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Abstract

Intra-continental deformation of soft zones during continental collision requires weak continental lithosphere which is able to
be shortened across considerable width during later convergence. This enables significant thickening with formation of an
orogenic root. We have examined models with a history of lithospheric thinning by pure shear during an earlier phase of intra-
continental extension with associated heating. Geologically this situation is appropriate to intra-continental rifts and back-arc
basins.

If thinning of elevated thermal structure is decoupled from the thinning of lithology then a weak (soft) lower crust and sub-
arc/rift mantle result. This weak structure has a favoured rheology for subsequent convergent thickening while the lithosphere is
still hot. These regions are associated with formation of granulites and metamorphic assemblages typical of high-temperature/
low-pressure (HT/LP).

If convergence starts while the heat input is still active then the failed rifts and arcs are shut off by lateral wedging of the hard
lower crust and upper mantle of shoulder regions into the softened arc/rift domain. Such sites are ideal for the formation and for
the exhumation of metamorphic core complexes. Subsequent thickening during convergence leads to HT eclogites when the
previous arc/rift was hot and to medium-T eclogites for a thickened “standard” geotherm. These P—T paths are counter-
clockwise and their shapes are strongly dependent on the amount of previous thinning and type of initial geotherm.

If the compression starts long after cessation of the extensional event and associated thermal anomaly, then the geotherm of
the extended area relaxes and the whole region hardens. In this case, no homogeneous thickening occurs and deep continental
roots cannot form. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction should record pressures commonly much higher than
observed (England and Thompson, 1984; Jamieson et

Previous considerations of continental collision al., 1998). Furthermore, homogeneous ductile defor-
which modelled doubling the thickness of a standard mation of the lithosphere is difficult because thicken-
continental thickness of 35km with a standard ing of lithosphere with a standard geotherm results in
geotherm, have shown that the metamorphic rocks deep thick zones with brittle rheologies (Ranalli and

Murphy, 1987; Cloethingh et al., 1995).
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softened before thickening (Oxburgh, 1982; Buck and
Toksoez, 1983; Thompson, 1989a,b). The commonest
cause of thermal weakening is upraised asthenosphere
beneath continental rifts and arcs. Continental rifts are
active when they result from impingement of mantle
plumes on the base of the lithosphere, or passive when
remote forces pull continental plates apart (Sengor and
Burke, 1978). Continental back arcs become extended
in response to the roll-back of subduction, and upflow-
ing mantle induces extension and increased heat flow
and magmatism (Dewey and Burke, 1973; Grocottetal.,
1994; Tatsumi and Kimura, 1991; Ziegler et al., 1998).
Recently extended continental domains are still weak
after the cessation of an extensional event and during the
waning of the thermal anomaly (Buck and Toksoez,
1983; Parsons et al., 1992; Bertotti et al., 1997; Hopper
and Buck, 1998). The sub-arc/rift mantle also forms a
part of this softened, easily deformable, ‘continental
asthenosphere’ which can be shortened horizontally if
convergence occurs soon afterwards (see also Kooi and
Cloetingh, 1989). Thus, a high rheological contrast
between soft and deformable warm ‘continental asthe-
nosphere’ and adjacent stiff and cold blocks of conver-
ging continental lithosphere is a favourable condition
for thickening of continents (Tommasi and Vauchez,
1997; Vauchez et al., 1998).

A similar setting was also successfully used by
Merle and Guillier (1989) in analogue models for
the progressive thickening of extended domains. In
their model the maximum depth of the thickened
sub-arc/rift Moho was chosen to be 70 km, but in
fact this would be limited by the depth to which the
rigid subcontinental mantle can be compressed verti-
cally and laterally to host the deepening continental
root. Three important questions still to be answered
are: (i) At what depth does the deepening of original
extended domains cease? (ii) What is the mechanical
role of the sub-arc/rift mantle during intra-continental
convergence? (iii) What is the pressure and tempera-
ture evolution during thickening of previously
extended domains?

This paper presents a numerical thermomechani-
cal investigation of the progressive thickening of
previously thinned continental domains with plane-
strain geometry. The role of sub-arc/rift mantle, as a
major mechanical factor blocking the downward
movement during convergence, is assessed from
the rheological and thermal point of view. We have

not specifically considered here the processes of
mechanical coupling within the continental crust
nor at the Moho. We consider here that extension
is passive, i.e. remote plate forces control the thermal
and geological developments of intra-continental
arcs and rifts.

2. Possible deformation of standard continents

Continents of standard thickness (35 km to Moho),
with cold to standard geotherms (see Table Al) and
standard lithology (upper crust of average quartz
rheology to 20 km, lower crust of felsic or mafic
rheology from 20 to 35 km) are not easily deformable
(Kusznir and Park, 1986; Cloetingh and Burov, 1996).
The average stratified crust exhibits alternating brittle
and viscous (in the sense of Schmid and Handy, 1991;
but often referred to as ‘ductile’ in the sense of Ranalli
and Murphy, 1987) layers. Homogeneous thickening
can occur only in viscous material, while the brittle
layers will host thrust faults when the crust is in
compression.

The tectonic style is influenced by the type of
geotherm. A cold geotherm results in narrow and
localised zones of weakness in brittle crust and crustal
thickening uses heterogeneous thin weak zones as
shears. Therefore heterogeneous thrust thickening is
the overall mechanism of crustal thickening for cold
and standard geotherms. This type of thickening is
responsible for the further modification of the thermal
structure of convergent orogens due to the develop-
ment of a saw-tooth-like perturbed geotherm. The
thickened domains harden during this process (as
shown by Ranalli and Murphy, 1987; Ellis, 1988).
Hotter geotherms result in thicker ductile layers and
eventually can permit ductile thickening of continen-
tal crust by homogenous viscous flow deformation. A
similar reasoning is used by Merle and Guillier (1989)
and Chery et al. (1991) in their analogue and kine-
matic modelling of homogeneous deformation of
orogenic roots.

Extensive homogeneous thickening of the crust is
therefore only possible if the average thickness of
crustal ductile layers is great, or can be increased
(England and Houseman, 1985; England, 1987;
Cloethingh et al., 1995; Royden, 1996). These
circumstances occur most likely in crust with
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substantial thickness of quartz-rich lithologies, and in
crust that has been recently thermally softened. Conti-
nental crust of standard thickness represents a weak
heterogeneity only if it possesses a hotter geotherm, or
weaker integrated strength, than the adjacent litho-
sphere. Thus regions that have recently undergone
intra-continental extension homogeneously provide
the most favourable circumstances for crust thicken-
ing. We do not discuss here any localised thickening
mechanisms, such as stacking of layers with different
rheologies (Ranalli and Murphy, 1987; Ellis, 1988),
effects of underthrusting (or subduction, e.g. Jamieson
et al., 1998), or influence of precollisional crustal and
mantle anisotropies (Vauchez et al., 1998).

3. Mechanical conditions in intra-continental rifts
and arcs

Inherited rheology influences the dynamics of the
continental root formation in former intra-continental
extended domains following changes in plate motion
(Oxburgh, 1982; Cloethingh et al., 1995). The effects
of initial depth to Moho and thermal state of an origi-
nal extended domain determines the effectiveness of
far field stresses and associated strain rates in the
process of thickening of softened extended zones
(Allemand and Brun, 1991). In our model (see Appen-
dix A), the pre-convergence rheology is defined as a
function of thickness of individual crustal layers and
geotherms of the extended domains and adjacent
continental shoulder lithosphere. Horizontal stretch-
ing and thinning can be instantaneous or occur over
a time interval. In both cases, horizontal stretching
results in immediate upraising of the sub-arc/rift asth-
enosphere. Importantly, shortly after thinning, the
sub-arc/rift domain is softened and can be homoge-
neously deformed and thickened during a subsequent
episode of compression (see Thompson, 1989a,b;
Ziegler et al., 1995; Ziegler et al., 1998). Geologically
this transition from continental thinning to thickening
may reflect an increase in convergence velocity or
change in plate motion direction relative to the posi-
tion of the former active arc/rift.

