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[1] Tectonic and metamorphic data for the Central
Alps (Switzerland/Italy) are used to discuss this classic
example of a Barrovian metamorphic terrain, notably
the evolution of its thermal structure in space and time.
Available P‐T‐t data indicate variable contributions of
advective and conductive heat transport during colli-
sion and subsequent cooling and exhumation. Some
areas experienced a prolonged period of partial melting
while other areas, at the same time, show but moderate
heating. The Barrow‐type metamorphic field gradient
observed in the final orogen is the result of two distinct
tectonic processes, with their related advective and
conductive heat transport processes. The two tectonic
processes are (1) accretion of material within a subduc-
tion channel related to decompression and emplace-
ment of high‐pressure units in the middle crust and
(2) wedging and related nappe formation in the conti-
nental lower plate. The second process postdates the
first one. Wedging and underthrusting of continental
lower plate material produces heat input into lower
crustal levels, and this process is responsible for pre-
dominantly conductive heat transport in the overlying
units. The interacting processes lead to different max-
imum temperatures at different times, producing the
final Barrovian metamorphic field gradient. The south
experienced rapid cooling, whereas the north shows
moderate cooling rates. This discrepancy principally
reflects differences in the temperature distribution in
the deeper crust prior to cooling. Differences in the
local thermal gradient that prevailed before the cool-
ing also determined the relationships between cooling
rate and exhumation rate in the different areas.
Citation: Berger, A., S. M. Schmid, M. Engi, R. Bousquet,
and M. Wiederkehr (2011), Mechanisms of mass and heat

transport during Barrovian metamorphism: A discussion based
on field evidence from the Central Alps (Switzerland/northern
Italy), Tectonics, 30, TC1007, doi:10.1029/2009TC002622.

1. Introduction
[2] The presence of a Barrovian metamorphic overprint

(medium pressure/low to high temperature) is typical of many
collisional orogens [e.g., Winter, 2001]. Though common,
the processes and causes of regional metamorphism leading
to this characteristic pressure and temperature regime are still
under debate. Possible heat sources for the development of
Barrovian belts have been proposed, and dynamic models
involving a range of effects have been discussed for such belts
in general [e.g.,Richardson and England, 1979;Huerta et al.,
1999; Jamieson et al., 1998, 2002; Goffé et al., 2003; Gerya
et al., 2004, 2008] and for the Alps in particular [e.g.,
Bousquet et al., 1997; Roselle et al., 2002; Brouwer et al.,
2004; Burg and Gerya, 2005]. Numerical modeling has cer-
tainly deepened our understanding of possible causes behind
Barrovian belts and stimulated the discussion over their tec-
tonometamorphic evolution. In the case of the Central Alps,
these discussions have then provoked further field‐based
studies. It now seems timely to confront the predictions of
numerical models with consolidated field data, such as have
recently been presented in the literature, notably on the
Central Alps.
[3] The regional metamorphic structure in the Alps was

first shown by mapped mineral zone boundaries [e.g., Niggli
and Niggli, 1965], then by adding reaction isograds [e.g.,
Trommsdorff, 1966; Fox, 1975; Thompson, 1976; Frey,
1987] and more recently by thermobarometry [Todd and
Engi, 1997]. The consistent patterns visible in the respec-
tive maps indicate that these represent the distribution of
paleophysical conditions. However, it has become clear that
the mineral reactions responsible did not all occur at the
same time [e.g., Engi et al., 1995], indeed some of them
even may not be related to the same metamorphic cycle
[e.g., Nagel et al., 2002; Bousquet et al., 2008]. The phys-
ical processes associated with Barrovian metamorphism, as
inferred from a combination of modeling and field analysis,
exert a strong influence on the subsequent cooling history.
The latter has been analyzed in several studies [e.g.,
Schlunegger and Willett, 1999; Bernet et al., 2001; Vernon
et al., 2008], with constraints derived from zircon fission
track (ZFT), apatite fission track (AFT), and apatite U/He
studies [Braun et al., 2002, and literature therein]. Cooling
of the actively deforming Alpine crust depends on several

1Institute for Geography and Geology, Copenhagen University,
Copenhagen, Denmark.

2Institut für Geologische Wissenschaften, Freie Universität Berlin,
Berlin, Germany.

3Institute of Geological Sciences, University of Bern, Bern, Switzerland.
4Institut für Geowissenschaften, Universität Potsdam, Golm, Germany.
5Bundesamt für Landestopografie Swisstopo, Landesgeologie, Wabern,

Switzerland.

Copyright 2011 by the American Geophysical Union.
0278‐7407/11/2009TC002622

TECTONICS, VOL. 30, TC1007, doi:10.1029/2009TC002622, 2011

TC1007 1 of 17

http://dx.doi.org/10.1029/2009TC002622


parameters, including notably the thermal structure that
existed prior to cooling.
[4] In this contribution, we discuss the available field

