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ABSTRACT

Current multidisciplinary studies confront the difficult problem
of validation and verification of internal compatibility of
geophysical and geological data of different nature, quality
and origin. Our ‘geodynamic’ approach exploits the natural
interdependence between the data related to different physical
properties of geological structures (density, rheology,
temperature, stress). Using the latter as input for a thermo-
mechanical finite-element model, we can verify whether the
inferred properties and geometries (i) are mechanically stable, (ii)
require rheologically consistent stresses, strains, realistic

thermal conditions, etc., and (3) will evolve in a geologically
realistic way in the future. This ‘mechanically balanced’ approach
is tested on the Alpine orogen (ECORS and NFP20 profiles) in the
framework of the GeoFrance 3D programme. The results suggest
a number of corrections and adjustments that can be made to
existing seismically-and gravity-predicted geometries of
structures such as the Ivrea body and those of the depleted
subducted crust.
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Introduction

Extensive multidisciplinary geophysi-
cal studies of the deep crustal structure
(i.e. BIRPS, COCORP, DEKORP,
ECORS, LITHOPROBE, EUROP-
ROBE) have greatly improved our
knowledge of mountain and basin dy-
namics. In France, several preliminary
cross-sections derived from the
ECORS data have given rise to inten-
sive discussions and quite different geo-
logical interpretations (e.g. Bois, 1987),
and partly inspired the GéoFrance 3D
project (1995) aimed at obtaining a
decisive, 3D picture of the regional
tectonics by combining various geolo-
gical and geophysical 2D/3D data
sources (Ledru et al., 1997).

Seismic data are a major source of
information about the crustal and litho-
spheric structure. Unfortunately, their
interpretations are non-unique. For this
reason, potential field data (gravity,
magnetics) are used to constrain and
complete seismically-derived 3D struc-
tures. Gravity and seismic velocity
anomalies are related to the same source
(density anomalies). Thus, a combina-
tion of both methods yields far more
reliable geological interpretations than
those based on a single method (e.g.
Bayer et al., 1989; Kissling, 1993; Kis-
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sling and Spakman, 1996). However,
seismo—gravity models may still provide
quite ambiguous solutions (e.g. Kis-
sling, 1993) and additional criteria are
needed to eliminate unrealistic solu-
tions and refine the valid ones.

To persist on geological timescales,
subsurface density and lithology struc-
tures must stay in a thermo-mechanical
equilibrium, be it dynamic or static. For
example, low-density, weak subsurface
crustal inclusions (e.g. granitic) or struc-
tures with sharp, steep boundaries can-
not be preserved for longer than 5-10
Myr because of gravity-driven stresses
(e.g. Burov et al., 1998). In steadily
evolving structures, reasonable strain
rates, stresses and other physical char-
acteristics conditioned by rock mechan-
ical data and observations (topography/
convergence rates, seismicity, gravity,
etc.) must also be taken into account.
The approach proposed in our study
allows for verification of mechanical
stability of hypothetical geological
structures inferred from multidisciplin-
ary data, and validation of the physical
conditions required for this stability.
This ‘coupled’ methodology is based
on a thermo-mechanical numerical
model in which the multidisciplinary
data serve both as input and output
parameters. We tested our method on
the Alpine part of ECORS-CROP (Ni-
colaset al., 1990) and NFP20 (Pfiffner et
al., 1988) profiles (Fig. 1). The data
include cross-sections derived from deep
seismic data (Damotte et al., 1990),
wide-angle data (Hirn ez al., 1989; Thou-

venot et al., 1990) and gravity modelling
(Bayer et al., 1989; Rey et al., 1990).
Along these cross-sections, the geome-
try of deep crustal units (e.g. the Ivrea
body, deep crustal thrusts, low-velocity
zone) is rather well delineated. Yet a
number of key details of fine crustal
and lithospheric structure remain
poorly constrained allowing for various,
noticeably differing, geometrical inter-
pretations (e.g. (Kissling, 1993, fig. 2).

Geophysical data

Profiles across Western (ECORS) and
Northern Alps (NFP20) (Figs 1 and 2)
from the ECORS-CROP (Nicolas et
al., 1990) and NFP20 (Pfiffner er al.,
1988) programmes were derived using
seismic cross-sections, gravity profiles,
and partly magnetic, geodetic, thermal
and stratigraphy data. Seismic data on
bulk crustal structure (Damotte et al.,
1990; Valasek et al., 1990) and major
velocity anomalies (Thouvenot et al.,
1990) were converted into density
anomalies used in forward gravity
models (Rey ef al., 1990) to adjust the
geometry of the inferred structures.
Nevertheless, the ambiguities of seismic
imagery and potential field data analy-
sis still allow for various possible inter-
pretations (Fig. 2).