The thermal and mechanical interplay at various
times in this history of compression of extended (ther-
mally and lithologically thinned) lithosphere is the
subject of our modelling here.

First, we consider that the deep heat source is deac-
tivated immediately after thinning and thus the sub-
arc/rift domain cools through time (following Morgan
and Ramberg, 1987). This will manifest as the dying
of volcanism — which can act as a time (and perhaps
even as depth) marker for the waning of the sub-arc/
rift heat source. Later we examine examples where the
deep heat source is not deactivated and continues to
function during the thickening event.

Even though we are mainly interested in the sub-
arc/rift region, the lower crust of the shoulders adja-
cent to the rift are important to maintain the integrity
of the arc/rift, to initiate rift-flank faults and to the
subsequent deformation if convergence develops
(Ziegler et al., 1995). For this reason we have consid-
ered several different initial geotherms and two
different lower crustal materials, both for the
extended domain and for the adjacent shoulders.
Fig. 1 shows a profile for the two-dimensional (2D)
crustal thinning, and the coupled perturbations of
lithology and thermal structure for a thinning factor,
B = 2. This type of pure shear extension parallel to
the lithological layering yields only absolute upper
bounds on the lithospheric strength (Handy, personal
communication). Thus the different layer strengths
which affect the depth of necking (Cloethingh et
al.,, 1995), and development of shear instabilities
during layer-parallel extension in an anisotropic
system (Cosgrove, 1997), are not included here.

Lithospheric thinning in continental rifts is asso-
ciated with coeval attenuation of lithospheric mantle
and crust. The strength of the lithosphere in extended
domains depends on the rate of crustal (8) and litho-
spheric mantle (6) extension (McKenzie, 1978).
Greater amounts of lithospheric thinning (8) than
crustal thinning (B) result in the development of a
weak heterogeneity, whereas equal thinning (6 = 3)
results in the development of a stiff domain below the
arc/rift (Quinlan, 1988; Vauchez et al., 1998).

Lithospheric thinning can be viewed in the first
instance as a one-dimensional (1D) vertical process
when the width of the arc/rift is greater than the initial
depth to Moho. The thinning process of extension is
mainly controlled by the thermal structure and the
rheology of the ultramafic mantle lithosphere (see
also Cloethingh et al., 1995). To determine favourable
conditions for lithospheric thinning a large range of
input parameters were considered.
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Table 1

Lithosphere rheology and geotherm parameters used in the modelling

Layer (km) n A (MPa™"s™h 0 (Jmol™h B p (kg em ™) lam
Quartzite (dry) 20 2.4 6.31x10—6 156 000 1.2 2600 0.36
Diabase 15 34 2.02%x107* 260 000 1.2 2900 0.36
Quartz diorite 15 2.4 126%x107° 219 000 1.2 2900 0.36
Olivine 115 3 4.00x10*° 540 000 1.2 3100 0.36
Geotherm parameters

A 2 uW.m™

D 15 km

K 225Wm 'K™!

C 1000 T kg 'K

Qm hot 40 mW m 2

Qm standard 30 mW m 2

Qm cold 20 mW m ™2

4. Rheological modelling of the mechanical
evolution of the lithosphere

We have constructed yield strength envelopes
(YSE) for pre-convergence states in unextended
continents (future arc/rift shoulders) and extended
domains (see Appendix A). For the construction of
YSE for unextended continents we have used three
types of geotherms similar to those defined by
England and Thompson (1984) and Ranalli and
Murphy (1987). To constrain YSE, we used yield
strength equations relating stress needed for a perma-
nent deformation at depth (see Appendix A). The brit-
tle properties of the rocks (Navier—Coulomb law
using Byerlee’s constants) depend more on pressure
than on the temperature and rock type. Because we
neither account for the temperature and pressure
dependence of these constants, nor the frictional beha-
viour, the brittle layers will be slightly thicker than
calculated here (Handy, 1989).

The mechanical properties of a deformed litho-

spheric domain in the ductile field are described by
empirical constitutive relations expressing the yield
stress limits of quartz for upper crust, diorite for the
intermediate composition lower crust, diabase for
mafic lower crust, and olivine (similar to dunite)
for mantle, as a function of temperature and strain
rate (Goetze and Evans, 1979; Kirby, 1983; Ranalli,
1986; Ranalli and Murphy, 1987; Paterson and Luan,
1990).

All thermal and flow-law parameters used for
modelling are presented in Table 1. For unextended
lithosphere, we assumed the crust to be 35 km thick,
composed of 20 km of upper crust (dry quartz), 15 km
of lower crust (quartz diorite for felsic lower crust,
diabase for mafic lower crust). Mantle, represented
by olivine, has been assigned a thickness of 115 km
for the models.

The integrated strength values (ISV) of the indivi-
dual lithospheric columns inside and outside the
compressed arc/rift are calculated according to
England (1987). These values are used to demonstrate

Fig. 1. Block diagrams showing structure and evolution of unperturbed continent (shoulder, S, Moho at 35 km) which has been instantaneously
thinned to 70% in an arc or rift (AR) domain, and then gradually thickened during convergence. During thinning the thermal structure is
uncoupled from the lithology, the abbreviation TFT = 0.7, TFL = 0.5 means that the lithology is thinned to 70% of its former thickness and the
thermal structure is thinned to half thickness. In (a) the initial ‘hot” geotherms (Table 1) for both domains are shown in the left panel. The
corresponding initial and post-thinning Yield Strength Envelopes (YSE) for the rheology/lithology of 20 km upper crust (UC) = quartz;
20-35 km felsic lower crust (LC) = diorite; olivine mantle, (Table 1) are shown by the thick crenulated lines for unperturbed (S = shoulder)
and thinned ard/rift (AR) domains. The small difference in strength near the depth of the thinned Moho is responsible for the different
development of continental lithosphere in thermal histories of crustal thinning followed by thickening. (b) and (c), Geothermal and rheological
structure after 4 (b) and 8 (c) Ma into thickening history. The 1350°C isotherm for the mantle adiabat can be viewed as separating overlying

conductive from underlying convective thermal regimes.
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the relative weakness of compressed arc/rift with
respect to adjacent continent.

The rheology of extended domains with respect to
adjacent continents has been compared at various
geotherms and for two compositions of lower crust.
For the case where the extended domain is weaker
than the adjacent continental lithosphere, its rheology
has also been compared for several stages of thickening
of extended lithosphere. The thinning and subsequent
thickening of lithological layers of extended domains is
represented in our model by a thinning/thickening
factor for lithology, TFL (see Appendix A). We use
this factor to describe, in a unique way, both the
processes of thinning and thickening. As a thinning
factor, our TFL is less than one and is equal to the
reciprocal value of the factor 8 (McKenzie, 1978).
For the case of equal thinning of crust and the mantle
6 equals B. Thickening by homogeneous plane-strain
is represented by the factor TFL greater than one. The
thinning and thickening factor for temperature (TFT,
see Appendix A) is used to derive any transient
modelled geotherm from an initial geotherm, and has
similar meaning to TFL. For our calculations it has
been assumed that each increment of thinning/thicken-
ing is isostatically compensated. We assume that in
nature the thermal boundary layer regions are narrow
compared to the width of the arc/rift. Therefore 1D
modelling is adequate for the length scales considered
here in the centre of the modelled domain.