evidence regarding the metamorphic and tectonic evolution
[e.g., Bousquet et al., 2008; Wiederkehr et al., 2008] and
subsequent cooling [e.g., Vernon et al., 2008] of the Euro-
pean Central Alps, i.e., of a typical example of Barrow‐type
metamorphism. The combination of the modeling approach
with modern and up‐to‐date field‐based analyses of the
tectonometamorphic evolution of mountain belts is likely to
lead to a more complete understanding of the evolution of
pressure and temperature in time and space. We thus com-
pare field‐based data with relevant results of numerical
modeling taken from the literature, results that offer valuable
quantitative insights into metamorphic processes of the
Earth. Such comparisons are also needed because quantita-
tive models typically address but a parts of the tectonome-
tamorphic evolution, and some models are purely generic,
aiming to analyze the effects of a few parameters only. We
attempt to critically assess which of the available modeling
results address the conditions appropriate for a Barrovian
overprint in collisional orogens after subduction, i.e., the
conditions of a tectonic scenario that applies to the case of
the Central Alps [Burov and Yamato, 2008; Roselle et al.,
2002; Stöckhert and Gerya, 2005; Burg and Gerya, 2005;
Gerya et al., 2008; Carry et al., 2009]. Since complex
tectonic settings must be simplified for numerical simula-
tions, modeling results may reflect assumptions (e.g., on
geometry) that may be unrealistic when confronted with
field evidence. We submit that the complexities of the nat-
ural setting must be utilized to test and enhance our
understanding of metamorphic processes, particularly in an
area like the Alps with many detailed field studies. We
explore this advantage by cross checking available field‐
based data to discuss the tectonometamorphic evolution of
the Alps. While this paper concentrates on a transect
through the Central Alps, it includes information from
neighboring areas as well. A wealth of published field‐based
information is combined to shed light on the mechanisms of
mass and heat transport during Barrovian metamorphism,
with the stage being set by the tectonic evolution of the
Central Alps.

2. The Evolution of the “Lepontine Dome”
of the Central Alps
[5] Our discussion of the thermal and tectonic evolution

within the Lepontine Dome of the Central Alps (Switzerland/
northern Italy) is restricted to the time interval from 45 Ma to
10 Ma. The Lepontine Dome comprises a pile of thick thrust
sheets consisting of pre‐Triassic basement, separated from
each other either by Mesozoic metasediments or by tectonic
mélange. Most of these basement nappes are derived from
the shelf of the European continent, some of them from a
microcontinent (the Briançonnais domain) that was located
between the Valais Ocean and the Piemont‐Liguria Ocean
[e.g., Schmid et al., 2004]. Parts of the Mesozoic cover of
the European continental shelf area were sheared off and
incorporated into separate nappe stacks; some of these

consist exclusively of sedimentary cover material. This is
the case, for example, for the Helvetic nappes. In this paper,
we refer to such Mesozoic metasedimentary units as
“European metasediments.” Additional thrust sheets con-
sisting entirely of Mesozoic metasediments were derived
from the Valais Ocean; these were thrust above European
metasediments along a major thrust referred to as the
“Penninic basal thrust” [e.g., Wiederkehr et al., 2008].
[6] Tectonic mélange units that separate major basement

and cover units derived from the European and Briançonnais
continental units, as well as those derived from the inter-
vening Valais Ocean, may include continent‐derived and/or
oceanic rock slices [Trommsdorff, 1990; Engi et al., 2001;
Berger et al., 2005a]. Such a tectonic mélange constitutes
the Adula nappe system and is also found within the
Southern Steep Belt (SSB) (Figure 1); these mélanges play
an important role in the early metamorphic evolution of the
entire area [Engi et al., 2001; Roselle et al., 2002]. The SSB,
located immediately north of the Insubric Line (Figure 1),
constitutes a tectonic mélange unit that is characterized by
steeply inclined north dipping foliations [Milnes, 1974]. It
contains exceptionally variable lithologies, comprising var-
ious gneisses and metasediments, metabasics, ultrabasics;
the SSB mélange unit is also characterized by the widespread
occurrence of migmatites [e.g., Knoblauch et al., 1939;
Fumasoli, 1974; Burri et al., 2005; Berger et al., 2005a].
[7] The Northern Steep Belt (NSB) constitutes a second

steep zone located some 50 km north of the SSB. It consists
of Europe‐derived basement nappes and metasedimentary
slices derived from the Valais Ocean [e.g., Frey, 1967;
Probst, 1980; Steinmann, 1994; Wiederkehr et al., 2008].
These nappes and thrust slices were steepened up during a
stage of postnappe folding. The NSB is separated from the
SSB by a relatively flat‐lying nappe stack, which we refer to
as the Central Lepontine (Figure 1). Much of the discussion
in this paper concentrates on three areas, one within the
SSB (around the town of Bellinzona) and two of them
exposing metasediments of the NSB and adjacent units (Val
Piora and the Pizzo Molare areas; Table 1 and Figure 1).
[8] In order to discuss the transport of mass and heat, we

first present the tectonic scenario, followed by data regard-
ing the conditions of metamorphism. We are aware that the
tectonic and metamorphic observations discussed here rep-
resent interdependent data sets describing one and the same
process operative during the latest stages of Alpine orogeny.
For clarity, the two data sets are presented in sections 2.1
and 2.2.

2.1. Tectonic Evolution of the Central Alps

[9] The general tectonic evolution has been exhaustively
summarized and discussed in several publications [e.g.,
Schmid et al., 1996, 1997, 2004; Pfiffner et al., 2000, 2002;
Steck, 2008]. Here, we concentrate on a section through the
Lepontine area and start the discussion at a time around
45 Ma ago, i.e., a time during which the subduction of units
derived from the European, Briançonnais and Valais ter-
ranes was starting or already ongoing (see Schmid et al.
[1996] for the earlier history). Most HP relics (blueschist
and eclogite facies rocks) preserved in the Central Alps
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formed at around this time. The tectonic evolution was more
or less continuous. However, to discuss the complex and
polyphase metamorphic evolution in time and space, it is
practical to subdivide the evolution into a sequence of
deformation phases [e.g., Milnes and Schmutz, 1978; Löw,
1987; Steck, 2008; Wiederkehr et al., 2008]. One needs to
be aware, however, that such deformation phases are solely
defined by overprinting criteria, and these phases commonly
migrate in time and space (see Figure 2 for the names of
these deformation phases and their timing).
[10] A crucial biostratigraphical time constraint for

the northward propagating orogenic front is provided by
the formation of thrust sheets consisting of calcschists
(referred to as Bündnerschiefer), derived from the Valais
ocean, and the more or less contemporaneous detachment of
the Europe‐derived Mesozoic shelf sediments from their
pre‐Triassic basement (Figure 2) [Schmid et al., 1996].
These detached sediments include Late Eocene units [Herb,
1988] that are part of the nonmetamorphic Helvetic nappes,

while their substratum formed a substantial part of the
Lepontine metamorphic dome, the metamorphism of which
must thus postdate this detachment.
[11] The decompression of previously subducted Valais