Basic geophysical features of the
Alpine part of the ECORS profile

Alpine mountain building during Eur-
asia—Africa collision was accompanied
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Fig. 1 Digital topography map (DTM5 5’ x 5" data base) of the Alpine belt showing the location of the two test profiles (parts of
ECORS and NFP20).

Fig. 2 (Overleaf, pp. 126-127) Source data (seismic cross-sections, gravity profiles) and previously inferred interpretations (density/
lithology structures). (a) unmigrated cross-section of the Alpine part of the ECORS profile and Bouguer gravity profile (ECORS-
CROP Deep Seismic Working group, 1989). Wide-angle reflectors I, 11, 111, and IV are shown. (b) I, primary inferred seismo/gravity
consistent structure (from ECORS-CROP Deep Seismic Working group, 1989): I, upper mantle; I, lower granulite crust; I11, upper
crust; white areas are Mesozoic to Cainozoic covers and Tertiary molases. I1: seismo/gravity consistent structure proposed by (Bayer et
al., 1989) (theoretical gravity anomaly is shown with a solid line). III: seismo/gravity consistent structure from (Marchant and

Stampfli, 1997) (theoretical gravity anomaly is shown with a solid line).

by numerous tectonic events from early
Tertiary onwards (Bernoulli, 1981;
Triimpy, 1985; Frei et al., 1990; Nico-
las, 1990; Viallon, 1990). For the Wes-
tern Alps, the SE-dipping oceanic sub-
duction was supposedly succeeded by
progressive subduction of the Eur-
opean lithosphere resulting in forma-
tion of the Penninic Thrusts (10040
Ma), sub-Alpine nappes (40-25 Ma),
and of the Jura decollement (Nicolas,
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1990). The Alpine part of the ECORS
profile starts in the Molassic basin,
crosses the Belledone, Vanoise and
Gran Paradiso massifs and ends in the
P6 plain [Figs 1(A-A’) and 2a]. On the
profile, main seismic reflectors reveal
sedimentary layering of the Molassic
basin (I), depict structure of the Penni-
nic nappes in the middle crust (II) and
trace the layered lower crust from the
eastern part of the section to nearly

below the Penninic front (III). The
reflective zone (III) disappears west-
wards, but several wide-angle reflectors
located in the continuity at its base
indicate potential extension of the
Moho beneath the Gran Paradiso
(ECORS-CROP Deep Seismic Sound-
ing Group, 1989; Thouvenot et al.,
1990). Other mid-crustal reflectors are
attributed to lower crustal/upper man-
tle extrusions equally expressed in the
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c) 0 20 40 &0 B0 00 120 140 16D 180 200 220 120 mGal Bouguer gravity (Fig. 2) and

' large magnetic anomaly over the cen-
tral part of the range. This phenomen-
on is interpreted as the high-density,
high-magnetization lower crustal slab
unit named the Ivrea body (e.g. Rey et
al., 1990, fig. 2).

Basic geophysical features of the
NFP20-South deep seismic profiles

(Swiss National Science Foundation
programme, Figs 1(B-B’) and 2c; Frei
et al., 1990; Marchant and Stampfli,
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Fig.2 (cont.) (c) One of the inferred structures for the Alpine part of the NFP20 profile,
observed (dots) and calculated Bouguer gravity anomaly (from Marchant and
Stampfli, 1997).

Model

Our thermo-mechanical model (Fig. 3),

NW SE derived from the FLAC method (Cun-
exess subsurface mass ~ P; — Py inclusions ps, A;, Qs ne B v, G, g, ete dall, 1989; Poliakov et al., 1993), solves
equilibrium problems for brittle-elasto-

I upper crust {15.zum.; h ductile media with spatially varying
quartz-contralled p , A, Q, ...
lowrer crust {20-25 km) m

e diabasep A Q, ..
Fig. 3 (Left) Simplified cartoon of the
‘:> <:| thermo-mechanical finite-element model

parameters, mimicking input configura-

tion II from Fig. 2b. Unlimited number of
various crustal and lithospheric struc-

<:I tures with different material properties
(Pz: An Qla nj, El7 Vi, C0is d)h see text and

% é é Table 1) can be assigned (i = 1,2,3 ... n

where n is a number of layers or inclu-
Restoring forces sions, e.g. i = 1 is for the upper crust).

mantle lithosphers (30-70 km) olivine p 5, A, Q, ..
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properties, for example, composed of
arbitrarily shaped layers, bodies and
faults. The material properties are de-
fined through those of the input lithol-
ogies, temperature and velocity struc-
ture. The algorithm handles strain
localizations and can reproduce non-
predefined fault distributions compar-
able with observations. The brittle be-
haviour is modelled by Mohr—Coulomb
plasticity with friction angle ¢ = 30°
and cohesion 6y =20 MPa. For the
elastic part, we use Young modulus
E =0.8 GPa and Poisson’s ratio of
v=0.25. (Gerbaut et al. 1999). The
ductile power law parameters were cho-
sen according to leading lithology
(quartz, diabase, olivine and so on,
Table 1). The lithosphere rests on a
pliable Winkler basement (250 km
depth), and undergoes horizontal short-
ening at 10 mm yr~' (for the Alpine
zone). The upper surface is free and is
formed by the input topography. The
numerical mesh counts 500 x 250 rec-
tangular elements composed of over-
lapping couples of triangular elements
(to prevent mesh locking).

