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Abstract

The possibility of flow of the lower crust under the load produced by carbonate sedimentary accumula-
tions is investigated through the example of the Paris basin during the Middle Jurassic (i.e. Bathonian).
Depositional geometries, water depths and sedimentary environments have been estimated and correlated
for 164 sites spread over a surface of 380 per 220 km for three successive periods lasting each less than 0.8
My. A signal of relative vertical displacement has been extracted from water-depth and sedimentary
thickness. Data have then been interpolated to produce maps of velocity of vertical displacement, sedi-
mentation rate, water depth, and water-depth variation between two periods. The maps show that the
western part of the basin is affected by faults which are independent of the sedimentation. The eastern part
of the basin consists of a shallow carbonate platform affected by diffuse subsidence patches which are
positively correlated with sedimentation. The patches of diffuse subsidence are elliptic in shape, with a
radius of 20 km, a mean thickness of 40 m, and a maximum elevation of 10 m above the surrounding sea
bottom. We suggest that the load of these patches induces the flow of the lower crust. The topography
produced by these patches would be maintained at steady state by in situ carbonate production/accumu-
lation combined with the lower crust flow. This model is tested by estimating the viscosity and the thick-
ness of the flowing crust necessary to meet the geometric and kinematic conditions obtained from the
patches. This model is valid for a lower crust viscosity of around 10%' Pa s. This value is higher by one
order of magnitude than those inferred from other contexts but can be explained by the influence on visc-
osity of the load and temperature for a non-newtonian rock rheology.
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1. Introduction

Lithospheric strength profiles show that generally the lower crust is a weak viscous channel
sandwiched between two resistant, possibly brittle, layers which are the upper mantle and the
intermediate crust (e.g. Ranalli and Murphy, 1987). The effects of this viscous channel on tectonic
processes have been suggested for a wide range of time scales. For long term tectonic processes
such as rift development and mountain building (time scale exceeding 5 My), numerical models
have revealed the sensitivity of the lower crust flow to pressure gradients generated by topo-
graphy (e.g. Buck, 1991; Hopper and Buck, 1996; Burov and Cloetingh, 1997; McKenzie et al.,
2000) and have pointed out possible feedback mechanisms between erosion and collision pro-
cesses through this weak channel (e.g. Avouac and Burov, 1996). Flow of the lower crust has also
been suggested from geological data obtained in the Basin and Range province (Kruse at al.,
1991; Kaufman and Royden, 1994; Bills et al., 1994; McCready et al., 1997; McQuarrie and
Rodgers, 1998) to explain spatial and temporal evolution of subsidence or to explain uniformity
of gravity and topography between extended and non-extended adjacent regions. Data collected
from these works are compatible with an effective viscosity of the lower crust ranging from 108
to 10 Pa s. On an intermediate time scale of 1-5 My, the flow of the lower crust could be
important after the emplacement of granitic bodies in the upper crust (Bott, 1999). For short time
scales (less than 10 ky), the flow of the lower crust participates to stress relaxation of post-seismic
events (Rydelek and Sacks, 1990; Deng et al., 1998), to isostatic adjustment related to human
activity (i.e. mining; Klein et al., 1997), and to topographic relaxation after the melting of ice caps
(e.g. Klemann and Wolf, 1999).

Time lines bounding carbonate sedimentary bodies can be delineated under a resolution of
several 100 ky (Garcia and Dromart, 1997; Dromart et al., 2002). This time scale is intermediate
between that of geodynamic processes acting at the velocity of plate tectonics and that of climatic or
human driven processes. For a newtonian viscosity, the time constant of the lower crust flow driven
by a surface load is given by (Lliboutry, 1976) (see Table 1 for the explanation of the symbols):
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For a mean viscosity of the crust of 10%° Pa s, a density of 2700 kg m~3, a thickness of the
crustal channel of 15 km and a surface load with a wave number of 3.107> m~! (wavelength of
about 100 km), the time constant of the system is around 100 ky (Fig. 1). The characteristic times
of sedimentary construction and lower crustal flow are then similar. The flow of the lower crust
should thus be instrumental in the control of the geometry of sedimentary bodies. However, the
possible interplay between the two processes is generally masked by the brittle tectonics asso-
ciated with the horizontal displacements, and is difficult to observe because of the high time
resolution which is needed for the delineation of sedimentary bodies. Such a signal has to be
sought in sedimentary environments for which horizontal tectonics is low enough. This approach
can be realized successfully on intracontinental basins (ICB) which are circular structures with a
diameter of several hundred km. ICB subsidence typically exceeds 150 My in duration, with
velocities lower than 50 m My~! on average. ICB are generally affected by few normal faults. The
amount of extension is low and the thinning of the crust is low to nil (Pinet and Coletta, 1990;
Stel et al., 1993).
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Table 1
Symbols used in flow equations
g Gravity
Pe Density of crust and sediments
Pw Density of water
n Viscosity of the lower crust
H Thickness of the lower crust
k Wave number of the load
A Wave length of the topography
] er
uf Horizontal velocity of the flow in the lower crust
142 Vertical velocity of the flow in the lower crust
Vs Difference of sedimentation velocity between the patch and the rest of the platform
Topography

