Tectonophysics, 182 (1990) 279-300
Elsevier Science Publishers B.V., Amsterdam

279

Joint analyses of calcite twins and fault slips as a key
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ABSTRACT

Lacombe, O., Angelier, J., Laurent, Ph., Bergerat, F. and Tourneret, Ch., 1990. Joint analyses of calcite twins and fault slips as
a key for deciphering polyphase tectonics: Burgundy as a case study. Tectonophysics, 182: 279-300.

Determination of regional paleostresses based on calcite twin analysis has been successfully applied for the first time in the
Burgundy platform, France. Paleostress tensors obtained with this method are internally consistent along the profile studied.
Moreover, the same directions of paleostresses are independently inferred from fault striation analysis.

The results clearly show that the late Mesozoic—Cenozoic evolution of the area has involved polyphase deformation,
including (1) NNE-SSW extension, probably late Mesozoic in age, (2) N-S compression related to a major orogenic event in
the Pyrenees and Provence, late Eocene in age, (3) E-W extension related to the Oligocene rifting event (the Rhine—Sadne rift
system), and (4) WNW_ESE compression related to the Late Miocene westward thrusting of Jura.

Calcite twin and striated fault analyses are two complementary tools for paleostress determination: their combined
application will allow accurate mapping of paleostress trajectories in intraplate tectonics setting. Moreover, calcite twins can
allow stress and paleostress determination when macroscopic features are not observable, which is often the case in very

weakly deformed areas and in drill holes.

Introduction

During the past ten years, several methods of
paleostress reconstruction using fault slip data sets
have been improved following the first successful
attempt by Carey and Brunier (1974): Armijo and
Cisternas (1978), Etchecopar et al. (1981), Ange-
lier and Goguel (1979) and Angelier (1984, 1989).
These methods have been applied at the regional
scale (e.g., Letouzey, 1986), especially in the
European platform (Bergerat, 1985, 1987). At the
same time, specific methods for analysing calcite
tectonic twins in order to reconstruct paleostress
tensors have been improved by Laurent et al
(1981, 1990), Laurent (1984) and Etchecopar
(1984).

First applications to small areas in the Quercy
(Laurent et al., 1990; Tourneret and Laurent, 1990)
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or in the southern Rhinegraben (Larroque and
Laurent, 1988) have been carried out, and suggest
that the method proposed by Etchecopar (1984) is
suitable for the study of polyphase tectonics based
on calcite twin analysis. The purpose of this study
is to demonstrate that results provided by calcite
twin analysis are valid and consistent at a regional
scale, and that combining fault slip and calcite
twin studies provides at the present time the most
reliable way to reconstruct paleostress trajectories
in a platform tectonics setting.

The area investigated is located on the north-
eastern side of the Bresse graben (also called the
Sadbne graben), along a profile from the Jura
“Avant-Monts” (the outermost units of the Jura
mountains) to the southeastern portion of the
Paris Basin. This profile crosses the transition
zone between the SadOne graben and the
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Fig. 1. Schematic map of the West European platform. The frame shows the location of the area studied. / = Hercynian basement;
2 = sedimentary formations; 3 = fold-and-thrust” system of Jura (fold axes as dashed lines); 4= Oligocene rifts; 5= Miocene

molassic basin; 6 = stratigraphic contact; 7 = main faults; 8 = thrust (barbs on upthrust side).

Rhinegraben (Bergerat, 1977) (Fig. 1). Along this
profile, six sites have been systematically ex-
amined, which are, from south to north, Taxenne,

Montagney, Champlitte, Prauthoy, St. Geosmes
and Chaumont (Fig. 2).

This geological setting is very appropriate for
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Fig. 2. Geological map of the area studied. Black dots indicate the data collection sites (from south to north), Taxenne, Montagney,
Champlitte, Prauthoy, St Geosmes and Chaumont. / = Hercynian basement; 2 = Triassic; 3 = Lower Jurassic limestones; 4 = Middle
Jurassic limestones; 5 = Upper Jurassic limestones; 6 = Cretaceous; 7 = Cenozoic formations; 8 = main faults.



DECIPHERING POLYPHASE TECTONICS BY CALCITE-TWIN AND FAULT SLIP ANALYSES 281

such a study, because: (1) numerous quarries pro-
vide fresh outcrops of limestones, so that large sets
of striated faults could be collected and rocks
suitable for microscopic analysis could be sam-
pled; and (2) these sites are located in a well-de-
fined geodynamic context, close to major tectonic
features which belong to the West European Rift,
and the fold-and-thrust system of the Jura (Figs. 1
and 2). Thus, a study of polyphase tectonics can
be carried out in good conditions. In numerous
outcrops, the Mesozoic formations have been af-
fected by strike-slip and normal faulting. In all
cases, sites of data collection display macroscopic
evidence of polyphase tectonics, so that the identi-
fication of successive events requires cluster analy-
sis and data separation.