4.1. The strength of thinned lithosphere in which
lithosphere thickness and thermal structure are
coupled

For initial conditions of our model, we assume that
the lithosphere is thinned to half of the original thick-
ness (Moho from 35 to 17.5km). This type of
‘coupled’ homogeneous pure shear thinning of litho-
logical layers occurs simultaneously with the thinning
of isotherms. We have examined thinning of litho-
spheres with different thermal structure (cold, stan-
dard and hot geotherms) and with different lower

crustal compositions (diorite, diabase). This proce-
dure simulates rapid extension of the lithosphere,
during which the thermal structure is passively trans-
ported upwards together with lithological layers, but
without a significant upwelling of the asthenospheric
mantle. Fig. 2 shows the changes in lithospheric
strength after thinning (horizontal stretching) in
comparison with the non-stretched, adjacent litho-
sphere (35 km thick continental shoulders to the arc/
rift) with respect to different types of geotherms and
relative to the initial configuration shown in Fig. 1.
Immediately after thinning, the extended lithosphere
is about three times weaker (e.g. the ratio of integrated
strengths of shoulder to rift is about 3.44, 2.86, and
2.69, for the three geotherms in Fig. 2).

Closer examination of Figs. 1 and 2 show that the
sub-continental mantle is significantly stronger than
the sub-arc/rift mantle for the depth interval from 35
to 63, 35 to 88 and 35 to 120 km, for hot, standard and
cold initial geotherms, respectively. The mantle
beneath the extended domain with the ‘standard’
initial geotherm, and granodioritic lower crust, is
significantly stronger than the lower crust and part
of the continental upper-crust of the continental
shoulder, in the depth interval from 17 to 28 km,
whereas the lower and upper crust of the extended
domain is weaker than the upper crust of the conti-
nental shoulder.

The relationships between YSE of continent and
rift are only slightly different for the mafic lower
crust. Here, the sub-arc/rift mantle is stronger than
the lower part of the adjacent shoulder upper crust,
and the sub-arc/rift lower crust shows almost equal
strength to the shoulder upper crust. For the hot
geotherm, the sub-rift mantle is stronger than the
upper continental crust only in a narrow interval
between 23 and 17 km for dioritic lower crust and
between 20 and 17 for mafic lower crust. Similar
analysis of strength profiles for a cold geotherm
shows that the upper mantle and lower crust of the
rifted domain are stronger than the lower and upper
crust of the continental shoulder in the range from 35

Fig. 2. Coupled thermal and rheological structure (TFT = TFL = 0.5) for unperturbed (S = shoulder) and thinned (AR = arc/rift) continental
lithosphere for B = 2, for three geotherms (Table 1). Also shown are corresponding yield strength envelopes (Ao in MPa, é = 3 X 10 “5Th
for two cases of lower crustal rheology/lithology (20-35 km depth, felsic = Diorite, mafic = Diabase), and the location of the Moho. The
“step” in mantle rheology only reflects the sharp change in the geothermal structure as used here.
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to 17 km. The ratio of integrated strength values
(ISV4/ISV r) indicates that the continental shoulder
lithosphere is stronger than the arc/rift lithosphere.
Especially in the case of a mafic lower crust, the
main contribution to the regional strength of the litho-
sphere is influenced by very strong sub-continental
mantle. However above 35 km, the extended litho-
sphere is stronger than the adjacent continental crust
for standard and cold geotherms (shaded regions in
the Ao — depth diagrams in Fig. 2), and slightly
weaker for the hot geotherm. In agreement with a
prediction by Oxburgh (1982), the thickness of this
region progressively increases with time during cool-
ing, so that the sub-arc/rift mantle will become stron-
ger than the adjacent continental lower crust. This
strength distribution will play a significant role in
tectonic style during the compression of continental
domains which contain rifted regions.

4.2. Possible thickening of extended zones with
coupled thermal and lithological structures

The strength profiles of thinned lithosphere with hot
and standard geotherms show a narrow layer of strong
sub-rift mantle that is stronger than the adjacent
shoulder lithosphere. We can imagine that the strong
sub-rift mantle layers are small compared to the whole
lithospheric structure, and that the rifted domain
shows bulk strength less than that of shoulder litho-
sphere. These conditions may allow limited horizontal
shortening of weaker arc/rift regions.

We will now examine a possible thickening of an
extended domain characterised by coupled thinning of
temperature and lithology (TFT = TFL). The thicken-
ing process of the extended lithosphere is simulated
by multiplying the initial values of TFT and TFL
stepwise by a factor of 1.22, which simulates the
homogeneous pure shear thickening with a time incre-
ment of 2 Ma for a zone 100 Ma wide and for a
plate velocity of 1 cm/year. These simulations are
performed for both standard and hot geotherms, and
for dioritic and diabasic lower crust.

Our calculations show that after 2 Ma of thickening
the strength of the crustal part of the sub-arc/rift

lithosphere becomes equal to or even higher than
that of the adjacent crustal part of the shoulder litho-
sphere (Fig. 3). At this time the sub-arc/rift litho-
sphere is about two-times weaker than continental
lithosphere. After 4 Ma of thickening, a very strong
sub-arc/rift lower crust and mantle layers develop
adjacent to the weaker upper crust and lower crust
of the continental shoulder lithosphere, respectively.
The strength ratio, ISVs/ISV ar is 1.5 for both standard
and hot geotherms. This indicates a tendency towards
equal strength for both continental shoulder and sub-
arc/rift lithospheres after only a very short period of
thickening (Fig. 3). We suggest that the root cannot
thicken further due to the presence of a rigid sub-
continental mantle and a rigid sub-arc/rift lithosphere
higher in the column. This configuration may lead to
horizontal shortening of the sub-arc/rift mantle by
strong continental mantle and lateral wedging of
strong sub-arc/rift layers into adjacent continental
crust.

Our analysis shows that the compression of conti-
nental arcs and rifts, where thermal and lithological
thinning (TFL = TFT) were coupled, would not result
in homogeneous thickening of the weaker extended
zone, and hence would never lead to the development
of an orogenic root. Limited thickening is possible in
the range of several kilometers, leading to the devel-
opment of alternating strong layers opposite softer
parts of adjacent lithosphere. These strong layers
result in lateral wedging of the sub-continental mantle
into weak sub-arc/rift mantle, and the opposite-direc-
tion wedging of a sub-arc/rift mantle chisel into a
weaker continental lower crust. The thickness of
such sub-rift mantle wedges decreases from cold to
hot geotherms, as will be discussed elsewhere.

5. Lithosphere thinning in which thickness and
thermal structure are not coupled

Lithospheric thinning is often related to the upwelling
of mantle material. The total lithospheric thinning is
often greater than the crustal thinning so that the case
0 > [ in many continental arcs and rifts results in a

Fig. 3. ‘Standard’ and ‘Hot’ geotherm model of homogeneous pure shear thickening of thinned lithosphere, for coupled TFT = TFL = 0.5
(B =2), at 2, 4 Ma. Right side diagrams show the evolution of the ratio of ISVg (shoulder, diorite lower crust) /ISV s (arc/rift root, diorite
lower crust), during thickening following coupled extensional thinning of an arc (or rift).
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UNCOUPLED LITHOTHERMAL THINNING

TFT=0.5 TFL=0.7 Diorite Diabase
Temperature °C Ao (log MPa) Ac (log MPa)

Integrated strength: -10
Diorite lower crust:

Shoulder 9.57 x 10 Nm"”
Arc-Rift  1.75x 10°Nm”
Ratio S/AR5.48

Diabase lower crust:

Shoulder 1.04 x 10“Nm™
Arc-Rift  1.97 x 10°Nm"
Ratio S/AR 5.14

Depth (km)

COLD GEOTHERM

é 3.17x10"s"

Diorite lower crust:

Shoulder 2.21 x 10*Nm"
Arc-Rift  1.71 x 10"*Nm’"
Ratio S/AR 12.96

Diabase lower crust:

