fig. 4). These envelopes show that when
the LS model is adopted, the lower crust is al-
ways ductile (Aor=Aop;) and much weaker
than the underlying mantle. This may allow the
crust to decouple from mantle and laterally
flow under a spreading force which depends on
lateral variation of crustal thickness, as we have
assumed in computing F by eq. (2.2). More-
over, adopting the LS model implies negligible
mechanical strength at the upper/lower crust
boundary (fig. 4). On the other hand, when the
HS model is considered, the crust is consider-
ably less decoupled from upper mantle, which
makes more difficult its eventual lateral flow by
gravity spreading. However, in three cases (Ti-
betan Plateau, Altiplano and Lepontine Alps in
fig. 4), the rock strength predicted at the crust-
mantle boundary is negligible for both the LS
and HS models, which implies complete decou-
pling and possibility of lateral flow of crust.
Adopting the HS model also implies significant
strength at the upper/lower crust boundary, so
that in some cases (Calabria, Sierra nevada,
Crete, Colorado Plateau and Umbria-Marche
belt in fig. 4) the whole crust appears brittle/
semibrittle with no internal decoupling.

Table IV reports the upper and lower bound
of the tensional strength of the chain (R), the
compressional strength of the foreland (C) and
the strength of the interplate boundary (7), ob-
tained by egs. ((2.3a), (2.3b) and (2.8)), respec-
tively. Spreading force and resistances have
been computed for the two possible models of
gravitational collapse here considered, one in-
volving the upper crust only (fig. 5a,b) and the
other involving the whole crust (fig. 6a,b). For
each model, according to the sketch shown in
fig. 2, both the cases that spreading occurs to-
wards the underthrusting plate or towards the
foreland has been investigated.

The results obtained (table IV; figs. 5a,b and
6a,b) show that the uncertainty on rock density,
thermal parameters and rheological properties
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produce a considerable scattering of the values
related to driving and resisting forces. In figs.
5a,b and 6a,b the force balance for each oro-
genic belt, described by eq. (2.1), is constrained
by the upper and lower bounds computed for
the spreading force (F) and the mechanical
strength of the crust (R+7 and R+C, respec-
tively). These bounds are the vertices of the rec-
tangular box that confines the possible combi-
nations of driving force and resistances.

The main features of the the above diagrams
can be summarized as follows:

1) For the Mediterranean orogenic belts
here considered, i.e. Northern Apennines, Cal-
abrian Arc, Hellenic Arc and Carpathians, the
feasibility of the collapse model, both concern-
ing the upper and whole crust, can reasonably

be ruled out. For the Central Alps, gravitational
collapse may be considered unlikely, even if it
cannot be completely ruled out.

2) For the Western US Cordillera the force
balance is more uncertain. Collapse of Sierra
Nevada towards its western foreland (Great Val-
ley in fig. la-c) does not seem to be feasible,
whereas spreading of Sierra Nevada and Col-
orado Plateau towards the Great Basin cannot
be ruled out (figs. 5Sb and 6b).

3) For the other zones, i.e. Himalayas and
Central Andes, the uncertainty on the various
terms of the force balance does not allow draw-
ing a firm conclusion about the feasibility of
gravitational collapse. In any case, for these
belts the collapse of the upper crust (fig. 5a,b)
seems to be more unlikely than that of the

Table IV. Average spreading (F) and resisting (R, C and T) forces computed for the 8 orogenic belts considered
in this work. All the values are expressed as force per unit length of the orogenic belt; the scale factor being 10"
Nm™. The bounding values of forces reported in the table have been obtained by taking into account the combina-
tions of physical parameters shown in table III. Results are provided for the collapse of the upper crust (upper row
of each box) and of the whole crust (lower row). Symbols and geographical names as in figs. la-c, 2 and table I.