Bündnerschiefer and the mélange units, such as the Adula
nappe, goes hand in hand with nappe stacking during the
Zapport phase (Figure 2), when the major penetrative foli-
ation formed within these units. Zapport phase nappe
stacking overlaps with ongoing thrusting along the Pennine
basal thrust (temporal relations to the European foreland are
shown in Figure 2; Ferrera deformation of Wiederkehr et al.
[2008]). In their southern parts these thrust sheets, including
the Adula and SSB tectonic mélange units, were crosscut
by the 32 to 30 Ma old Bergell pluton. This magmatic
phase provides a perfect time marker, as the pluton, during
its solidification some 30 Ma ago [Rosenberg et al., 1995;
Davidson et al., 1996; Berger et al., 1996], was involved in
nappe refolding during the Cressim phase. Hence, the final
emplacement and folding of the Bergell pluton postdates

Figure 1. Geological map of the investigated area showing the locations of interest. Tectonic bound-
aries redrawn after Schmid et al. [2004]. The boundary of amphibolite facies conditions [after Frey et al.,
1999] is subdivided into different structural groups (see legend).
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nappe stacking of all of the units derived from the Brian-
çonnais terrane, the Valais Ocean, and the most distal
European units comprised in the SSB tectonic mélange.
[12] Nappe stacking of the more proximal parts of the

Europe‐derived units, now forming the lowermost basement
nappes (e.g., the Leventina and Gotthard nappes of Figure 2),
must have occurred later than the stacking of the structurally
higher nappes. This is evident because the main foliation
induced by thrusting within these structurally deepest Europe‐
derived basement nappes formed under Barrow‐type meta-
morphic conditions [e.g., Rütti et al., 2008], more precisely
during the prograde path of the Barrovian cycle. Hence, this
part of the nappe stacking postdates Zapport phase thrusting,
which in turn predates the Barrow‐type metamorphism.
Thrusting of the Gotthard nappe over the Aar massif pro-
vides a well‐dated example of one of these late‐stage top‐to‐
the‐north thrusts within the Lepontine area: it occurred
under upper greenschist facies conditions no earlier than
circa 30 Ma ago and reached lower amphibolite facies
conditions as late as 18 Ma ago [Janots et al., 2009]. In
summary, thrusting within the structurally higher nappes,
i.e., within the Adula mélange unit, the Valais metasedi-
ments, as well as the Briançonnais derived nappes predated
nappe stacking in the underlying Europe‐derived basement
nappes (Figure 2). This implies that nappe stacking is in
sequence and spans a significant time interval. Later large‐
scale nappe refolding (Domleschg phase) produced strong
deformation within the metasediments only, whereas the
adjacent basement nappes experienced but moderate strain.
[13] Large amounts of back thrusting associated with

rapid erosion of the hanging wall occurred across the
Insubric mylonite belt in the SSB. Movements across the
Insubric Line occurred over an extended period of time
(Figure 2), but the most substantial amounts of vertical and
strike slip displacements, related to WNW directed inden-
tation of the Adria block, initiated immediately after the
solidification of the Bergell intrusives at circa 30 Ma (see
Table 1 for details) and ended before the Insubric line was
offset by the Giudicarie Line circa 20 Ma ago [e.g., Schmid
et al., 1989; Stipp et al., 2004]. This back thrusting is
combined with late‐stage back folding at the southern rim of
the Lepontine dome that covers approximately the same
time span, i.e., from ∼33 Ma in the Austroalpine units
[Spillmann, 1993] to ∼20 Ma in the Simplon area [Keller
et al., 2005]. Back folding in the SSB (Cressim phase)
went hand in hand with back thrusting across the Insubric
Line and was contemporaneous with thickening and sig-
nificant fore thrusting in the north. There, ongoing stacking
of basement nappes further thickened the Europe derived
accretionary wedge at the same time period (Figure 2). This
interval was characterized by contemporaneous prothrusting
and back thrusting (termed proshearing and retroshearing by
Beaumont et al. [1994]), such that part of the indenting
Adria block, i.e., the Southern Alps, also underwent sub-
ordinate back thrusting toward the S‐SW. However, the
main phase of south directed thrusting in the Southern Alps
(Milan belt) postdates the indentation of the Adria block
[e.g., Schönborn, 1992; Schumacher et al., 1997] (Figure 2).
[14] The Northern Steep Belt formed much later, after

circa 20 Ma, when a second phase of postnappe backT
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folding (Chiera phase; Figure 2) affected the northern parts
of the Lepontine dome. This deformation phase took place
within a rather short time window and affected a limited area
only, i.e., the northern and northwestern parts of the
Lepontine dome [Frey, 1967; Wiederkehr et al., 2008]. This
back folding is well constrained in time by microstructural
relationships between porphyroblast growth and radiomet-
rically dated mineral growth [Wiederkehr et al., 2009; Allaz,
2008; Schwarz, 2008; Janots et al., 2009]. Folding started
late, at ∼19 Ma, with synkinematic growth of some types of
porphyroblasts [Janots et al., 2008, 2009], and continued for
a brief time interval thereafter; rapid cooling followed,
passing through the zircon fission track annealing window
some 10 Ma ago (Figure 2). The southern parts of the
Lepontine area, on the other hand, had started to cool earlier.
There, localized brittle deformation commenced some 25 to
20 Ma ago along the Engadine line [Schmid and Froitzheim,
1993] and in the vicinity of the Insubric line. Within the
SSB, cooling below the ductile brittle transition is docu-
mented by numerous fission track ages around 20 Ma
(Figure 2 and Table 1).
[15] In summary, in the large‐scale context of the Central