Shoulder 2.48 x 10°Nm"
Arc-Rift  1.96 x 10"”*Nm""
Ratio S/AR 12.64

é 3,17x10"s"

Depth (km)

STANDARD GEOTHERM

-10
04
10 4
20 4
30 1
40-““ 40 4
50 1 50 1
60 + /' 60 4
Arc-Rift 9.73x 10" Nm™ 70+ 70+
Ratio S/AR 4.26 80+ [i 80T
¢ 317x10™s" o0t ot 901
100 t + 100 i- + +—t + +—+t
0 500 1000 1500 2 -10 1 2 3 4 2101 2 3 4

Diorite lower crust:

Shoulder  3.63 x 10 Nm"
Arc-Rift 923 x 10"Nm™
Ratio S/AR 3.93

10 1
20 1
30 1

Depth (km)

Diabase lower crust:
Shoulder 4.16 x 10 Nm"

HOT GEOTHERM

Fig. 4. Uncoupled thermal and rheological structure for unperturbed (S = shoulder) and thinned (AR = arc/rift) continental lithosphere for
B =2, for three geotherms (Table 1). The abbreviation TFT = 0.5 for TFL = 0.7 means that the lithology is thinned to 70% of the unperturbed
thickness (35 km) and the thermal structure thinned to 50%, this simulates addition of heat compared to coupled case of Fig. 2. Also shown are
corresponding yield strength envelopes (Ao in M Pa, é = 3 x 10 ' s™1), for two cases of lower crustal theology/lithology (2035 km depth,
felsic = Diorite, mafic = Diabase), and the location of the Moho.



A.B. Thompson et al. / Tectonophysics 332 (2001) 115—-141 125

significant decrease in strength of the sub-arc/rift litho-
sphere (Tommasi and Vauchez, 1997). Several models
of lithospheric extension with 6 > 3, a condition
favouring the development of important weak hetero-
geneities, are listed by Vauchez et al. (1998). A
weakened sub-arc lithosphere is maintained during the
prolonged magmatic activity in back-arc basins that is
related to the melting of a mantle wedge above a subduc-
tion zone. However, the cooling of the arc/rift with 6 >
B is responsible for strengthening of the lithosphere in a
similar way to the previous case of coupled thinning.
The rate of strengthening of the arc/rift lithosphere may
be diminished by several factors such as thermal blan-
keting by sediments, or thermally unequilibrated adja-
cent lithosphere that cools together with the arc or rift
(Vauchez et al., 1998).

Lithospheric extension with 6§ > 8 can be success-
fully modelled using ‘decoupled” TFT and TFL values.
For the case of greater thermal than lithological thinning
(TFT =0.5 <TFL =0.7), the extended domain is
weak and can be horizontally shortened immediately
following extension. Relevant here is the time period
over which the extended domain remains warm and
soft after cessation of the thermal anomaly. Such condi-
tions are met in several intra-continental rifts such as the
East African and Baikal rifts, Rhine Graben, Salton Sea
Trough, and the Tyrrhenian sea (Bassi et al., 1993).
Measured heat flow in active and Cenozoic rifts show
values of surface heat flow between 110—130 mW/m?
(Rhine Graben — Glahn and Granet, 1993; Salton
Trough — McDowell and Elders, 1983). Seismic
surveys suggest an exceptionally elevated Moho for
these domains. In the case of the Rhine Graben and
the Pannonian Basin (Lankreijer et al., 1997) the
Moho reaches 25 km, and in the Salton Trough it
reaches 21 km in Imperial Valley (Lachenbruch et al.,
1985). In the case of the Rhine Graben, intrusions of
ultramafic (shoshonitic) magmas occurred during Ceno-
zoic times and are apparently related to the peak period
of rifting (Glahn and Granet, 1993). Similarly, a massive
intrusion of mafic gabbroic magmas is proposed at a
depth of 15-21 km in Imperial Valley (Salton Trough).
The Pannonian Basin, a typical continental back-arc
basin, is characterised by a relatively thin crust (25—
28 km), high heat flow values (90—100 mW/m?) and
very thin lithosphere (50-80 km, Lankreijer et al.,
1997). Both types of arc/rift structures show exceptional
thinning of the lithosphere and regions associated with

important mafic to ultramafic magmatism. Closer exam-
ination of these lithospheric structures, however, shows
that the thermal anomaly at the surface appears not to
correspond exactly to that which originates by coupled
thinning (TFT =TFL) associated with lithospheric
stretching and thinning characterised by 6 = B. Surface
heat flow of 100 mW/m? indicates temperatures around
1000°C at a depth of 25 km (Lachenbruch et al., 1985).
In both cases of continental rifts and back-arc basins, an
additional heat input exists, probably located at signifi-
cant depth in the lithosphere (ultramafic magmas origi-
nate perhaps near 100 km, e.g. Green, 1991).

For a Moho depth of 25 km, a TFL of 0.7 corre-
sponds to thinning of a lithosphere of 35 km original
thickness. A temperature of 1000°C at a depth of
25 km corresponds to a TFT value of 0.5 applied to
the original pre-thinning, hot geotherm (Fig. 4). A hot
initial geotherm is not unrealistic when recent surface
heat flow measurements of Variscan Saxothuringian
(60-70 mW/mz), or the Moldanubian part of the
Bohemian Massif (40—60 mW/m?), are taken into
account (Cermak et al., 1993; Cloetingh and Burov,
1996).

Physical processes, which influence the thermal
structure independently of lithosphere thinning, would
result in the thermal profiles being more elevated than
the lithological profile. Such events include the intrusion
of magma (Thompson and Gibson, 1994), upraised asth-
enosphere following delamination, or the incursion of a
thermal plume beneath intra-continental arcs or rifts.
The objective of these considerations is to understand
the mechanisms which produce completely softened
sub-arc/rift mantle relative to that of adjacent continen-
tal shoulder. As shown above this cannot be achieved
when lithological and thermal thinning are coupled.
Decoupling during thinning, so that thermal structure
is elevated higher than lithology, requires introduction
of heat in addition to the advected geotherm.

6. Strength of arcs and rifts with decoupled
thinning of lithology and thermal structure

In our models, the TFL (thinning factor for lithol-
ogy) for development of extended domains was
taken as 0.7. This value derives from the natural
rifts and arcs mentioned above, where the arc/rift
Moho is at 25 km, the shoulder Moho is at 35 km
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(20/35 = 0.7). Thus the Moho after extension is at a
depth of 24.5 km, and the base of the upper crust at
14 km (Fig. 3). Hot and standard geotherms for
extended domains have a TFT factor of 0.5
(1000°C at 25 km, see above). Initially, we compare
YSEAr and ISV, of extended arc/rift regions with
YSEs and ISVg of adjacent continental shoulder
lithosphere. Comparative YSE values in Fig. 4 are
constructed for various geotherms of thinned and
unthinned lithosphere.

An important feature of these YSE values is that for
the initial hot and standard initial geotherms, the
whole lithosphere below the arc/rift is weaker than
adjacent continental lithosphere. For the standard
geotherm the extended domain is about 12 times
weaker than the adjacent continental shoulder litho-
sphere. A similar situation is also predicted for
extended lithosphere with a hot geotherm; the sub-
arc/rift lithosphere is approximately 4 times weaker
than the continental shoulder.

In the case of ‘decoupled’ thinning of lithosphere
with dioritic lower crust and a cold geotherm, the
sub-arc/rift mantle is still stronger than the adjacent
continental shoulder lower crust. Mafic lower crust
and its sub-arc/rift mantle have similar strengths as
the continental shoulder lower and upper crust. The
integrated strength values for continental and sub-
arc/rift lithosphere show that the shoulder is at
least 5 times stronger than the sub-arc/ rift (Fig. 4).
However, the strength of the upper 35 km of sub-arc/
rift lithosphere is either of equal strength to or
stronger than the adjacent continental shoulder.
This means that the homogeneous thickening of
thinned lithosphere with a cold geotherm remains
impossible.