We use a fully explicit, time-march-
ing dynamic finite-element scheme sol-
ving equations of motion:

pOv,/01-00,/0x,~pgi = 0. (1)

where v is velocity, g is the acceleration
due to gravity and p is the density (Fig.
3). Solution of these equations provides
velocities at grid points used to calcu-
late element strains €; and then, via
appropriate constitutive relations, the
element stresses o, and equivalent
forces f; = pOv;/0t forming the input
for next calculation cycle. This scheme
works practically for any rheology
(Cundall, 1989). Strain localizations
are handled using an adaptive remesh-
ing technique (Poliakov et al., 1993).
The solution of (1) is coupled with the
heat transport equation to account for
temperature-dependent rheology:

pC, dT|ot—div(kVT) + vVT = H, (2)

where v is velocity tensor, C, is the
specific heat, k is the thermal conductiv-
ity tensor, and H is heat production per
unit volume (we use commonly inferred
values — e.g. Burov et al., 1993).

In nature, long-living geological
structures should stay in dynamic or
static equilibria. If the geometries and
properties (density, lithology, etc.) of
these structures are inferred incorrectly
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Table 1 Parameters of dislocation creep for lithospheric rocks and minerals. After
(Brace and Kohlstedt, 1980; Carter and Tsenn, 1987; Kirby and Kronenberg, 1987,

Tsenn and Carter, 1987)

Mineral/rock A*[Pa™ s H*[KJ mol™"] n
Quarzite (dry) 5x 10" 190 3
2.7 x 102° 156 2.4
Diorite (dry) 501 x 10 212 2.4
52 x 1078 219 2.4
Diabase (dry) 6.31 x 10%° 276 3.05
8.00 x 102 260 3.4
Olivine/dunite (dry) 7 x 10" 520 3
Dislocation climb at 2.5 x 1077 532 3.5

oy 03 < 200 MPa
olivine

(Dorn’s dislocation
glide) at

G1— O3 = 200 MPa)

e=goexp [_H* (1_ (o1 _o3)/oo)* 1 RT]

where £ ¢=5.7 x 10''s", 5,=8.5=10% MPa; H* =535 kJ mol”
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Fig. 4 Initial viscosity structure for the ECORS profile (top) inferred from the density
structure (bottom) and thermal model. The viscosity structure is complemented by
plasticity and elasticity structure recomputed on each time step. The rheological phase of
each numerical element at given moment of time is defined according to the minimal

stress criteria.

(bad interpretation, bad data quality),
the mechanical equilibrium model will
demonstrate that the inferred structures
are mechanically unstable, or imply un-

realistic evolution of the internal struc-
tures, velocity and stress distributions
(for example, uplift instead of subsi-
dence, too rapid subsidence, etc.). The
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Fig. 5 Calculated deviatoric shear stress distributions. (a) ECORS profile. Top, deviatoric shear stress distribution; bottom,
anomalous stress distribution showing the difference between the elastic (maximum possible stress) and the inelastic stress (limited by
yielding limits). Large differences correspond to potentially unstable zones. (b) NFP20 profile. Top, shear stress distribution; bottom,

anomalous stress distribution.

density structure is linked to lithology
and rheology structure: weak sediments
are lighter than stronger granites, gran-
ites are weaker and lighter than mafic
granulates and so on. Low-density
rocks (up to 2700 kg m~>) can be pre-
sented by weak quartz-dominated com-
positions, denser rocks correspond to
stronger basic compositions, and the
properties of very dense rocks (3300 kg
m %) should be close to those of mantle
olivine. Some additional data such as
seismic reflectivity and electric resistiv-
ity anomalies provide additional con-
straints on the rheological behaviour
and composition.

The elastic mechanical models of the
lithosphere are most stable ones. Yet
the rocks can be elastic only when
slightly or rapidly deformed. At larger
strain and geological strain rates the
rocks are brittle or ductile: depending
on the local strain velocity and strain

©1999 Blackwell Science Ltd

rate field, inelastic zones may evolve
rapidly. Their (model-predicted) loca-
tions will indicate problematic ‘spots’
where the input geological structure
may be unstable and thus likely to be
revised. By modifying the input struc-
ture and then repeating thermo-me-
chanical tests, we ‘converge’ to a phy-
sically consistent geological model
compatible with the ensemble of avail-
able data.