Load applied at the surface
Deviatoric stress
Activation energy
Universal gas constant
Absolute temperature
Exponential factor
Pre-exponential term

Tz N0
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Fig. 1. Characteristic times of the flow in the lower crust (from Lliboutry, 1976). The characteristic time is in the same

range as the life span of a sedimentary body.
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The paper aims at investigating the possible effects of the building up of carbonate sedimentary
bodies on the flow of the lower crust in the Paris basin during the Bathonian. Maps of subsidence
velocities have been extracted from a stratigraphic data-base containing information on age,
sedimentary thickness and depositional water-depth of 164 sites in the Paris basin for three suc-
cessive periods each lasting less than 0.8 My. The geometrical and temporal characteristics of
sedimentary bodies have been tested against a model of flow of the lower crust. This study con-
cludes that these characteristics are compatible with the flow of a crust having a effective viscosity
of about 10?!' Pas.

2. Geological setting

The Middle Jurassic of western Europe is characterized by significant sediment accumulation
(Fig. 2a). Specifically, the Bathonian carbonate platforms of the Paris Basin show a vertical
development of about 100 m in the western margin to 300 m in the basin. Major faults inducing
topographic highs and subsiding zones crossed the basin at that time (Fig. 2a). In the Bathonian,
the Paris basin was occupied by carbonate shoals, fringing emerged land areas (Armorican,
London-Brabant, Massif central Highs), and offshore domains (Ziegler, 1988). The Bathonian
series are incorporated into an overall stratigraphic cycle (Garcia et al., 1996; Gaumet, 1997)
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Fig. 2. Map of the Paris basin showing the position of the 164 investigated wells, and the main brittle structures
affecting the area. The map is in Lambert II projection. The studied area is delimitated by the rectangle.
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composed of (1) a regressive hemicycle from the Upper Bajocian to the Lower/Middle Bathonian
boundary which corresponds to an overall infill of the basin associated with the progradation of
carbonate deposits ultimately conducting to subaerial exposure, and (2) a transgressive hemicycle
from the Middle Bathonian up to the marine flooding of middle Callovian age when residual
shallow carbonate deposits stacked on topographic highs were drowned by offshore deposits.

3. Data set and preprocessing

Most of the data-base relative to the Bathonian-Callovian of the Paris basin comes from the
subsurface (cores and well-logs) in association with the extensive oil exploration conducted all
over the basin since 1958. Additional information derives from outcrops located all around the
basin (Normandy Coast; Burgundy). A set of 164 sites distributed over a surface of around
83,000 km? (380 per 220 km) has been processed. Site distribution and spacing are fairly regular
even if the southwestern basin is marked by the scarcity of boreholes due to the lack of subsurface
hydrocarbon reservoirs.

3.1. Stratigraphic correlations

The depositional geometries were restored by constructing a web network of stratigraphic
cross-sections all over the study area. The cross-sections were correlated in the case of carbonate
platforms by using the lithologic markers of marine flooding occurrences. The method used is
somewhat similar to the procedure applied by Underhill and Partington (1993) in the Jurassic of
the North-Sea. Since most of the data come from the subsurface, cross-sections derive from the
correlation of well-logs. Marine flooding events usually correspond to shaley deposits which can
be tracked through inspection of conventional well-logs, i.e. combinations of positive excursions
of the Gamma-Ray log with negative deflections of Neutron and Sonic logs in response to
increasing porosity (Table 2).

Additionally, there is control of the sedimentological significance (i.e., lithology, depositional
facies and environment) of the well-log patterns. This is done by comparing core and well-log
data available through the same interval of a well or a pair of wells, e.g., BTS 001 and CS 001
wells (Fig. 3). This calibration procedure leads to the identification of a series of prominent well-
log markers (0-34; Fig. 2b). Subsequently, a grid of stratigraphic cross-sections is achieved by
correlating wells one by one (Fig. 2b; Garcia and Dromart, 1997). The correlation does not refer
to any a priori stratigraphic model (e.g., volumetric partitioning of sediments) but is based on the
recognition, and the correlation, of particular and recurrent sedimentological markers (i.e., mar-
ine floodings). The shape of well-log deflections marking those marine flooding events changes
from site to site. A gradual change allows reliable time-lines to be drawn whereas a total fading
of the well-log marker will cause the correlation-line to be omitted (Fig. 2b). Finally, well-log
markers may split into a number of subordinate markers that further merge, with the possibility
of incorporating extra-markers coming from above or below in the stratigraphic column. In
that case, time-lines obtained from the well-log correlation are moderately constrained and the
possible drift of the correlation may attain a limited magnitude of a few meters throughout the
basin. Moreover, the robustness of correlation is confidently tested by biostratigraphic data
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Table 2
Calibration of depositional environments and related water depths against well-logs for the Middle Jurassic of the Paris
Basin a