Western US Cordillera 1

F C
Towards Great Valley Sierra Nevada Great Valley
1.5-1.9 0.5-2.8 2.1-4.9
2.4-4.8 1.4-9.9 5.6-9.4
F C
Towards Great Basin Great Basin
0.8-1.2 0.4-4.8
0.9-3.2 0.5-9.6
Western US Cordillera 2
F C
Towards Great Basin Colorado Plateau Great Basin
0.3-0.9 0.2-4.6 0.4-2.5
04-1.5 0.3-8.8 0.5-6.1
Central Andes
F C
Towards Chaco Basin Altiplano Chaco Basin
2.5-2.9 0.1-2.9 2.2-10.1
5.7-11.3 0.2-4.4 3.5-13.1
F T
Towards Pacific Ocean Nazca/S. America
3.5-3.9 4.2-13.

4.6-10.
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Table IV (continued).

Himalayas
F R C
Towards Ordos Basin Tibetan Plateau Ordos Basin
2.1-2.6 0.2-3.5 1.1-6.5
2.8-9.3 0.3-5.5 1.6-13.6
F T
Towards Gange Basin India/Eurasia
2.6-3.0 8.-16.
4.-10.5
Central Alps
F R C
Towards Molasse Basin Lepontine Alps Molasse Basin
1.-1.9 0.3-4.5 0.5-6.6
1.1-3.2 0.4-6.8 0.6-8.9
F T
Towards Po Basin Adriatic/Eurasia
1.4-2.2 6.2-12.4
1.5-4.
Northern Apennines
F R C
Towards Northern Tyrrhenian Basin  Umbria-Marche Belt N. Tyrrhenian Basin
0.3-0.5 0.6-1.6 0.2-3.7
0.4-1.3 4.0-7.3 0.3-6.7
F T
Towards Adriatic Basin Adriatic/Apennines
0.3-0.5 5.-10.
0.4-1.9
Calabrian Arc
F R C
Towards Southern Tyrrhenian Basin Calabria S. Tyrrhenian Basin
1.1-1.5 0.6-2.8 1.3-2.5
1.2-1.8 2.4-45 1.4-2.6
F T
Towards Ionian Basin Africa/Calabria
1.6-1.9 3.4-10.2
2.-2.5
Hellenic Arc
F R C
Towards Cretan Basin Crete Cretan Basin
0.8-0.9 0.6-1.2 1.-1.2
1.1-2.3 3.8-6.7 1.2-1.3
F T
Towards Herodotus Basin Africa/Crete
1.0-1.1 4.2-13.
2.8-3.8
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Table IV (continued).

Carpathians
F R C
Towards Transylvanian Basin ~ Southeastern Carpathians Transylvanian Basin
0.2-0.7 0.4-1.3 1.7-3.7
0.3-1.8 1.0-10.2 5.3-9.1
F T
Towards Moesian Platform Moesia/Carpathians
0.3-0.7 9.-18.
0.4-1.9
Sierra Nevada Colorado Plateau Altipiano
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Fig. 4. Strength envelopes of the chain for the orogenic belts considered in this work. The function Ac(z) has been
used to compute the integrated tensional strength R by (2.3a). The dotted and solid curves are the Ao(z) relationships
obtained adopting the LS and HS strength model, respectively (see table III and text for explanations). The grey strips
indicate the upper/lower crust and crust/mantle boundaries. Geographical names as in fig. 1a-c and table 1.
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whole crust (fig. 6a,b), for which much higher
spreading forces are predicted.

It is appropriate to recall that in three oro-
genic belts only (Altiplano, Tibetan Plateau and
Lepontine Alps in fig. 4) the complete mechan-
ical decoupling between crust and mantle re-
sults possible, no matter the strength model (i.e.
the above LS and HS ones) adopted in re-
costructing the rheological profile. Taking into
account this last features and the results on
force balance discussed above, it is seems rea-
sonable to conclude that at most gravitational
spreading might be a feasible driving mecha-
nism for the two thickest orogenic belts here
considered: Central Andes and Himalayas.