7. Thickening of thinned lithosphere

For hot and standard geotherms the thinned lower
crust and sub-arc/rift mantle are consistently weaker
than the adjacent continental shoulder lithosphere.
This facilitates homogeneous thickening. We will
now consider thickening of an extended domain that
is characterised by ‘decoupled’ thinning of tempera-
ture and lithology (TFT = TFL) following cessation
of the thermal anomaly beneath the arc/rift. In this
model, multiplying initial values of TFT and TFL

simulates the thickening process of the weakened
extended lithosphere stepwise by a factor of 1.22.
This simulates the thickening associated with the
passive transportation of rocks at constant tempera-
ture. This mechanism represents the most rapid thick-
ening process for which the thermal equilibration of a
perturbed geotherm is fully neglected. No extra heat is
added during this particular thickening process. This
stage in the mechanism resembles the case of homo-
geneous thickening of the entire lithosphere (England
and Thompson, 1984, Fig. 3c and f).

Figs. 4 and 5 show the evolution of YSEg for hot
and standard geotherms after subsequent increments
of TFL representing two million years for a strain rate
of €3.17x10 ¥ s (~0.1 Ma ™!, i.e. corresponding
to the shortening of a 100 km wide zone by 1 cm/
year).

7.1. Formation of an orogenic root at constant strain-
rate

After 4 Ma, the Moho and base of the arc/rift
lower crust are at about the same depth as in the
continental shoulder lithosphere (Figs. 5 and 6a).
For both geotherms the thickened extended domain
is still hotter than the continental shoulder domain.
Consequently, the whole-extended lithosphere is
weaker than the adjacent continental lithosphere:
more than twice as weak for the hot initial geotherm,
and about 7 times weaker for the standard geotherm
(Fig. 6b).

After about 6 Ma, shortening is responsible for
lithospheric thickening and brings the Moho to a
depth of 46 km (Figs. 5 and 6a), for both hot and
standard geotherms. At this time, an orogenic crustal
root develops in the sub-arc/rift domain as the lithol-
ogy homogeneously thickens and contains a thickened
arc/rift geotherm that is about equal to the adjacent
continental shoulder geotherm (Figs. 5 and 6). In all
cases, the crustal layers of a thickening crustal root
remain weaker than the adjacent continental shoulder
rocks. The upper crust of the thickening crustal root is
slightly stronger than adjacent continental upper crust,
but weaker than the adjacent continental lower crust.
Similarly, the lower crust of the emerging crustal root
is slightly weaker than the shoulder lower crust
(Figs. 5 and 6), and is significantly weaker than the
upper part of sub-continental mantle.
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At this stage of thickening it is important to note about 1.6 times weaker (Fig. 6b). The fact that the
that for the standard geotherm the orogenic crustal layers of the thickened root are either of equal strength
root-domain is about 5 times weaker than the adjacent or are weaker than adjacent rocks means that the

lithosphere, whereas for the hot geotherm the root is material can still be shortened. This is much more
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efficient for the standard than for the hot geotherm,
because of the much stronger sub-shoulder mantle for
the standard geotherm.

In the final stage of the formation of an orogenic
root (at about 8 Ma), the Moho reaches a depth of
about 55 km (Fig. 6a) and the geotherm of the root
domain becomes progressively colder than that of the
adjacent continent. Then the sub-root mantle becomes
stronger than the lower part of adjacent sub-continen-
tal mantle (Fig. 5). In all other parts of the column, the
continental shoulder lithosphere is stronger than the
crustal root. Thus, even when the thickened root
geotherm is colder than that of the adjacent continen-
tal lithosphere, the root is still weaker than the adja-
cent continent.

For the hot geotherm, the strength ratio between
both lithospheric domains is small (1.1) suggesting
that the crustal root and the adjacent continental litho-
sphere are equally strong. In contrast, for the standard
geotherm the lithospheric strength ratio is still high
(3.7), and the sub-root mantle is 10 times stronger
than the adjacent sub-continental mantle (Fig. 5).

The fact that the crustal root mantle has become
stronger than adjacent continental lithospheric mantle
is probably critical for the further mechanical devel-
opment of the crustal root. This development can be
characterised by a depressed geotherm, and an almost
equal integrated strength (for a hot geotherm).
Alternatively, it is characterised by a weaker root
than adjacent continental lithosphere (for standard
geotherm), and also by a stronger mantle flooring
the thickening crustal root. This emerging root is
probably in dynamic equilibrium with the adjacent
continental lithosphere (hot geotherm), and is
mechanically constrained at the bottom by a stronger
mantle layer. Importantly for the standard geotherm,
crustal root rocks remain significantly weaker than the
continental lithosphere.

7.2. Different crustal roots from different initial
geotherms

Two distinct types of behaviour can now be simu-
lated for different crustal roots. For the hot geotherm
the root cannot be depressed farther because it has a
similar strength to that of the adjacent lithosphere and
a stronger floored mantle beneath. For weak remote
forces the crustal root is an undeformable lithological

heterogeneity. Alternatively, if the remote forces are
stronger, the deformation can now propagate into
the adjacent continental lithosphere. Because the
lithospheric ~ strength is low (3.7x 10" and
4.16x 10" N'm ™" for the hot geotherm and dioritic
and mafic lower crust, respectively), the latter beha-
viour is likely. The thickened hot geotherm is close
(slightly colder) to the stable geotherm of the adjacent
lithosphere. Thermal relaxation can be responsible for
the further slight weakening of the crustal root. In this
case the sub-root mantle reaches equal strength with
respect to adjacent sub-continental mantle, whereas
the crustal rocks of the continental root become
weaker than the adjacent sub-continental mantle and
the continental lower crust. These conditions may be
favourable for further extrusion of the crustal root.

For the thickened standard geotherm, the crustal
root is characterised by a strong sub-root mantle and
weak crustal root rocks. This case is not in dynamic
equilibrium and converging continental shoulders can
further shorten horizontally the crustal root rocks. The
whole process of thickening is rapid and a maximum
Moho depth of 55 km is reached during 8 Ma. The
burial rate is so high that the temperature does not
equilibrate during the thickening process, and the
isotherms are transported downwards with the rocks.
Consequently, the temperature in the sub-root Moho
is the same as beneath the arc/rift Moho.

The thickness of the sub-root rigid mantle layer
is controlled by the initial pre-extensional and pre-
thickening geotherm. After thickening from a hot
geotherm, the maximum thickness of a rigid mantle
layer flooring the crustal root is only 20 km within the
depth range from 56 to 80 km. This means that for a
crustal root 56 km thick the underlying and supporting
strong mantle layer is quite thin for thickening from a
hot geotherm. For a standard geotherm, the thickness
of sub-root mantle reaches 90 km which means that
the root of 55 km thickness is supported by a mechani-
cally very strong sub-root mantle (Fig. 6a).

8. Relative importance of rate of thickening and of
thermal relaxation — the time scaling

The thermomechanical evolution during thickening
of a previously extended domain is strongly depen-
dent on the cooling history of the lithosphere after
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extension. At the end of tectonic and magmatic activ-
ity the cooling lithosphere finally reaches an equili-
brium state (Morgan and Ramberg, 1987). The time
necessary for conductive cooling is related to the
depth of the thermal perturbation and is given by a
characteristic thermal response time equal to [*/4k,
where [ is the depth of perturbation and k is the
mean thermal diffusivity (Lachenbruch and Sass,
1978).