Depositional Gamma-ray  Lithodensity Neutron (NPHI)/ Resistivity log  Sonic Water
environment A.PL (PEF) density (RHOB) (Ohm m?/m) (us/foot)  depth
(core data) barn/electron  deviation (no unit) (m)
Shoreface 5-20 4.5-6 0 2-150 60-75 <20
Inner upper offshire 1540 4.5-5.5 0-0.5 10-100 50-75 20-50
Offshore

Middle-Outer 15-75 2.0-5.5 1.2-2 10-100 50-90 50-110
Upper offshore

Lower offshore 50-105 1.5-2.5 1.8-2.7 1-6 90-110 >110

Ranges for well-logs correspond to end-member values obtained on the whole Bathonian platform from 20 wells
(environments calibrated with cores); Description of logging tools and units are available in Serra (1979)

Table 2b
Absolute depths against gamma ray log
values for the shoreface to upper offshore

domain
Gamma-ray Depth
APIL (m)
0-15 20
16-30 30
31-45 40
46-55 50
56-65 60
66-75 70

(brachiopods association) that are found in relatively condensed intervals associated to marine
flooding (Garcia and Dromart, 1997, Fig. 4).

3.2. Interval selection and final subdivision

Two conditions have to be met so that a stratigraphic surface (i.e. time-line) can be selected: (1)
a confident physical correlation of the surface across the entire study area; (2) a reliable and
accurate biostratigraphic assignment of it in order to have access to its geochronologic ages, so
that the interval duration can be estimated.

Time-lines tie distinct depositional environments across the basin, and delineate packages of
rocks whose thickness and composition vary as a function of their geographic location. Four
time-lines have been selected for our calculation (Table 3). The choice of this spacing is a com-
promise between a time resolution as fine as possible and uncertainties (associated with the
stratigraphic correlations and the interval durations) that raise with the resolution. The studied
stratigraphic interval represents the lower half of the carbonate platform and encompasses the
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Fig. 4. Principle of calculation of relative tectonics (RT). See description of the equation in the text.

Table 3
Age of the selected time lines

Markers (Fig. 2) Age (Ma)
Line 4 M16 167.1
Line 3 Ml14 167.9
Line 2 MI10 168.7
Line 1 M5 169.1

Lower to Middle Bathonian boundary. The interval shows the transition between the prograda-
tional pattern (lateral accretion) to the dominant aggradational pattern (vertical stacking) of
strata that corresponds to the highest accumulation rates of carbonate sediments (Dromart et al.,
2002).

3.3. Lithologies

The Bathonian of the Paris Basin is made up of a variety of limestone and shale lithologies
associated with a large spectrum of depositional environments ranging from marginal marine to
offshore domains. For instance, restricted marine depositional facies of the Lower/Middle Bath-
onian boundary (MD 14-MD 16 interval) are dominantly composed of a light-colored, chalky to
massive peloidal micrite bearing large oncoids. Shoreface deposits (i.e., above the fair weather
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wave base) are massive, coarse-grained limestone made up of grain-supported oolites and bio-
clasts (bivalves, gastropods, and coral debris). Storm-influenced deposits of the offshore zone
correspond to a bioturbated, clayey, fine-grained limestones with bioclastic layers.

3.4. Depositional water depths

In the following, paleo-water depths have to be estimated at each site for each stratigraphic line
to calculate the accommodation potential which is the space created for sediment to fill. The
subdivision of paleo-depositional environments in terms of depths is based on the recognition of
marine hydrodynamic limits. For an open carbonate shelf, three zones can theoretically be dis-
tinguished: the shoreface, above the fair weather (i.e., permanent) wave base; (2) the upper off-
shore, between the fair weather wave base and the storm weather wave base; (3) the lower
offshore, below the storm wave base. The shoreface is characterized by the absence of fine-
grained (i.e., clay-sized) sediments, because of the permanent re-suspension by waves. The upper
offshore is marked by heterolitic facies, as an alternation of grainy, storm-related and fine-
grained, suspension-derived deposits. The lower offshore theoretically show purely suspension-
derived sediments. On wave-dominated shelves, a finer distinction is possible across the upper
offshore from the morphology of storm current related erosive marks (Guillocheau, 1991).

Two domains (inner; middle-outer) have been discerned within the upper offshore of the Mid-
dle Jurassic in the Paris Basin from the observation of cores and exposed sections (Gaumet,
1997). Since the biotic assemblages and the primary sedimentary structures used can be seen on
rocks only, a conversion of the well-log responses into depositional environments was realized
through a set of 20 wells by directly comparing cores and well-log data (Table 2). It should be
noticed that a depositional environment cannot be detected from the inspection of any single
well-log but derives from the combination of well-log responses.