5. Discussion and conclusions
Significant insights into the feasibility of
gravitational spreading in a thickened zone may

only be obtained by taking into account the spe-
cific structural, thermal and rheological fea-

Spreading towards the underthrusting plate

1 Central Andes
11-] 2 Himalayas
3 Central Alps
4 Northern Apennines
10=] 5 Calabrian Arc
6 Hellenic Arc
7 Carpathians
9
8-
&
2 o
R
4=
3=
2+
14 6
T T T T T T T T T T T 1
1 2 3 4 5 6 7 8 9 10 1mm 12
@ R+T (10° Nm™)

tures of the structural system involved. Since
these features are poorly constrained for most
of the orogenic zones here considered, the var-
ious terms of the force balance may be affected
by a large uncertainty. In spite of this, the re-
sults of our analysis allow stating that crustal
collapse is not a plausible mechanism for the
Mediterranean orogenic belts (Northern Apen-
nines, Calabrian Arc, Hellenic Arc and Carpa-
thians). No definitive conclusion can be drawn,
instead, for the Western US Cordillera, Central
Andes, Himalayas and Central Alps.

It must be pointed that the above conclu-
sions are only tentative, since the approach
adopted for the computation of the force bal-
ance is over-simplified in many respects. In par-
ticular, our choices about structural model of
orogenic belts, crustal geotherm and force bal-
ance deserves some comments.

We have assumed that the value of the quan-
tity F, obtained from the available thermal and
structural data, appropriately represents the av-
erage spreading force acting on the whole belt.

Spreading towards the foreland

12
1 Western US Cordillera 1(towards G. Valley)
11 2 Western US Cordillera 1(towards G. Basin)
3 Western US Cordillera 2
4 Central Andes
10 5 Himalayas
6 Central Alps
7 Northern Apennines
9= 8 Calabrian Arc
9 Hellenic Arc
10 Carpathians
~ ¥
E
z 1
S 6
c
Ry
5 —
4 -
3
: [ /V ] 4
5 T
2 -
6
14
0 3
T 1 1 T 1 T T T 1 I T
1 2 3 4 S5 6 7 8 9 10 11 2
@ R+C (1012 Nm')

Fig. 5a,b. Diagrams of the force balance in the case of collapse of the upper crust. Rectangular boxes indicate
the ranges of the spreading (F) and resisting forces (R+7, R+C) computed for the 8 belts considered (table IV).
The diagonal thick line correspond to the equilibrium between the spreading force and the sum of resistances.
Grey indicates the cases for which the sum of resistances overcomes the spreading force (see text for details).
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Spreading towards the underthrusting plate
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Fig. 6a,b. Force balance when the collapse involves the whole crust (see caption of fig. 5a,b and text for details).

Since these data refer to few cross sections for
each belt considered, the three-dimensional
structure of the orogenic system is very approx-
imately simulated. However, it is also true that
the values reported in table I refer to the central
zone of the various mountains belts, where the
largest variations of crustal thickness and heat
flow occur. Thus, the value of ' we have com-
puted for each belt reasonably represents an up-
per bound of the values that could be obtained
by considering more peripheral sectors of that
orogenic system. Analogous arguments can be
advanced to justify our choice of estimating
crustal strength along cross sections. This
choice implies that the adopted values refer to
the thickest and hottest zone of the belt, and
that, consequently, the resulting value may be
taken as a lower bound of R.

Finally, the force balance described by eq.
(2.1) could be extended to other terms, such as
ridge push and slab pull, which might influence
the occurrence of gravitational collapse. How-
ever, these forces and the related uncertainties
are not easily estimable for the orogenic sys-
tems here considered, since the physical param-
eters of spreading ridges and subducting slabs
involved are known very approximately. Thus,
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we have not included the above terms in the
force balance. In any case, numerical modelling
has shown that compressional forces induced
by plate convergence act against the tensional
stress generated by lateral variations of crustal
thickness (e.g., England and Houseman, 1989;
Richardson and Coblentz, 1994).

Numerical modelling (e.g., England and
Houseman, 1989; Liu et al., 2000; Liu and
Yang, 2003) can be used to investigate the plau-
sibility of gravitational collapse in the orogenic
belts we have considered. However, our simpli-
fied approach allows a relatively easy assess-
ment of the uncertainty that may affect the driv-
ing and resisting forces controlling gravitation-
al collapse. This may be useful as a preliminary
step in the elaboration of a numerical model.
On the other hand, overlooking the above un-
certainties would make almost useless any at-
tempt to model gravitational collapse.
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