In our model we examined hot, standard and cold
geotherms with equilibrium lithosphere thicknesses of
66, 90 and 136 km, respectively. Thus, the depth of
the thermal perturbation defined by TFT = 0.5, is half
of these depths. The numerical solution to the heat
conduction equation for relaxation of perturbed
geotherms is shown in Fig 7a for samples located at
25km (thinned Moho). The initial perturbed
geotherms were defined by TFT = 0.5, and we show
the increase of TFT corresponding to the relaxation.
The relaxation of the hot geotherm is faster than of the
standard geotherm. So, for example, the multiplica-
tion factor 1.4 corresponds to about 15 Ma of cooling
for the hot geotherm and about 25 Ma for the standard
geotherm.

Likewise, the time scaling of the thickening process
(burial) for homogeneous pure shear deformation is
obtained from the strain rate. This is controlled by the
ratio of the velocity of convergence and the width of
the deformed zone (see Appendix A). Extended
domains of widths 100 km (narrow zone), 200 and
300 km (wide zones) are homogeneously shortened
by orthogonal convergence at an initial velocity of
1 cm/year. The wider the weak region, the slower
the rate of thickening and the smaller the increments
of vertical motion. These relations have a great effect
on the rate of thermal equilibration related to thicken-
ing of a former extended domain, especially with a
continuous thermal anomaly. Shortening of 100, 200
and 300 km wide extended domains by 1 cm/year,
produces double thickness of the rift lithosphere
at vertical strain rates of € =0.1, 0.05 and
0.033 Ma" !, after 7, 14 and 21 Ma, respectively.

The scaling of thermal relaxation using TFT and
scaling of thickening using TFL, allows us to compare
the relative efficiencies of both thermal relaxation and
thickening processes with time. Fig. 7b shows the
importance of relaxation of three perturbed geotherms
compared to thickening of domains 100, 200 and

300 km wide using the factors TFT and TFL. Fig. 7
shows that the cooling is as efficient as thickening for
wide extended domains with a perturbed hot
geotherm. On the other hand, cooling of perturbed
standard and cold geotherms is much slower
compared to thickening for any width of deformed
rifts. These calculations place upper bounds on ther-
mal relaxation and thickening rate processes.

9. Effect of rates of geotherm relaxation and of
thickening on strength and depth of orogenic roots

We modelled the thickening during convergence of
extended domains of different width (narrow = 100
km, wide = 300 km) as a function of the relaxation
of hot and standard perturbed geotherms. In this
model, we assume that the boundary representing
the depth to which the geotherm will relax moves
passively downwards. This is valid only if a heat
supply deep in the column has little effect on the
thermo-rheological evolution above it.

For constant strain-rate (plate velocity decreases
linearly with the width of the deformed zone), the
downward motion (burial) is much faster than the
thermal relaxation for the standard geotherm and
also faster but less fast for the hot geotherm
(Fig. 6b). The constant strain rate calculation does
not account for any changes in relative strength of
shoulders or of the deformed arc/rift zone associated
with the thickening process. Thermal hardening is
observed to occur as the stronger layers are depressed,
thickened, and cooled. This decreases the strain-rate
(burial rate) and consequently decreases the velocity
of the moving plate. This also inhibits thickening,
blocks the system and prevents the formation of any
crustal root. Therefore, we also modelled convergence
with decreasing strain-rate and hardening. As a
limiting case, we assumed that the strain rate drops
to zero when the integrated strengths of the shoulder
and arc/rift (future root) domains are equal.

The results of calculations for both constant strain
rate and thermal hardening are presented in Fig. 8 for
narrow zones (100 km) and Fig. 9 for wide zones
(300 km). We use depth—temperature diagrams
(Figs. 8a and 9a) to show the evolution of a sample
initially located (after thinning from 35 km) at the
Moho at 25 km; ISV ratio versus time diagrams
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(Figs. 8b and 9b); and YSE diagrams for 8 and 16 Ma
(Figs. 8c and 9c).

Narrow zones (100 km) deforming at constant
strain-rate, for both perturbed (hot and standard)
geotherms, result in Moho samples at 25 km to be
buried to 55 km (Fig. 8a, curves HC and SC). Fig. 8c
indicates that the downward movements should stop
after 8 Ma due to the development of a stronger
mantle layer below the deepening root. This root
becomes stronger than the adjacent continental
mantle. At this time, the integrated strength of the
root has increased to the point where for the hot
geotherm the ratio ISVg/ISV g = 1.2, and for the stan-
dard geotherm, ISV/ISV 5z = 3.6. In the case of ther-
mal hardening, the burial rate of a narrow zone slows
and the final depth of the root for the standard
geotherm can be expected to be 52 km after 16 Ma
(curve SH in Fig. 8a) and 37 km after 10 Ma for the
hot geotherm (curve HH in Fig. 8a). A surprisingly
shallow depth of the thickened domain results for the
hot geotherm because of very efficient thermal hard-
ening associated with cooling (from 1000°C at 25 km
to 820°C at 37 km).

Wide zones (300 km) deforming at constant strain
rate by thickening from both perturbed hot and stan-
dard geotherms, result in Moho samples at 25 km to
be buried to nearly 45 km because of the development
of a hard sub-root mantle layer and a significant
increase in sub-root lithospheric strength. This occurs
after 16 Ma of burial for both standard and hot
geotherms (ISVg/ISVar =3.6, ISVG/ISVar=1.5,
respectively). Thickening associated with thermal
hardening of wide zones for hot and standard
geotherms finishes at shallow burial levels (30,
35 km, respectively) and therefore cannot produce
any crustal root. This happens at different times for
standard and hot geotherms which become hard
at 35km after 20Ma (SH), at 30km after
16 Ma (HH); with (ISVg/ISVag =3.6) and (ISVy/
ISV r = 1.8), respectively (Fig. 9a and b).

Thus, 100 km wide zones are buried deeper and
quicker than 300 km-wide zones for both constant
strain rate and thermal hardening cases. Because the
hot geotherm relaxes faster than the standard
geotherm, hardening occurs at shallower levels. For
zones of any width, the depressed and relaxed root and
shoulder geotherms are almost the same in the upper
50 km. In the final stage of thickening, the sub-root

mantle is several times stronger than the sub-shoulder
mantle, but the root lower and upper crust are weaker
than the adjacent shoulder mantle and lower crust.
The downward blocking of the root at different depths
in the various models potentially leads to decoupling
above the Moho and hence to horizontal shortening of
the crustal root by the stronger converging shoulder.

9.1. Effect of heat addition during thickening on the
formation of an orogenic root

The previous cases of constant strain rate and ther-
mal hardening represent two probable limiting cases.
The former case represents a thickening process in
which rheological changes are fully neglected, and
the latter case shows the maximum influence of cool-
ing on rheology but does not include the effects of
advected heat from the mantle. However, we can
assume that the thermal anomaly corresponding to
the initially uncoupled thinning (of thermal and litho-
logical structure) does not cease but continues to be
active during thickening. In our models, this addi-
tional heat flows in the opposite direction (upwards)
to the growth of the root (downwards).

We have attempted to simulate the thickening of
extended domains with perturbed geotherms in
which cooling is retarded because of an added heat
supply. This can be achieved mathematically by
placing the lithosphere—asthenosphere thermal
boundary layer close to the initial Moho depth and
keeping it there throughout the convergence and
thickening (see Fig. 9a—c). This effect would be maxi-
mised for the case of a hot mantle magma penetrating
upwards through thickening crust descending in a
compressive regime. This results in a greater vertical
length of weak zones and permits increased amounts
of deepening of the Moho for any thickening rate.
Furthermore, the intensity of thermal hardening may
be considered to occur between previous constant
strain-rate and thermal hardening cases. The results
of these calculations are shown in Fig. 10. Even
though we find it difficult to visualise the mechanics
of such a process of intrusion during thickening on the
100 km length scales considered here, a natural exam-
ples on smaller scale include parts of the Appala-
chians (Brown and Solar, 1998).