Eventually, an absolute water-depth value has been assigned to each domain (Table 2). In
modern oceans, the depth of those hydrodynamic limits are variable. The lowermost boundary of
the shoreface attains 30 m. Commonly, the limit between the middle and the outer upper offshore
is 80 m and the depth of the storm wave base is about 130 m (Guillocheau, 1991). However, these
values have been reduced for the study interval (1) because isotope paleobathymetry applied to
the Middle Jurassic of the Paris Basin (Garcia et al., submitted) suggests a storm wave base
around 110 m below the sea-level, (2) the general shallowing of the hydrodynamic limits asso-
ciated with weaker storms is possibly related to the marginal position of the basin relative the
open ocean that was the Tethys, and (3) because of the physiography itself of the basin (see
Ziegler, 1988).

In the study interval, depositional environments include the shoreface and the upper offshore
only. This domain has been divided into a number of sub-environments (six instead of three;
Table 2b), in order : (1) to obtain a sufficient accuracy in estimating change of depositional water-
depth between two successive time-lines at a given place and topographic gradients across the
basin at a given time; (2) to make the acquisition of paleobathymetric data (656 values) repro-
ducible and convenient. This extra-subdivision derives from an interpolation based on the double
assumption that the gamma-ray log deflection is proportional to the clay content, and that the
clay content itself varies linearly with the depositional water depth. In this respect, it should be
noticed that shaley levels of the study interval do not contain any constituent prone to modify the
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gamma-ray log response (i.e., phosphates and organic matter), and that it has already been shown
that in general gamma-ray log values increase as depositional water-depth increase (Table 2). The
water-depth allocation to each subenvironment represents a somewhat arbitrary interpolation
based however on fairly reliable control points (e.g., storm wave base water depth). The error for
water-depth estimates associated with the use of this subdivision is £5 m.

3.5. Uncertainties

The prominent uncertainty is associated with the calculation of rates because of the moderate
control we have upon duration of chronostratigraphic intervals inferred through geochronologic
scales. The time scale of Gradstein et al., (1994) is applied here because it incorporates new U/Pb
and Ar/Ar dates, it tentatively erases the systematic discrepancy observed between low- and high-
temperatures dates, and it is referred to the recent Mesozoic ammonite zonation. However,
interpolation techniques used in constructing the total Jurassic time-scale are based on the
assumption that ammonite subzones have equal duration. This is likely incorrect but the number
of accurate and reliable tie-points in the Jurassic is still limited so that the standard deviation of
an ammonite subzone duration, and the recurrence-time of brachiopod marker-beds (Garcia and
Dromart, 1997), cannot be estimated. For the moment we have no real means of delineating
errors associated with this interpolation and the resulting uncertainty tied to the calculation of
rates might be up to 50%.

Finally, it should be noticed that even if we are concerned with fairly short time interval (i.e.
less than half a million years), cyclostratigraphic dating has been rejected because of the following
pitfalls : (1) a very large uncertainty is associated with recognition and hierarchy of stratigraphic
cycles in shallow carbonate deposits because of common sedimentologic amalgamation; (2) an
assignment of a given order of cycle (e.g., highest order) to a certain frequency of the Milanko-
vitch band is somewhat arbitrary because of the large fluctuation of accumulation rates in a
given site—an effect of spatial volumetric partitioning of sediments and cycle superimposition
(Dromart et al., 1996); (3) the fact that the duration of carbonate elementary cycles can definitely
be out of the Milankovitch frequency band (Brack et al., 1996).

3.6. Compaction corrections

The thickness of each layer at time of deposition has been calculated using a decompaction
procedure similar to those proposed by Angevine et al. (1990). The compaction is assumed to be
related to a change in porosity which depends on burial depth. A simple exponential relationship
connecting change in porosity with depth has been applied (Angevine et al., 1990). The para-
meters of this relation are a function of the lithology (Table 4). A maximum burial depth has been
estimated to 1500 m for each well (Guillocheau et al., 2000). This depth is the maximum thickness
of the sedimentary pile above the considered interval. The value of this thickness has not to be
accurate since the maximum compaction occurs through the upper 500 m of burial (Angevine et
al., 1990). The sedimentary thickness of the layer located under the study interval has been
assumed to be 500 m, which is the maximum thickness of the sedimentary pile under the study
interval (Guillocheau et al., 2000). This basal layer has been considered as homogeneous and
made up of a lithology with parameters intermediate between shale and carbonates in order to
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represent in average the behavior of this layer. The basement under the Triassic layer is con-
sidered as not compactable. With the chosen parameters, the calculated thickness of deposits is a
maximum value as no early cementation has been considered. So the carbonate sedimentation
rates are possibly overestimated. However, even in this case, the spatial gradients of sedimenta-
tion are conserved and the overall geometry is preserved because the more compactable clayey
layers are much thinner than the limestone levels.