Alps, two major stages of growth are recognized, each
related to different deformation processes: (1) the “accretion
stage” (stage 1 in Figure 2), involving processes of sub-
duction and partial accretion of oceanic units and ocean‐
near‐continent‐derived basement units, followed by the
accretion of tectonic mélange before and during continent‐
continent collision; downward motion during accretion
may have been immediately followed by flow reversal and
exhumation, accompanied by nappe stacking and (2) the
“postcollisional stage” (stage 2 in Figure 2), leading to
further thickening of the orogen by continued fore thrusting
within the lower plate, leading to the massive accretion of
continental basement nappes at relatively shallow depths in
the north, combined with contemporaneous back thrusting
and back folding in the southern part of the Lepontine dome.
[16] The differential upward displacement of some of

the previously subducted units largely occurred by early
nappe stacking during the accretion stage. The part of
the nappe edifice that formed during exhumation developed
in the wedge between the still downgoing lower plate and
the more or less stationary, rigid upper plate. We regard
nappe stacking combined with erosion (as modeled by
Bousquet et al. [1997]), as the principal process that led to
decompression. In contrast, we regard propositions for post
nappe‐stacking extensional collapse [e.g., Selverstone,
2005] as inconclusive for the Central Alps. The postcolli-
sional stage, which further thickened the more proximal

European continental margin, was coupled with a reorga-
nization of rock masses in the middle and lower crust, much
as predicted by models of Beaumont et al. [1994]: Simul-
taneous fore thrusting and back thrusting was caused by
the installation of a so‐called singularity point near the
interface between lower and upper crust in case of the Alps
[Schmid et al., 1996]. Only during the post‐20 Ma evolution
was this configuration modified by northward wedging
of the Southern Alpine lower crust beneath the Central
Alps, i.e., below the by then essentially passive Insubric
line. The insertion of this lower crustal wedge in the south
was coupled with thickening in the European upper crust
in the north, finally leading to underthrusting of the Got-
thard nappe and terminating with the formation of the
Northern Steep Belt and the associated rise of the Aar massif
(Figures 2 and 3).

2.2. P‐T Evolution During Alpine Orogeny

[17] Given the tectonic evolution summarized above,
which has been reconstructed from structural observations
referring to strain, i.e., the movement of rock masses relative
to one another, it is now essential to relate these to the
available P‐T data. We will link the latter to the deformation
within individual units (Figures 2, 3, and 4), in order to get a
handle on the absolute physical conditions. For more com-
plete information on P‐T paths and interpretations for
individual tectonic units the reader is referred to other
publications [e.g., Dale and Holland, 2003; Brouwer et al.,
2005; Berger and Bousquet, 2008; Bousquet et al., 2008].
For this analysis, three groups of tectonic units are distin-
guished: (1) the SSB and southern Adula nappe system,
representing deep parts of a subduction‐accretion channel;
(2) structurally lower Europe‐derived nappes, such as the
Leventina and Simano nappe, which were accreted during a
later stage and that did not experience high‐pressure meta-
morphism; and (3) predominantly Valais Ocean derived
units, which underwent pre‐Barrovian blueschist facies
metamorphism.
[18] The SSB and southern parts of the Adula thrust

sheet are characterized by tectonic fragments showing
quite variable PT evolutions. Notably included are different
HP rocks that formed during the early stages of subduction
and accretion. The belt reflects mixing of HP fragments
with thrust slices lacking a HP overprint [Brouwer et al.,
2005, and references therein]. However, all of these tec-
tonic slices with their differing PT evolutions were assem-
bled at midcrustal conditions, near a point in P‐T space
at around 0.7 GPa and 700°C [e.g., Brouwer et al., 2005;
Nagel et al., 2002]. Subsequently, the constituents of the

Table 2. Stratigraphic Data of the Discussed Sediments

Number Unit Stratigraphic Age Youngest Absolute Agea Reference

S1 Gonfolite Lombardian Rupelian‐Burdigalian 20 Ma Sciunnach and Tremolada [2004]
S2 Helvetics Priabonian 34 Ma Herb [1988]
S3 Sardona flysch Lutetian 39 Ma Lihou and Allen [1996]
S4 North Penninic flysch Ypresian 50 Ma Eiermann [1988]

aAbsolute ages are taken from Gradstein et al. [2004].
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Figure 3
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SSB appear to have followed a joint PT history to lower
pressures and temperatures, though the style of deformation
during these later stages was variable. The same midcrustal
P‐T conditions are also recorded in the migmatites [Burri
et al., 2005] of the SSB. Although the late evolution of
the migmatites is not well constrained, the available data
indicate that decompression down to 0.5 GPa was associated
by minor cooling only (∼50°C [Burri et al., 2005; Berger
et al., 2005b]). The northern parts of the Adula nappe
complex record a spatial pressure gradient for the HP stage,
with pressures steadily increasing from north to south [e.g.,
Heinrich, 1986; Dale and Holland, 2003]. The underlying
Europe‐derived basement nappes record no HP, but burial
accompanied by heating, followed by cooling and decom-
pression [e.g., Goffé et al., 2003; Rütti et al., 2008]. These
PT data are in line with the tectonic scenario outlined in
section 2.1 and sketched in Figure 3. The various Europe‐
derived basement nappes differ in transport distances, but
they show similar PT histories.