Rock formations are limestones, middle to late
Jurassic in age (Bathonian to Oxfordian), with
abundant interstitial calcite and fossil calcitic in-
fills. These formations have remained horizontal,
except close to the Jura folds and thrusts (in the
case of Taxenne, the southernmost site).

Calcite twin analysis has been applied to sam-
ples from the same sites where fault slip data were
collected. In addition, tectonic features such as
stylolites and tension gashes have been systemati-
cally examined and compared with results of fault
slip analysis. It is important to note that the
paleostress tensors based on fault slip study and
those based on calcite twin analysis have been
computed independently.

Methods for reconstructing paleostresses
Microscopic scale: calcite twin analysis

The e twinning process in calcite crystals has
been well documented in previous papers, so that
there is no need to describe it in detail again
(Handin and Griggs, 1951; Turner et al., 1954,
Friedman, 1964). It consists of an intracrystalline
deformation that affects calcite crystals in a low-
temperature plasticity domain. This mechanical
twinning occurs with a change of form of the
crystal by an approximation to simple shear in a
particular sense and direction on a given crystallo-
graphic plane (Tullis, 1980; Laurent, 1984) (Fig.
3). The resulting twinned portion of the crystal

bears a mirrored crystallographic orientation to
the untwinned portion across the twin plane. The
twin is consequently easily identifiable by ex-
amination in a polarizing microscope (Figs. 4 and
5). Limestones which contain abundant sparitic
calcite crystals with random spatial orientation
thus allow the development of very numerous
mechanical twins. In contrast, in fault tectonics,
the fault plane is often imposed in the rock (i.e.
inherited surfaces) as for calcite twins, but the slip
direction and sense are free (and thus depend only
on the stress state).

Experiments on carbonate rocks (Tullis, 1980)
have pointed out that: (1) twinning seems to be
quite independent of temperature, water and con-
fining pressures, and deformation rate (as a conse-
quence, the normal stress has little or no effect on
twinning (Fig. 6) and can be neglected); and (2)
twinning is possible provided that the resolved
shear stress (the shear stress projected on the
twinning direction) exceeds a critical value, the
“twinning threshold” of about 10 MPa. The ex-
istence and the significance of this critical shear
stress for mechanical twinning, as well as its con-
stant value, have been discussed in Cahn (1964),
Tullis (1980) and Laurent (1984).

In order to accurately deduce stresses, it is
necessary to assume that (1) the crystallographic
orientation of the studied sample is random (this
point is easily checked through an analysis of the

host crystal

Fig. 3. Schematic sketch of a twin lamella in a calcite crystal.
Twin plane (i.e. composition plane) horizontal, referred to as
e;. C, C’ = optical axes of the host grain and of the twinned
lamella, respectively (the plane containing C and C’ is per-
pendicular to e;). The twinning direction [e, : e,] is the direc-
tion of motion of the atoms located above the twin plane. The
sense of shear is indicated by an arrow (and imposed by crystal
network orientation).
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Fig. 4. Thin section (in natural light) of a limestone collected in Burgundy. Twin lamellae appear generally as sharply defined straight
lines which cross-cut the host crystal. The two sets of twin lamellae observable here are oblique at large angles to the thin section and
thus appear as thin straight lines.

stereographic projection of the ¢ axes and of poles
of twinned and untwinned e planes as in Fig. 7;
the petrofabric is considered as random if their
spatial distribution is uniform), and (2) twinning
is an irreversible process (a characteristic that will
be discussed later).

Samples must be accurately oriented in the
field. Three perpendicular thin sections are subse-
quently cut in each sample. This enables one to
obtain the most complete spatial coverage of twin
orientations, and also to make further geometrical
transformations easier.

Fig. 5. Thin section (crossed polars) of a limestone collected in Burgundy. Two observable sets of twin lamellae oblique at small
angles to the thin section plane, are visible as broad bands which differ from the host by abnormal coloration (compare with Fig. 4).
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Fig. 6. Example of a normal stress/resolved shear stress di-
agram for a sample collected at Montagney. o, = Normal stress;
7, = resolved shear stress on each plane. Small black squares
represent observed twinned planes which are consistent with
the final reduced stress tensor; small black triangles represent
observed twinned planes which are inconsistent with the same
tensor. Small open circles represent untwinned planes. On this
diagram, o, ranges from O to 1, whereas 7, ranges from —0.5
to +0.5 (for theoretical considerations, see Etchecopar, 1984).
In the present case, the value of 0.165 is proportional to the
twinning threshold (see Tourneret and Laurent, 1990). The
dashed line (7,=0.165) separates portions of the diagram
where twinned planes are consistent with final solution (above),
and where they are not (below). Note that the distribution of
twinned planes does not depend on the normal stress g, in
agreement with theory.

The grain size of the studied sample is also an
important parameter that must be considered.
Several studies have shown that large crystals are
twinned more easily than the small ones (Olsson,
1974; Rowe and Rutter, 1990). In the present
work, we have only examined sparitic calcite
crystals from both cement of oolitic limestones
and fossil infills in micritic limestones.