For narrow zones (100 km), with both perturbed
geotherms (hot and standard), the burial proceeds to
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depths close to 60—70 km (Fig. 10a, curves HH100 and
SH100). There a hard layer of sub-root mantle develops
after about 14 Ma. Thermal hardening occurs, so that at
the end of burial the strength ratio ISVg/ISV g = 4 and
ISVg/ISVag = 1.5 for standard and hot geotherms,
respectively. For wide zones (300 km), the crust attains
a thickness of 40 km for the hot geotherm and 52 km for
the standard geotherm, respectively. The downward
movements are much slower (>30Ma) due to a
progressive decrease of strength ratio between the root
and shoulder (Fig. 10b).

10. PT evolutions during burial in deepening
orogenic roots

The thermal histories here strongly reflect an exten-
sional phase that includes heating prior to convergent
thickening. In contrast, burial (thickening) of terrains
with normal (non-extended) crustal thickness and cold
to average thermal structure (such as subduction
zones and zones of underthrusted continental plates),
will result in increase of the depressed geotherm due
to heating by the adjacent mantle, sometimes supple-
mented by radioactive heat production in the crust.

Several types of burial PT paths were produced in this
study. In Figs. 8a, 9a and 10a we tracked the burial
histories of samples located at the Moho from an initial
depth after thinning of 25 km. First, at constant strain-
rate without thermal relaxation, almost isothermal
burial paths were obtained, with very high burial rates
(8 Ma) to a maximum burial depth of 60 km. Second, at
constant strain-rate but with decreasing plate conver-
gence velocity, and with associated thermal relaxation,
the depth and rate of burial strongly depends on the
width of the orogenic zone (100 km width, 8 Ma from
25 to 55 km; 300 km width, 16 Ma from 25 to 45 km).
Because of some thermal relaxation, these samples
show about 100°C of cooling during this burial history
for the standard geotherm and 200°C for the hot
geotherm (Figs. 8a and 9a). Third, the histories with
decreasing strain-rate and decreasing plate velocities
show slow burial rate and shallow depth of burial due
to thermal hardening especially for wide orogenic
zones. For 300 km-wide zones, models with both
geotherms show limited deepening of the Moho to 35
and 30 km (by 10 km for the standard geotherm and
5 km for the hot geotherm). This is accompanied by a

decrease in temperature of 340°C (after 16 Ma) for the
hot geotherm, and 170°C (after 20 Ma) for the standard
geotherm. The PTt diagram in Fig. 9 shows cooling
during burial and indicates possible burial paths from
the high-temperature/low-pressure (HT/LP) type of
metamorphism to low-temperature/medium-pressure
(MT/LP-MP) conditions.

For 100 km-wide zones with a standard geotherm,
the Moho sample is buried from 25 km down to 52 km
while undergoing 60°C of cooling over 16 Ma (Fig.
8). In contrast, the hot geotherm Moho sample is
buried from 25 to 38 km over 10 Ma and undergoes
cooling of 200°C. For an initially hot geotherm, the
temperature at the Moho after thickening reaches a
maximum of 800°C. This, in turn, indicates that
only a narrow layer of medium-pressure—temperature
(MP/MT) eclogites could originate during the thick-
ening phase. Thermal equilibration may produce
granulitization of such eclogites at MP conditions.

Fourth, additionally supplied heat will heat the
adjacent rocks by contact metamorphism faster than
the whole column cools by regional, downward
advective cooling (Fig. 10). Characteristic features
for narrow zones are PTt paths that show heating
with burial for a standard geotherm and an almost
isothermal evolution for a hot initial geotherm. In
such a case, HT/HP metamorphism can develop hot-
eclogites (from the standard geotherm) and HP-gran-
ulites (for the hot geotherm) because the maximum
depth of thickening is 60 to 70 km. This evolution is
due to the competition between efficient cooling
during burial of a perturbed hot initial geotherm and
the additional heating from below. For wide zones,
very limited cooling and burial down to 53 km is
observed from a standard initial geotherm and cooling
of about 220°C is associated with burial to 43 km for a
hot initial geotherm (Fig. 10). This induces a MP/MT
metamorphism. PTt paths for both cases are counter-
clockwise and involve significant amounts of cooling.
An MP/MT metamorphic gradient is expected for
these evolutions.

11. Multistage and successive events in orogenic
development

We have shown that the development of progres-
sive tectonic domains strongly depends on the uplift
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of the thermal regime during thinning of lithological
layering preceding the convergent thickening of crus-
tal weak zones. When thermal and lithological struc-
tures are coupled during thinning immediately prior to
thickening, convergence closely following this exten-
sion and thinning cannot easily depress the Moho, and
no orogenic root forms. Uncoupled thermal and litho-
logical thinning during this earlier extensional phase,
with additional heat input, is needed to soften this sub-
arc/rift mantle such that in later convergence the
paleo-arc/rift domain can thicken to form an orogenic
root.

To produce a deep orogenic root in non-softened
continental crust is difficult. In order to produce an
orogenic root in previously softened continental crust
thinned by extension, the thermal structure and litho-
spheric thinning need to be decoupled, i.e. convergence
must be fast. The depth of the transposed Moho depends
on the thermal evolution during thickening and can be
located at depths of 60 km, irrespective of the type of
initial geotherm. This is the typically reported depth to
Moho beneath orogenic roots (Jarchow and Thompson,
1989; LePichon et al., 1997). Our important result is that
primarily the rheological hardening of both the crustal
root and underlying mantle controls the actual depth of
blocking of a deepening orogenic root in the mantle
during multistage and successive orogenic events. If
continental convergence starts soon after the thinning
event has ceased, or if the arc/rift is continuously heated
by long lived or continued magmatic events, then the
continental convergence results in production of an
orogenic root by homogeneous thickening (with the
present simplified rheological model in the sense of
LePichon et al., 1997, Fig. 3; or Ziegler et al., 1998,
Fig. 1).

Thompson (1989a,b) concluded that the wide
orogenic zones of the Canadian Slave Province exhi-
bit only moderate thickening of previously heated and
extended lithosphere (as also suggested for the
Acadian Appalachian orogeny, e.g. Brown and
Solar, 1998). Our models provide time constraints
and rheological explanations for these important
orogenic events. In contrast to proposed thermal
histories for continental collision zones considered
to date, the rocks in our multistage metamorphic
evolution cool down during burial because they retain
a thermal memory of their extension. The thermal
considerations here of the period following blocking

of root formation by the hardening of the mantle, and
hence the end of thickening, show that this lasts for
about 10 Ma when thermal hardening is not taken into
account, and between 20 and 30 Ma when rocks
harden during burial. This time-lag is therefore impor-
tant in order to permit the cooled buried rocks to heat
and soften again, so that they are exhumed by vertical
extrusion during lateral compression. This study also
shows that thickening is only possible when the sub-
arc/rift rocks are weaker than the adjacent continent in
the whole vertical column. Furthermore, the maxi-
mum depth of the orogenic root is attained when the
sub-root mantle becomes stronger than sub-continen-
tal mantle adjacent to the weak zone, and when the
integrated strengths of both domains become similar.

12. Conclusions

Our study has shown that thinned crustal zones are
potentially suitable domains for development of future
crustal orogenic roots. For an orogenic root to be
produced by thickening of previously softened conti-
nental crust thinned by extension, the thinning of
isotherms must have been greater than thinning of
the lithologies. This necessitates an external heat
input additional to simple thinning of isotherms
following extension. We suppose that this supplemen-
tary heat source is represented by upwelling of the
asthenospheric mantle, which may further undergo
decompressional melting, and may result in massive
injection of mafic magmas into the lower crust.
Another possibility is a long-lived heat source below
an arc or rifted domain represented by a stable plume
of mantle material.