2.3. Analysis of the Thermal Structure in Different
Time Slices

2.3.1. The Situation 30 Ma Ago
[19] To understand the thermal evolution, the situation at

around 30 Ma ago is particularly important, hence data
pertaining to this time window are first reviewed for dif-
ferent areas. Dating of allanite in Val Piora and surrounding
northern areas constrains the temperature in the NSB for the
time slice at 30 ± 1 Ma. Janots et al. [2008, 2009] showed
that allanite used for dating had developed under greenschist
facies conditions along a prograde path, affecting Europe‐
derived metasediments that tectonically overly the Gotthard
basement nappe. At around 30 Ma, Valais metasediments at
the eastern rim of the Lepontine dome already had under-
gone decompression and reached greenschist facies condi-
tions [Wiederkehr et al., 2008, 2009]. In the south, however,
SHRIMP zircon data and monazite ages demonstrate that
anatectic leucosomes formed at that same time within the
SSB [Schärer et al., 1996; Gebauer, 1996; Berger et al.,

Figure 3. Inferred thermal structure in profile view and interpreted tectonic evolution (the latter is modified after Schmid et al.
[1996]). (a) Subduction/accretion stage, (b) situation at 30Ma, (c) situation at 28–25Ma, and (d) situation at 19Ma. In addition to
the tectonic evolution, inferred isotherms are drawn; these are based on key data marked by numbers (see Table 1).

Figure 4. P‐T data for the Central Alps. The different line shapes indicate different localities. The letter/
number combinations are “equilibrated” PT data from the literature (Table 1). In the SSB a selection is taken
to characterize the evolution inside the TAC (more data in the work ofBrouwer et al. [2005, Figure 18]). The
black dots can be taken as the Barrovian field gradient [see also Engi et al., 1995]; see Table 1 for data
sources.
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2009; Rubatto et al., 2009]. These melts locally developed
by breakdown of white mica, though in most places melting
was caused by influx of aqueous fluid [Burri et al., 2005;
Berger et al., 2008]. At that time the Bergell intrusive
sheet within the SSB was still at a partially molten stage
[Oberli et al., 2004].
[20] The studies just cited establish a well defined anchor

near 30 Ma in the overall diachronic evolution: The southern
parts of the nappe pile in the Lepontine dome had already
undergone postnappe folding under Barrovian upper
amphibolite conditions, with migmatites forming in the SSB
and the nearby Bergell pluton still solidifying, while in the
northern parts of the Lepontine nappe formation and crustal
thickening was still ongoing. There, the prograde meta-
morphic path had not nearly reached its thermal maximum
yet [Janots et al., 2009]. The northern units of the future
Lepontine area, which were to become part of the amphib-
olite facies belt, were merely in the vicinity of 450°C at that

time. The depth of the 450°C isotherm in the NSB can be
indirectly inferred from pressure estimates of greenschist
facies rocks that formed at about that temperature [Mullis,
1996; Livi et al., 2002] albeit somewhat later during the
evolution of the belt. These studies indicate pressures of
approximately 0.4 GPa for the thermal maximum peak
(reached ∼19 Ma ago [Janots et al., 2009]), corresponding
to a depth of some 10 km (similar values were obtained
from retrodeformation studies (see Figure 8 of Schmid et al.
[1996]). Valais units that underwent blueschist facies
metamorphism [Bousquet et al., 2002] in the north experi-
enced decompression between 30 Ma and the thermal
maximum at around 19 Ma [Wiederkehr et al., 2009]. By
the end of this decompression the Barrovian overprint in
the Valais units attained temperatures similar to those within
the neighboring European units. Note that the units of the
northern lower European crust (e.g., Leventina nappe)
reached maximum temperatures of only 550°C, much lower

Figure 5. Map of the central Lepontine dome and the available zircon FT data. Tectonic boundaries are
from Berger et al. [2005a]; data shown are ages in Ma (see Table 1). The fine stippled line delimits the
amphibolite facies belt (kyanite‐in isograd); the coarse stippled line is the uncertainty between ages < 20Ma
and > 20 Ma (no zircon FT data in the central Lepontine). See text for discussion.
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than those attained in the SSB [e.g., Todd and Engi, 1997;
Rütti et al., 2008].
[21] The Bergell pluton induced contact metamorphism

along its eastern border (located near the top of the pluton),
where temperatures prior to contact metamorphism were
below 450°C [Trommsdorff and Evans, 1977; Trommsdorff
and Connolly, 1996]. The Bergell pluton at 30 Ma was at its
emplacement stage; hence the 450°C isotherm was located
outside the contact aureole and above the Bergell pluton.
Pressures preserved at the eastern rim of the Bergell pluton
are ∼0.4–0.5 GPa [Davidson et al., 1996]. Therefore, the
preintrusive thermal regime at the top of the Bergell pluton
is similar to that of the nonsubducted European units in
the north. A spatial uncertainty is related to the position of
the migmatites in the westerly part of the SSB (the samples

are constrained by pressure data from the migmatites [Burri
et al., 2005]). Taking the highest temperatures and pressures
of 0.7 GPa deduced for the time of migmatization, we cal-
culate a point for the ∼700° isotherm that is located at a
depth of ∼19 km, i.e., some 7 km below the top of the
present Bergell pluton.
2.3.2. The Situation 19 Ma Ago
[22] The SSB cooled across the zircon fission track (ZFT)

annealing window at similar times, i.e., 30–25 Ma ago, in
the area from the Bergell pluton to the area around Bellin-
zona and to Val Maggia (Figures 5 and 6). Magnetic and
petrological data show that this part of the Lepontine
dome was tilted toward the east prior to 19 Ma ago
[Davidson et al., 1996; Rosenberg and Heller, 1997].
Unfortunately, it is not clear at what depth cooling occurred,