4. Relative tectonics

A signal of vertical displacement has been extracted from bathymetric data and from the
thickness of the sedimentary layers according to a method described by Dromart et al. (1998).
The absolute vertical displacement (7'4) of a point located in the basement under the sedimentary
layer submitted to compaction is (Fig. 4):

Ta = (Hecar + Esar + Bas + A) — (Bar + Hear) (2)

with, Hc4; is the thickness of the sedimentary layer deposited before time 1 at the point 4, Hca»
is the thickness of the sedimentary layer deposited before time 1 and compacted between time 1
and time 2, Ba; (Ba») is the water depth at the point 4 at the time 1 (time 2), Esa» is the thickness
of the sedimentary layer deposited at point A between times 1 and 2, and A is the eustatic var-
iation between time 1 and time 2. There is no agreement on a chart of eustatic variation at time
steps shorter than 1 My for Jurassic time (Hallam, 2001), making the eustatic parameter A
impossible to estimate. However, since eustasy is uniform in space by definition, the vertical dis-
placement of a point can be measured relatively to a reference point for which the same calcula-
tion is done. The relative vertical displacement that we call ““Relative Tectonics” (RT) is equal to
the difference between the two absolute displacements (Fig. 4):

Tr=TAx—Tg
= (Hear — Heay) + (Bax — Bai)Esar — (Hepy — Hepy) — (B2 + Bgi) — Esgo 3)

The eustatic variation cancels out in this formula. RT has been calculated for each well of the
Paris basin and for each time step taking a reference point in the center of the basin. The value of
the relative tectonics for a given well has no meaning as this value depends on the reference point.
Only spatial gradients of relative tectonics are indicative of the relative vertical displacement
between the points. If a homogeneous tectonic component exists on a larger scale than the area of
study, it is not detected by this method as it is included in the “eustatic” part of the signal.

Table 4
Parameters of decompaction from Angevine et al. (1990) for lithologies of the Paris Basin during Dogger®.

Shale Limestone
Surface porosity (®g) 0.5 0.5
Exponential factor (N, m—") 0.0005 0.0007

& The relation between porosity and depth is: ® = ®yexp(—Nz) with &, porosity at the surface and z depth of burial.



114 P. Allemand et al. | Journal of Geodynamics 37 (2004) 103—124

The values of RT and of the thickness of decompacted sedimentary layer divided by the time
steps have been linearly interpolated to obtain maps of RT velocity and sedimentation velocity.
Water depth and water depth variations between two time lines have been interpolated by the
method of nearest neighbor. On the period of time between 169.1 and 168.7 Ma, the amplitude of
RT is 90 m (Fig. 5). The spatial variation of RT is low in the eastern part of the Paris basin. The
western part is affected by higher spatial gradients of RT. The position of the highest gradient is
related to the activity of the Seine fault (Fig. 2). During this period, the sedimentation rate ranges
from 0 to 100 m My~!. The sedimentation rate is higher in the eastern side than in the western
side where the major faults are active. The water depth map shows that the eastern part of the
Paris basin is a shallow water platform whereas water depths in the western part are more vari-
able. The Paris basin has the same behavior during the two following periods (Figs. 6 and 7). The
eastern part of the basin remains a shallow water platform with a sedimentation rate around 50—
80 m My~!. The sedimentation rate is lower and depths more variable in the western side. The
platform domain is always affected by a diffuse RT with depths varying in a limited range
between two time surfaces. On each map of RT, patches of diffuse downward RT located on the
platforms are correlated with high sedimentation rates. The gradient of RT between the center
and the border of the patches is equal to the difference of sedimentation rates (i.e., ~30 m My~!).
The surface of the patches is around 400 km? with a radius of about 10 km. The location of the
patches evolved with time on the carbonate platform. Even if the water depth remained constant,
the major accumulation of sediment moved toward the west.

Velocity of tectonics m/My

‘

Velocity of sedimentation

550 600 650 550 600 650 700

Water Depth

Water depth variation

500 550 600 650 700 750

550 600 650 700 750 800

800

Fig. 5. Map of (a) RT, (b) sedimentation velocity, (c) water depth (d) change of water depth for the period between
169.1 and 168.7 Ma. Notice the correlation of the strong gradients of RT with the major faults of the Paris Basin (Seine
and Bray faults, Fig. 2) and the region of diffuse RT correlated with high sedimentation rate on the eastern part of the
Paris Basin. The stars indicate the position of Paris.
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5. Model of subsidence of sedimentary bodies

Two different tectonic behaviors are visible on RT maps: (1) a localized subsidence which is not
correlated with the sedimentation rate and (2) a diffuse subsidence affecting the platform domains
and correlated with high sedimentation rate. The first behavior is observed along the major faults
of the Paris basin. This classical tectonic activity is generated by strain and stress applied at
boundaries of the basin. It will be demonstrated in the following that the second kind of sub-
sidence could be associated with the in situ growth of carbonate platforms.