Results and discussion

We tested various density and lithology
structures previously inferred from the
ECORS and NFP20 profiles (Fig. 2).
To derive the rheological properties of
these structures, we used known rela-
tionships between different lithologies
and densities (Turcotte and Schubert,
1982; Gao et al., 1998): weak sediment
rheology (zero cohesion in the brittle

part) is attributed to the rocks lighter
than 2300 kg m~?; quartz-dominated
rheology (20 MPa cohesion for the
brittle part) is assigned to the density
interval between 2300 and 2750 kg
m~3; diabase/mafic granulite rheology
is used between 2750 and 2950 kg m ~%;
and olivine rheology is assumed for the
rocks denser than 2950 kg m~* (Table
1, Fig. 4). Whatever the lithology, den-
ser rocks are stronger.

The numerical results are presented
in Figs 5 and 6. For each input config-
uration from Fig. 2, we calculated re-
siduals between the actual stress and
the elastic (maximal) stress. The results
shown in Figs 5 and 6 correspond to the
input configuration II from Fig. 2(b).
In these figures, the areas of high stress
difference (i.e. comparable to litho-
static pressure) correspond to impor-
tant inelastic (plastic or viscous) defor-
mation. Their geometry is unstable and
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cannot be preserved on long timescales.
For example, the density structure for
ECORS profile suggested in Bayer et al.
(1989) (Fig. 2b, II) is mechanically un-
stable because the inferred sharp crus-
tal features reach the yield state. For
this configuration, the local strain rates
reach 107" s~! whereas the local
stresses tend to modify the initial geo-
metry. In particular, the inferred geo-
metry of the ‘crocodile’ structures on
the WNW side of the Alpine part of the
ECORS profile, as well as that of the
Ivrea body, are mechanically unstable,
so that the computed local uplift rates
reach unrealistic values of 8-15 mm
yr~! in the Ivrea body region. Our
computations suggest a different, more
stable and physically consistent geome-
try (Fig. 6), which is also entirely com-
patible with the initial seismic, gravity
and geodesy data (vertical surface rates
< 1 mmyr~") (Fig. 6). For this reason,
it presents a better approximation to
the real crustal and lithospheric struc-
ture. Configuration III from Fig. 2(b)
and the density/lithology structure in-
ferred for NFP20 profile (Marchant
and Stampfli, 1997) generate smaller
stress/strain anomalies than that for
the tested parts of structures II and I
(Fig. 2b) previously suggested for the
ECORS profile. In particular, the
tested structure of the NFP20 profile
(Fig. 2c) almost entirely satisfies the
requirements of mechanical equili-
brium, with the exception of a small
area corresponding to the upper part
of the Ivrea body. Thus the inferred
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geometry is probably much closer to
the real one. Another, quite puzzling
result suggests that the deep crustal
structure along the central Alpine
ECORS profile is self-sufficient for in-
itialization and continuation of sub-
duction at the current rate. Even if the
initial cause for subduction was differ-
ent (slab pull, convection, etc.), it turns
out that the geometries of the colliding
plates were readjusted during collision,
and now subduction may continue
without any additional forces.

Conclusions

Our model exploits the interdepen-
dence of a larger variety of geophysical
data (gravity, seismic, geodetic, ther-
mal, stratigraphy, etc.) than the more
commonly used solely geophysical
tools, thus allowing for more realistic
and more self-consistent geological
models, i.e. for ‘mechanical’ validation
of deep structures inferred from multi-
disciplinary data. It helps to select the
most physically consistent structures
from possible geometries, to trace out
problematic spots in the data, as well as
to verify more general geodynamic
models. In particular, we have shown,
using the example of well-studied Al-
pine cross-sections, that several critical
features in the presently inferred deep
crustal geometries may be mechanically
invalid. For the ECORS profile, it con-
cerns the geometry of the Ivrea body
and that of the doubled crust (also
called ‘crocodile’ structures). The deep

Terra Nova, Vol 11, Nos 2/3, 124-131

structure previously inferred for the
NFP20 profile is closer to the mechan-
ical equilibrium, but also may have
some problematic features in the Ivrea
body zone. The proposed new ‘me-
chanically balanced’ cross-sections not
only satisfy the previously used data,
but are also mechanically stable and
consistent with thermal and geodetic
data. Nevertheless, because of the un-
certainties in the parameters and ambi-
guities in the data, there is no warranty
that the mechanically consistent geolo-
gical models are the true ones. How-
ever, we can be confident that they are
much closer to the reality than the
scenarios inferred from seismic, gravity
or geological data only. The proposed
method may have versatile applications
for multidisciplinary studies of zones of
wide geodynamic interest.
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