Figure 6. T‐t and P‐t data for different positions in the Lepontine. (a) Temperature‐time evolution for
the southern parts of the Lepontine dome. Lines connect localities with similar evolutions. In addition,
data for Bergell boulders in the Como Molasse are included [Giger, 1991; Giger and Hurford, 1989].
(b) Pressure‐time evolution for the northern and the southern Lepontine. Data for this diagram are sparse.
Despite a different temperature history, the pressure history for the SSB and the NSB seems similar (see
text for discussion). Letter/number combinations refer to data listed in Tables 1 and 2.
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as no pressure estimates exist for this time interval. Tectonic
shortening at around 19 Ma led to uplift of the European
crust in the north. By that time metasediments (and directly
adjacent basement units) reached their maximum tempera-
tures. As shown by Janots et al. [2008, 2009], new mon-
azite formed under Barrovian conditions close to the
thermal maximum (Figure 1). This maximum reached the
560°–580°C temperature range, at pressures between 0.6
and 0.8 GPa [Allaz, 2008; Wiederkehr et al., 2009; Todd
and Engi, 1997] (Table 1). The sediments underwent
heating owing to late stage conductive relaxation of the
(colder) thermal structure inherited from subduction (see
later discussion on underthrusting and conductive heat
transport). This overprint has long been recognized, as the
isograds and isotherms crosscut all of the tectonic contacts.
Essentially postkinematic assemblages in the different
metasediments show the overprint due to late stage heating
[Wiederkehr et al., 2008, 2009].
2.3.3. The Cooling History of the Lepontine Dome
[23] Major parts of the Lepontine Dome cooled below the

zircon annealing temperature during the 22 to 10 Ma time
interval (Figure 5) [Rahn, 2005, and literature therein].
However, FT zircon ages are younger in the west than in the
east [Schmid et al., 1989] and in the NSB [Janots et al.,
2009]. Zircon FT ages in the Bergell area are older than
those in the central Maggia nappe and in the western SSB
[Hurford, 1986; Keller et al., 2005; Vernon et al., 2008;
Rosenberg and Berger, 2009] (Figure 6). Although data
along strike are sparse in the SSB, the available data indicate
that the SSB underwent fast cooling (<100°/Ma) after partial
melting (Figure 6 and Table 1). Early cooling of the Bergell
area and in the eastern and central parts of the SSB (Figure 6)
was particularly rapid. The three tectonic units adjacent to the
north, south and east of the Bergell area show evidence of
substantial heating near the plutonic contact only. Hence the
Bergell area represents the surface of an upward extrusion of
hot magmatic masses. Cooling in their adjacent units (except
in the west) was comparable to the evolution in a contact
metamorphic aureole, i.e., the volume that was thermally
affected is small, hence subsequent cooling was rapid
(Figures 1, 3 and 6). By contrast, the NSB cooled at lower
rates, and some 10 Ma later. The timing and rate of cooling
inside the NSB was similar in the SW parts of the Lepontine
dome, in the area of Domodossola (Figure 6).

3. Discussion of the Tectonometamorphic
Evolution
[24] The above summary of the evolution highlights dif-

ferences in the P‐T‐t paths and differences in the time when
Tmax was reached in the Barrovian terrane. Numerical
models cited earlier show that Barrovian heating can hardly
be explained by a single process. Energy contributions that
yielded the temperature increase documented in the belt
include a combination of well documented factors: Upward
transport of hot HP fragments into the middle crust [Engi
et al., 2001; Roselle et al., 2002;Gerya et al., 2008], addition
of radioactive material at certain positions [Huerta et al.,
1999; Engi et al., 2001] and viscous heating [Burg and
Gerya, 2005]. The Alps show that the transport of HP pits

and related rocks [Engi et al., 2001] and of melts [Brouwer
et al., 2004] contribute to the thermal evolution. The absolute
magnitude of other factors may be considered debatable.
However, the influence of these different heat sources fail to
explain the difference in the P‐T‐t path between SSB and
NSB as shown above (e.g., Figures 4 and 6). The pattern of
the metamorphic evolution cannot be explained without
taking at least two different tectonic processes (Figure 3) into
account. These are, as summarized above, (1) accretion of
material in the subduction channel leading to heating,
decompression, and emplacement of HP units into the mid-
dle crust (Figure 3a) and (2) wedging and related nappe
formation within the continental lower plate (Figure 3b
and 3c). At the same time as wedging occurred in the low-
er plate, extrusion processes were active along a steep, major
boundary at the southern end of the Barrovian field area
(Figure 3c). Such a scenario accounts for the differences in
temperature and in the T‐t paths between the northern and
southern parts of the Lepontine dome. The two processes
invoked (wedging in the lower plate and steep extrusion) are
in line with the different P‐T‐t paths in the northern and
southern parts (Figure 4). In addition, the present spatial
relationships between isotherms (and/or mineral isograds)
and tectonic contacts demonstrate a late stage portion of
conductive heat transport into the northern part of the
Lepontine dome (Figure 3d). Section 3.1 presents a more
extensive discussion of the extrusion tectonics and of pro-
cesses in the northern Lepontine dome.