Our conclusions may be summarised for arc/rift
zones where lithological and thermal structures
remain ‘coupled’:

(1) The sub-arc/rift mantle may become so strong
that it cannot be deformed by subsequent convergence
of the approaching continent, which is weaker.

(2) The sub-arc/rift mantle is stronger than, and can
indent the lower crust of, an adjacent converging
continental shoulder.

(3) No root can be produced in such a sub-arc/rift
mantle by later convergence towards the extended
domains. If anything, the thinned arc/rift will be isolated
by the collision of converging continental shoulders.
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Thus a ‘failed’ rift or arc will be shut-off by later impin-
gement of continental shoulders. During this phase
metamorphic core complexes can be formed and/or
excavated.

For extended zones where lithological and thermal
structures are ‘un-coupled’.

(4) A mechanism is provided in ‘failed’ rifts or arcs
to enable ‘orogenic roots’ to form in soft zones that
can become thickened during subsequent continental
convergence.

(5) Decoupled lithological and thermal thinning
produce a shallow root with a maximum depth of
60 km. No ultrahigh pressure (UHP) rocks are gener-
ated or exhumed here.

(6) Granulites and metamorphic assemblages typi-
cal of HT/LP terrains are formed during lithospheric
thinning. Subsequent thickening during convergence
leads to medium-temperature MT-eclogites for the
thickened geotherms of narrow zones and high-
temperature (HT or ‘hot’) eclogites when the previous
narrow arcs or rifts become heated during thickening.
An important feature is that limited thickening and
strong cooling of wide arc/rift zones leads to LP/LT
metamorphism. These P-T paths are counter-
clockwise.

(7) When thick lithosphere (with a cold initial
geotherm) is thinned and then thickened it can reach
a thickness of 55 km. When thin lithosphere (with a
hot initial geotherm) is thinned and then thickened it
cools very rapidly and hardens exceptionally quickly
(<10 Ma).

(8) If additional heat enters during thickening
(continuous magmatism), then root thickening of up
to 60—70 km can occur and can lead to the formation
of hot eclogites.

(9) The examples discussed here are for two-sided
(but not necessarily symmetrical) thinning/thickening
of soft intra-continental zones, or back-arc basins.
They are not specifically applicable to one-sided
subduction against continental macro plates
(LePichon et al., 1997).
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Appendix A

A simple 1D model to investigate thermomechani-
cal properties of the lithosphere

In many recent studies, the properties of the litho-
sphere, especially with respect to response to lateral
forces, have been described in terms of yield strength
envelopes (YSE) that enable a comparison of relative
resistance to deformation of lithospheric layers. The
whole lithosphere strength is then characterised by the
integrated strength value (ISV). The YSE are typically
computed as a strength needed for a permanent defor-
mation. For a brittle deformation, a Navier—Coulomb
Law with Byerlee’s constants (Byerlee, 1978) is used:

o= Bpgz(l — A) (AD)

where o is differential stress, 8 the parameter for type
of faulting, p the density, g the gravity acceleration, A
the pore fluid factor, and z the depth.

For ductile deformation we consider creep strength:

o= (¢/A) " exp ( (A2)

Q2 )
nRT
where o is the differential stress, € the strain rate, A
the Dorn parameter, n the stress exponent, Q the creep
activation energy, R the gas constant, and T the
temperature. The YSE value at any given depth is
the lesser of the brittle and ductile differential stresses.
Our basic evaluation of a potential evolution of a
selected domain consists of a comparison of YSE and
ISV of neighbouring units (e.g. arc, rift or orogenic
root versus continental shoulder) that is controlled by
rheological parameters and temperature profiles in
Egs. (Al) and (A2). Possible lithospheric layering
and temperature profiles supply an infinite variety of
combinations that, nevertheless, can be categorised by
alow number of typical situations. In order to simplify
this categorization we choose only one reference
lithological profile (e.g. the first 20 km of quartz,
then 15 km of diorite or diabase, and olivine below)
and one reference vertical temperature profile (e.g. a
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Table Al

Time correspondence of the TFL (thickening/thinning factor of lithology) for € = 0.1 My71

TFL 1.0 1.1 1.2 1.3 1.4
Time (Ma) 0.0 0.95 1.82 2.62 3.36

L5 1.6 1.7 1.8 1.9 2.0
4.05 4.70 5.31 5.88 6.42 6.93

typical cold, mean = standard, or hot geotherm,
Table 1). All the other lithologies/temperature profiles
we derive from the reference profiles by means of two
factors that we call the thickening/thinning factor of
lithology (TFL) and thickening/thinning factor of
temperature (TFT). These factors control the rescaling
of the vertical depth axis, so that the values TFL,
TFT >1 correspond to thickening and TFL,
TFT <1 to thinning. This rescaling of the depth
axis can also be complemented by a shift correspond-
ing to isostatic compensation.

The parametrization of the lithology and tempera-
ture profiles by the factors TFL, TFT can approximate
typical orogenic events. For example, the case TFL
=TFT =2 would correspond to an instantaneous
double homogeneous thickening of the lithosphere
without any heat exchange (e.g. an orogenic root),
while the case TFL=0.7 and TFT = 0.5 indicate
thinned lithology (e.g. a rift) with anomalous heat
flow. In both cases we can compute YSE and ISV
and compare them to YSE and ISV of the reference
lithology/temperature profiles of shoulders adjacent to
the thickened/thinned domain (which formally corre-
spond to TFL = TFT = 1), and then we can examine
orogenic consequences.

By changing values of the factors TFL, TFT step-
wise we can simulate a time evolution of a domain
under consideration. For example, a stepwise multi-
plication of values of TFL and TFT by a factor 1.1
would correspond to gradual thickening of the litho-
sphere together without thermal relaxation. An
approximate relation of TFL to geologic time is
given by the strain rate of the geological processes.
If we consider a homogeneous deformation of a zone
of initial width d by plates approaching with an initial

Table A2

velocity v, then the strain rate é = v/d. Provided that
the strain rate is constant during deformation, the
corresponding time is:

log(TFL
t= % = log(TEL)d/v (A3)

From Table Al, which is computed for the case of
homogeneous deformation of a 100 km wide zone
by a velocity of 1cm/year, i.e. the strain rate
¢ =0.1 My, we find that about 7 My corresponds
to TFL = 2.

The time correspondence of TFT can be established
by numerical modelling of thermal relaxation and it is
basically given by conductive thermal response time
of the upper parts of lithosphere, that is by the thermal
diffusivity. As an example, in Table A2 we bring
values of TFT corresponding approximately to the
thermal relaxation of a rift (we computed them as
slopes of the nearly linear parts of relaxing geotherms
in the 1D model in Fig. 1. of Morgan and Ramberg,
1987). As discussed, the thermal conductive relaxa-
tion is much slower and therefore the times corre-
sponding to TFT are longer, e.g. for TFT =2 the
time is about 35 My.

Our first investigations were based on examina-
tion of a large number of combinations of the
factors TFL and TFT justified by the fact that
particular combinations of lithology and tempera-
ture must occur during orogenic processes (as
transitory phases) and we do not need to use a
complex modelling to examine them. In a second
step, we improved our estimations by considering
conductive relaxation of geotherms sometimes
with additional heat supply from the mantle.

Time correspondence of the TFT (thickening/thinning factor of temperature) for a hot geotherm

TFT 1.0 1.1 1.2 1.3 14
Time (Ma) 0.0 2.68 5.50 8.47 11.62

L5 1.6 1.7 1.8 1.9 2.0
14.94 18.44 22.14 26.05 30.17 34.52
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