A simple 2D numerical model has been developed based on the model of mantle relaxation
after the melting of an ice cap (e.g. Turcotte and Schubert, 1982) in order to test whether spatial
and temporal length scales of construction and subsidence of sedimentary bodies are consistent
with realistic values of viscosity for the lower crust. The topography of the sedimentary body is
considered as infinite, sinusoidal, and at steady state (Fig. 8). Topography is maintained by
sedimentation and is absorbed by the flow of a viscous channel composed by the lower crust or a
part of it. The uplift generated away from the load by the flow of the crust is neglected. The
mantle is considered as rigid for such low wavelength load and thus non reactive. The elastic part
of the crust is neglected. The rheology of crustal rocks is considered as viscous newtonian. The
equations which govern this process with the boundary conditions described in Fig. 7 are given in

Velocity of sedimentation

Section of fig 8

Velocity of tectonics

2500
2450
2400

2350

Fig. 6. Map of (a) RT, (b) sedimentation velocity, (c) water depth, (d) change of water depth for the period between
168.7 and 167.9 Ma. Notice that the patch of downward diffuse RT located on the eastern part of the basin has moved
toward the west. The water depth on the platform is the same as the water depth of the previous period. The white
dashed line shows the position of the section presented in Fig. 9. The stars indicate the position of Paris.
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the Appendix. It is assumed that the system rapidly reaches steady state. This assumption is
consistent with the fact that the thickness of the bioclastic piles are at least two times the water
depth under which they have been deposited and that the water depth remains constant
throughout the study interval (Figs. 5-7). The other strong assumption of the subsidence model
of sedimentary bodies is that the patches have a positive topography of 5-10 m above the sur-
rounding platform. Even if such an elevation contrast cannot be directly and precisely measured,
topographic gradients can be qualitatively estimated through well-log data observation. Fig. 9
shows well-logs of a north—south section across a patch located in the center of the Paris basin
from 168.7 to 167.9 Ma (Fig. 6). The sedimentary thickness increases from the north to the mid-
dle of the section and decreases toward the south. In the middle of the section, the Gamma Ray
(GR) signal displays a blocky pattern typical of a carbonate shoal. The GR signal becomes noi-
sier towards the section extremities reflecting the occurrence of a higher number of clay rich lay-
ers. Therefore, environments at the toes of the depositional profile were certainly closer to the
hydrodynamic threshold that is the Shoreface—Offshore limit (i.e., possible clay-sized deposition).
The sensitivity of the lithologic record to minor sea level variations (i.e., fourth and fifth orders
rapid and small amplitude variations resulting from climatic cycles) was higher at the extremities
of the carbonate body. It can be definitively concluded that the depth of the carbonate patches
was lower in the center of the structure than on the edges.
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Fig. 7. Map of (a) RT, (b) sedimentation velocity, (c) water depth, (d) change of water depth for the period between
167.9 and 167.1 Ma. The patch of downward diffuse RT is in the center of the basin. The difference in the sedimenta-
tion rate between the center and the border of the patch is equal to 20 m My~!. The stars indicate the position of Paris.
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The variation of the topography of the bioclastic pile above the surrounding platform is given
in 1D by the relation:

dE
=V (4)

where Vs is the difference between the sedimentation velocity over the bioclastic patch and the
sedimentation velocity over the surrounding platform, and Vf'is the velocity of vertical flow in the
crust under the load. Vf is proportional to with the topography at a time ¢ [E(f)] and to the
inverse of the viscosity (1/n) (see Appendix) (Lliboutry, 1976):

D = o 5)

distal SEDIMENT PRODUCT|ON

sediments i vlr WATER
BIO-CONSTRUCTED
BODY

Fig. 8. 2D model of subsidence below the carbonate patches. The top of the patch is assumed to be located from 5 to
10 m above the rest of the platform. The load produced by this elevation induces a flow in the lower crust which tends
to reduce the elevation. The elevation is maintained by in situ construction of bioclastic carbonate.
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Fig. 9. Correlation of the well logs for the well on the section shown in Fig. 6. Carbonate rocks are more abundant
where the thickness is larger indicating that the water depth was lower in this region. (FEX, Feigneux well; NEL,
Neufchelles well; MTX, Monthieux well; GLT, Glairet well; MEZ, Melarchez well; SLZ, Champotran well).
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where « is a function of the thickness of the channel, of the wave length of the sedimentary body,
and of the density contrast between the sediment and the flowing lower crust. At steady state, Vs
is equal to Vf. Then, the ratio of Vs and E is constant and depends on the thickness and viscosity
of the flowing lower crust for a given wavelength:

sl (6)

The values of Vs/E at steady state are reported in Fig. 10 for wave-lengths of sedimentary
bodies ranging from 20 to 100 km, viscosity of the lower crust ranging from 10'° to 10! Pa s, and
thickness of the crustal channel ranging from 7 to 15 km. Due to the lack of precision of the
measured topography, two values of Vs/E are considered: one for a topography of 10 m and one
for a topography of 5 m. The measured values of Vs/E have been reported also on Fig. 10 with
uncertainty of 2 times the measured value of Vs. The characteristics of the bioclastic patches are
located close to the 10?' Pa s curves and for small thickness of the crustal channel. This value of
viscosity is 2 orders of magnitude higher than the value generally inferred from other contexts