3.1. Vertical Extrusion Tectonics in the SSB

[25] The available structural and P‐T‐t data indicate ver-
tical extrusion of the SSB hot rock masses relative to the
adjacent areas to the south and north, i.e., the Southern Alps
and the Lepontine areas north of the SSB, respectively.
Immediately after emplacement the Bergell intrusives, the
pluton together with the SSB was decoupled from the
Southern Alps across the Insubric Line, as well as from
the central and northern Lepontine Dome.
[26] There is evidence indicating that, despite this rapid

vertical extrusion, the rock masses constituting the SSB,
including the Bergell intrusive sheet, remained at >640°C
between ∼32 and 22 Ma [e.g., Rubatto et al., 2009] (Figure 6
and Table 1). Petrological and geochronological data indi-
cate only a minor decrease in temperature during this time
interval [Berger et al., 2005b; Burri et al., 2005; Rubatto
et al., 2009]. Two questions arise: First, which process
provided the heat that induced high‐temperature Barrovian
conditions? Second, why was cooling so slow over such an
extended time interval? While not all of the potential heat
sources and sinks can be well estimated, it is clear that
different processes need to be combined to reach 700°C at
pressures of ∼0.7 GPa (compare different numerical models
summarized in Figure 10 of Berger et al. [2008]). The major
heat sources affecting the SSB are (1) advection by vertical
escape of hot HP fragments (common in the SSB [see Engi
et al., 2001; Berger et al., 2005a]), (2) accretion of highly
radioactive upper crustal material [Bousquet et al., 1997;
Engi et al., 2001; Roselle et al., 2002; Goffé et al., 2003],
(3) shear or viscous heating [Burg and Gerya, 2005], and
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(4) episodic intrusion of melts [Brouwer et al., 2004]. The
preservation of temperatures > 640°C over a long time
interval and during vertical extrusion requires continuous
heat input into a limited volume of rocks to prevent the
vertically extruding volumes from cooling substantially. In
order to counteract heat loss, it is likely that the extruding
rock volume incorporated partial melts generated in the
middle crust. Advective heat transport by magmas (gener-
ated by fluid‐induced melting [Berger et al., 2008]) pro-
vides an efficient heat input into levels now exposed in the
SSB. The presence of such melts during the 30–25 Ma time
interval is documented by the occurrence of magmatic
intrusions (Bergell and Novate intrusions; Table 1), and by
variably deformed leucosomes within the vertically extrud-
ing SSB [Rubatto et al., 2009]. The presence of such
magmatic bodies implies that partial melting occurred at
even higher temperatures and greater depths, and that melts
were transported upward. Hence, heat transport in the SSB
was dominantly advective and caused by the upward dis-
placement of both melts and solid rocks. This is consistent
with the vertical extrusion scenario. It should be pointed out
that, if melt migration into the SSB migmatite belt remained
important after 25 Ma, then the young ages of (multiply
rimmed) zircons from SSB leucosomes [Rubatto et al.,
2009] may reflect that process; hence cooling in the pres-
ently exposed levels of the SSB may have started soon after
25 Ma.

3.2. Underthrusting of the Lower Europe‐Derived
Basement Nappes and the Role of Conductive
Heat Transport

[27] In the northeastern corner of the Lepontine dome the
Barrovian isograds crosscut an earlier thermal structure and
all tectonic structures associated with final nappe stacking,
including structures formed during the first phase of post-
nappe folding [Wiederkehr et al., 2008, 2009]. This has to
be explained by dominantly conductive heat transport in the
northern part of the Lepontine dome, possibly with a minor
advective component due to fluids. Our tectonic scenario
involves underthrusting and ongoing accretion of slices of
relatively cold European basement in the form of basement
nappes. This brings overlying units at higher temperatures in
contact with underthrusting colder ones, causing a transient
inverse thermal gradient. Such underthrusting and accretion
of basement slices derived from the European foreland led
to further thickening within the lower plate. The newly
accreted units underwent heating [Janots et al., 2009], while
the overlying units record a low thermal gradient
[Wiederkehr et al., 2008]. The primary differences in tem-
perature between the underthrusted basement units and the
overlying metasedimentary Valais units account for the heat
transport in the northeastern corner of the Lepontine Dome
at this stage.
[28] The rate of conductive heat transport is controlled by

conductivity and differences in heat content. The calculation
of this rate depends on the initial advectively generated heat
content and on the heat production in the particular units.
However, the purely conductive heat transport in one
dimension can be used to get at least an impression of the

order of magnitudes. Temperature differences propagate on
the order of l2/� [e.g., Turcotte and Schubert, 2002] (where
l is the distance and � is thermal diffusivity). Taking � =
10−6 m2s−1 [see Turcotte and Schubert, 2002], the typical
time for purely conductive heat transport is around 0.8 Ma
for 5 km and 3.2 Ma for 10 km. These time spans are in the
range of the uncertainties of the dated Barrovian metamor-
phic overprint in this area [Allaz, 2008; Wiederkehr et al.,
2009].

3.3. Differences in Cooling History Across a Barrovian
Field Area

[29] Different cooling histories have been proposed for
the SSB and the NSB [Rubatto et al., 2009; Janots et al.,
2009] (Figure 6). For the SSB the cooling rates, after Tmax

was reached, are in the range of 100°C/Ma, based on U/Pb
zircon data in migmatites, crystallization ages in aplites,
and related ZFT data [Hurford, 1986; Giger and Hurford,
1989; Giger, 1991; Rubatto et al., 2009]. In contrast, the
NSB shows significantly lower cooling rates of ∼30°C/Ma
[Janots et al., 2009]. These differences reflect differences
in the tectonometamorphic evolution of the two areas
(Figures 2, 3, and 6). Configurations with hotter material in
the middle crust, far from representing a steady state thermal
structure, have been analyzed by numerical experiments,
e.g., so‐called “hot channel” models [Gerya et al., 2008].
These numerical models indicate long‐term elevated
temperatures followed by fast cooling (e.g., green track-
ing point in the work of Gerya et al. [2008]). Some of
their results bear striking similarities with observations in
the SSB.
[30] Cooling rates calculated using different thermo-

chronometers are relatively robust (Figure 6), but we have
no information on exhumation rates. As shown in the sec-
tion on thermal structure, the local thermal gradient in the
SSB is very different from that in the NSB. The lack of
barometers recording the temperature evolution in the low‐
temperature range recorded by the FT age data prevents
us from deriving reliable exhumation rates. Cooling and
exhumation may be connected in the case of the Bergell
pluton, as boulders eroded from that body were already
deposited between 28 and 23 Ma ago (Chattian; timing from
Gradstein et al. [2004]). Some of the boulders are Bergell
tonalites showing ductile deformation features identical to
those exposed in the Bergell pluton today. By assuming a
relatively shallow intrusion depth of the magma represented
by these boulders (∼0.3 GPa; for comparison between
boulders and hinterland samples see Oschidari [1991]; note
that present‐day hinterland samples crystallized at a mini-
mum pressure of ∼0.5 GPa [Davidson et al., 1996]), we
estimate a minimum exhumation rate of 1.2–1.9 km/Ma
(using an intrusion age of 32 Ma). This ignores the addi-
tional time needed for sediment transport and sedimentation.
In contrast, the presently exhumed Bergell pluton has an
unambiguous position within the Alpine mountain belt and
records a well‐constrained crystallization pressure (0.5 GPa
[Reusser, 1987; Davidson et al., 1996]). These data indicate
an apparent average exhumation rate of 0.45 km/Myr
(0.45 mm/a; Figure 6). Using the pressure estimate for the
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Barrovian conditions of the rocks in the NSB, we obtain an
apparent long‐term exhumation rate of 1 km/Myr (1 mm/a).
Taking the different areas into account, the exhumation rates
in the Lepontine dome vary between 1 and 0.45 km/Myr.
The calculated exhumation rates thus vary by a factor of
two, whereas cooling rates vary by factors of three or more
(Figure 6). The differences in the calculated cooling and
exhumation rates in the northern and southern Steep Belt
imply that cooling is not controlled by exhumation pro-
cesses alone.
[31] The evidence presented is consistent with a local

extrusion scenario (of a sheet 5–10 km wide) for the SSB,
with a particular cooling and exhumation history of that
unit. The combination of fast cooling and rapid exhumation
of the SSB during the late Oligocene may explain the
extremely high cooling rates. Comparing the Miocene
exhumation rates with estimated Quaternary denudation

rates, the resulting values are similar (0.5–0.9 mm/a
[Wittmann et al., 2007; Reinecker et al., 2008, and refer-
ences therein]).

3.4. Consequences Regarding Barrovian Field
Areas in General

[32] The combined tectonic and metamorphic evolution of
the Alps presented here has several consequences regarding
our understanding of Barrow‐type metamorphic field areas
in general. As shown above, advective and conductive heat
transport are relevant, with their respective roles differing
over time and spatially within the orogen. The field gradient
reflects different maximum temperatures at different times,
and these different maximum temperatures relate to different
processes (Figures 3, 6, and 7).
[33] This is consistent with the tectonic evolution of

Alpine‐type orogens in general, where subduction typically
was followed by collision. During the first time interval
(stage 1 in Figure 2), advective heat is tectonically trans-
ported by HP units to midcrustal levels. This process
rapidly reorganizes the thermal structure typical of sub-
duction settings, as has been modeled numerically [Roselle
et al., 2002; Goffé et al., 2003; Gerya et al., 2004].
However, exhumation of tectonic fragments (a few km in
size, as observed in TAC units [Engi et al., 2001]) along
the subduction channel does not transport sufficient heat to
produce the Barrovian overprint (compare exhumation of
HP units in the Western Alps). During a subsequent time
interval, and in addition to advective heat transport,
stacked basement units contribute sufficient heat to pro-
duce Barrovian conditions via thickening of the continental
lower plate by underthrusting and accretion. The thicken-
ing of the lower plate during collision has a threefold
effect: (1) transported basement units add further radiogenic
material to the system; (2) the nappes advect heat toward
more external, previously colder parts of the emerging
orogen; and (3) the included lower crustal wedge transports
additional heat into the central part of a thickened crust, with
upper plate material displacing colder, lower plate material.
The maximum temperatures reached (at pressures < Pmax)
are the consequence of heat redistribution following the
exhumation of HP units and their emplacement at middle
crustal levels, followed by wedging. It appears that both of
these processes are required for Barrovian conditions to be
attained (as borne out by numerical experiments; see for
example Figure 10 of Berger et al. [2008]). HP relics are
commonly found in Barrovian field areas, and so is evidence
of a thickened crust caused by continent‐continent colli-
sion (e.g., Spain [Ábalos et al., 2003] and Bohemian massif
[O’Brien, 2000]).

4. Conclusions
[34] The comparison of the thermal evolution in the

Southern Steep Belt with that within the Northern Steep Belt
of the Central Alps indicates that, during the same time
interval of orogeny, different heat transport processes dom-
inated in these two regions. This disparity in the processes is
controlled by differences in the tectonic evolution and results
in differences in the thermal structure at a relatively small

Figure 7. Schematic evolution of P‐T data in a Barrovian
field area. (a) Schematic P‐T evolution for different tectonic
units (see Figure 4 for data). (b) Theoretical field gradient of
maximum temperatures for the Barrovian metamorphism
shown for a N‐S profile (compare Figure 9 of Todd and
Engi [1997]). (c) Same as Figure 7b but for pressure.
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scale, i.e., on the order of 50 km. In detail, the example of the
Alps may be unique owing to the details known regarding the
geometry and the particular kinematics within this small
orogen. Nonetheless, the general situation bears many sim-
ilarities with other orogens. Notably, the distinction of areas
(and periods) dominated by advective heat transport versus
areas (and periods) of essentially conductive heat transport is
thought to be a general feature, primarily controlled by local
tectonics and magmatism. Analysis of the cooling history
down to the zircon FT annealing temperature of an area turns

out to be strongly influenced by the prior thermal structure
established. In order to integrate data regarding the cooling
history into the geological history, the transient precursor
situation needs to be estimated [Braun et al., 2002].
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