2
n=10 "Pas

n=102'pas  Patch 1 (fig. 5)

10® Wave Length (km)
1 1 | | ! 1 1 1 |
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Fig. 10. Load wavelength vs. Vs/E ratio for viscosity of the crust of 10'°~10?! Pa s and thickness of the flowing crust of
7—-15 km. The velocities of sedimentation have been measured for each patch marked in Figs. 5-7. The ratio Vs/E has
been calculated for each patch assuming a topography between 5 and 10 m. The values of Vs/E are reprted vs. the
width of the patches.
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such as the Basin and Range province (Kruse et al., 1991). It should be noted that the viscosity is
sensitive to the load and to the temperature (e.g. Ranalli, 1997) via the formula (see Table 1 for
explanation of the symbols):

n= Mgl —1e(@/RT) 7)

As the basin and Range province has undergone a large and recent tectonic activity, the average
temperature of the crust is higher than the geotherm under the Paris basin during the Middle
Jurassic. For an activation energy (Q) of 200 kJ mol~!, which is the average activation energy of
crustal rocks (Ranalli, 1997), an increase of temperature from 550 to 650 reduces the viscosity by
a factor of 20. As rocks follow non-newtonian rheology, the viscosity depends also on the load
and decreases with it. The loads in the Paris basin are generated by topographic differences of 5—
10 m. Their order of magnitude is 10> Pa. In the Basin and Range province the loads studied by
Kruse et al. (1991) are exerted by topographic differences of 100 m and are thus 10 times higher.
For a stress exponent (1) of 3, an increase of the load from 103 to 10° Pa reduces the viscosity by a
factor of 100. The combination of thermal and load effects can thus explain the difference of
viscosity calculated in the Paris basin and in the Basin and Range province. The value of viscosity
found here falls in the range of viscosities estimated by Al-Zoubi and ten Brinck (2002) for lower
crust in a non-perturbed heat flow region.

Pressure solution creep which is a mechanism active in the upper part of the crust, could be also
a possible mechanism of flow responsible of the subsidence of the bioclastic sedimentary bodies of
the Paris basin. The viscosity associated with this mechanism is around 10?! Pa s (Gratier et al.,
1999), similar to the viscosity measured in the present study. Pressure solution creep is active in
both sedimentary and metamorphic rocks containing either carbonates or quartz and thus could
be active in the basement of the Paris basin composed mainly by Hercynian metamorphosed
rocks (Guillocheau et al., 2000).

The thickness of the flowing crust is also a parameter which can be extracted from the model.
The thickness falls in the range between 7 and 10 km. However, this thickness is very sensitive to
small changes of the viscosity and cannot be meaningfully discussed.

6. Discussion
6.1. Limits of the model

The model described above has some limitations relative to what is known concerning the
rheology and densities of the lithosphere and relative to the process of subsidence itself.

The rheology of the lithosphere has been simplified. The elastic part of the crust has been
neglected because other studies (Garcia-Castellanos et al., 2000; Le Solleuz et al., submitted)
show that the thickness of the equivalent elastic layer of the crust is less than 10 km thick under
the Paris basin and adjacent regions. The inclusion of elasticity in the model would produce a
decrease of the value of the viscosity because the elastic layer would slow down the subsidence
process. We use a newtonian law of viscosity for rocks. The rheology of the lithosphere is more
complex as rocks can be brittle, plastic, elastic and viscous. However, the newtonian approach
has been validated by Kruse et al. (1991) by comparison between velocity distribution in
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newtonian and power law channelized flow. The lithospheric mantle has been considered as non
reactive. Finite elements calculations (Wdowinsky and Axen, 1992) have shown that even with
loads larger than those studied here and for mantle viscosity equal to 100 times the lower crust
viscosity, the maximum velocity of flow in the mantle is hundred times lower than the velocity in
the lower crust.

Concerning the process of subsidence, the flow has been considered to be 2D rather 3D. The
patches are generally elongated in the north south direction and their shape is rather elliptic than
circular. Then the main flow will occur perpendicular to the patches elongation and can be thus
considered approximately as two dimensional. We have neglected the uplift of the floor produced
by the flow away from the patches. We have considered the load at steady state whereas it
increases in width with time. The equations of subsidence derived in the Appendix and Fig. 10
show that for the considered range of viscosity, the velocity of subsidence is not very sensitive to
the width of the load. If the width of the load increases from 40 to 80 km for a viscosity of 10?° Pa
s and a thickness of the flowing channel of 20 km, the velocity of subsidence decreases from 8
107" to 6 10~ m s~!. Thus, this effect is negligible relative to the effect of viscosity.

6.2. Subsidence

It is obvious that the whole subsidence observed in the Paris basin is not produced by the flow
of the crust under the sedimentary load. An external tectonic mechanism is necessary to initiate
the creation of accommodation space. Two kinds of models have been proposed in literature, one
based on successive limited phases of extension, and one based on the thermal relaxation of the
lithosphere after an extension phase.

In the first model, the Paris basin has been submitted to several limited extensive phases which
have created the accommodation space (e.g. Loup and Wildi, 1994). It has been demonstrated
(Guillocheau, 1991), that the tectonic extensive phases which occur at the limit of the European
plates are recorded in the Paris basin. The opening of the Atlantic Ocean, the North-Sea, and
Tethys ocean are synchronous with some accelerations of subsidence (Robin et al., 2000). For the
second model, the long duration of the subsidence implies a strong initial thermal anomaly and
thus a large amount of extension (e.g. Prijac et al., 2000). For the Paris basin, subsidence data are
compatible with an initial value of Mckenzie (1978) B parameter ranging from 1.39 to 1.46, and of
1.27 if a 40 km thick lithospheric root has detached (Brunet and Le Pichon, 1982). The extension
phase was possibly between Carboniferous to middle Permian. The general shape of the accom-
modation curve fits a thermal relaxation model as subsidence rate decreases exponentially with
time (Robin et al., 1996). In such context, the tectonics generated by bioconstruction would be
superimposed on a long wave length signal of thermal origin.

7. Conclusion

Vertical relative displacement can be measured in sedimentary basins from water depth and
sedimentary thickness at a time resolution shorter than 1 My by tracking identifiable stratigraphic
surfaces. Applied to the Paris basin during the Bathonian, this technique shows that the basin can
be divided into two distinct depositional domains: a western area with water-depth exceeding 60
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m, slow sedimentation and bathymetry controlled by some major faults, and a eastern domain
with shallow water, enhanced carbonate accumulation, and low topographic gradients. Over this
last domain, carbonate bioclastic patches of 50 km axis and 1040 m in thickness were accumu-
lated under a steady bathymetry trough time. The spatial and kinematic characteristics of these
patches suggest that the subsidence beneath the patches was related to the flow of the lower crust
under the load produced by sediments. The viscosity of the lower crust would be around 10! Pa
s, a value compatible with the thermal and mechanical state of the crust.
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Appendix. Solution of the equations of velocity

The velocity field is computed from the general biharmonic equation of the stream function.
The general solution of the stream function for periodic boundary conditions is (e.g. Fleitout and
Froidevaux, 1982; Turcotte and Schubert, 1982):

Y = sin % (Ae_z’”’/ .4 Bye‘z”y/ h 4 CePylh 4 Dyez’U’/ i) (A1)

The vertical (v) and horizontal (1) components of velocity are then:

u(x,y, 4, H) = —‘;i}/’

2 o2 2 2
= Sin? [e=>m/ A(%TA + %By — B)+ ¥ (— 7” ¢ - py— Dy (A2)
2t 2 g
V(x4 H) =5 = TJTCOS%[e*z’”/ H(A+ By) +e¥™/4(C + Dy)]

The pressure can be computed from the horizontal force balance (e.g. Turcotte and Schubert,
1982):

Fu  du ap
el I ) A3
”(ax2 + 8y2> ax (A3)

Replacing u by its value, Eq. (A3) can be integrated for pressure:
2 ] —4my /A
p(x,y, 4, H) = —4n cos%ez”y/%Be iy D) (Ad)

For the problem of subsidence of sedimentary bodies in a ductile crust, the boundary condi-
tions are:
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no horizontal velocity at the surface (surface rigid crust) Uf(x, 0,1, H=0) (AS)
no velocity at the Moho (rigid mantle): Vfix, H,A, H) =0 (A6)
and Uf(x,H, A, H) =0 (A7)

2
load applied at the surface: ¢(x) = (o, — pw)gE sin ;x (A8)

Because vertical surface displacement is small relative to crust thickness, the pressure at the sur-
face (y=0) is equal to the load produced by the sedimentary body which has a sinusoidal shape:

2
2(x,0, 2, H) = q(O)sin$ (A9)

Equation for the unknowns A4, B, C, and D can be extracted from the boundary conditions:

b A A 0

S - ik —I1+kH) 0

I 1 Bl _

1 H =]0 (A10)
C

7T [ Hi S q0

0 1 0 1 2kn

where k is the wave number and 1=e¢*". The linear system is solved symbolically with Mapple
and numerically with Matlab for various values of k, H, ¢0, n. The numerical values of the
unknowns are then replaced in Eqs. (A2).

In the system considered here, the velocity is at steady state. The maximum vertical velocity at
the surface which is reached at x=0 is:

V10,0, 2, H) :2;—”(A+Q (A1)

Replacing 4 and C by their values:
1 =P+ 4H? KPP + 217 — 1 (pc — pw)SE

V10,0, A =—= Al2
A0,0, 2, H) 2 k(4PkH+ P —1) n (Al2)
The parameter « of the Eq. (5) is then:
1 —F4+4H KPP +2P -1
y— 4+ kP + 21 (A13)

28T T k@RPkH + P — 1)
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