Calcite twin lamellae are examined with a
three-axis U-stage, (Figs. 4 and 5). The spatial
positions of the ¢ axes and poles of e twin planes
of calcite crystals are then accurately determined
(Fig. 7). Finally, the twinned or untwinned char-
acter of each potential twin plane is optically
checked. Generally, about 30 crystals are ex-
amined, for each oriented thin section; this means

that for a single sample with three thin sections,
about 270 twin planes are taken into account.

The basic assumption is that twinning results
from stress related to a single homogeneous aver-
age tensor, in such a way that the difference
0, — 03(0; = maximum principal stress; o; =
minimum stress) is larger than twice the twinning
threshold (Laurent et al., 1990). All the e planes,
twinned and untwinned (Fig. 7), are taken into
account in order to compute the tensor solution.
As for fault slip data, the working process consists
of the inversion of data obtained through micro-
scopic analysis, in order to determine a tensor
which accounts for the largest number of twins.
For each twin system, this tensor fulfils the re-
quirement that the value of the computed resolved
shear stress is equal to (or larger than) the
threshold for twinned planes, and simultaneously
smaller than the threshold for the untwinned
planes. In our study we have adopted the com-
puter technique improved by Etchecopar (1984):
the mathematical considerations are exposed in
detail in Tourneret and Laurent (1990), and will
not be described here. This process yields the
directions of the three principal stresses 6, 6, and
03, as well as the value of the ratio ® = (o, —
0;)/(0, — 6;) between principal stress values. The
separation of different stress tensors from calcite
twin data will be explained in another section of
this paper.

Macroscopic scale: fault slip analysis

Paleostress reconstruction in fault tectonics is
based on the inversion of fault slip data collected
in the field (Angelier, 1984, 1989). It consists of
determining the average stress state that can be
characterized by a stress tensor. This stress tensor
corresponds to the orientation of the three prin-
cipal stresses o,, 0, and o; and to the ratio ® =
(0; ~63)/(0y = 03).

The basic assumption is that the orientation of
a given fault plane does not necessarily depend on
the orientation of the principal stresses. For any
inherited discontinuity, only the relative motion of
the two blocks on both sides of the fault plane is
significant. Moreover, this assumption of slip
parallel to shear stress on a given plane is made
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for both inherited and newly formed faults. This
allows one to take into account non-conjugate as
well as conjugate shears. In such an analysis, fault

O. LACOMBE ET AL.

interactions and more generally all the variations
of average stress axes and of the ratio @ inside
rock are considered to be negligible. Exceptions
need to be controlled by means of careful, qualita-
tive observations.

According to the basic model, slickenside linea-
tions should correspond to the direction and sense
of the greatest shear stress (Bott, 1959). If the
direction and sense of motion on fault planes are
known, computing a particular solution with four
unknowns (the reduced stress tensor) is possible.
If a tensor T 1s a solution of the inverse problem,
any tensor k7 + /I (with k > 0) is also a solution
(see Angelier, 1989); as a consequence, the final
tensor will be an affine function of 7. In order to
compute 7 and to evaluate the quality of the
determination, a function F is defined; F com-
monly depends on the angle between the actual
slip (observed from striations on the fault plane)
and the computed shear stress. For the present
study, a “direct inversion method” has been
adopted with the function F referred to as S, in
Angelier (1984). The optimization process consists
of minimizing F according to the least-squares
method, so that the minimal value of F corre-
sponds to the best average stress tensor. One
finally obtains 7 and thus the directions of the
three principal stress axes o,, 9, and o3, as well as
the value of the ratio ®.

Separation of different paleostress tensors

Using striated microfaults

Despite the horizontal attitude of the rock for-
mations we studied (showing that the total defor-
mation remains very small), the most striking
character of the area of interest is the predomi-
nance of polyphase tectonics. In fact, all examined
sites displayed superposed structures, so that a

Fig. 7. Stereographic projection of C-axes (A, empty triangles)

poles of twinned planes (B, empty circles), and poles of un-

twinned planes (C, black dots) for crystals from the sample

collected at Taxenne using Schmidt’s equal area projection.

The spatial distribution of poles of e planes and of c-axes is

close to uniform, showing that there is no preferential crystal
orientation in the sample.
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Fig. 8. Example of paleostress analysis with striated faults at Prauthoy locality: separation of subsets of data corresponding to
different paleostress states. Fault slip data: diagrams (Schmidt’s lower hemisphere projection) with faults as thin curves and
slickenside lineations as dots with double arrows (left- or right-lateral) or simple ones (centrifugal-normal; centripetal-reverse).
Paleostress directions from fault slip analysis: empty stars with five branchs = maximal compressive stress o,; four branchs = middle
stress o,; three branchs = minimal stress o;. Direction of extension or compression shown by large black arrows. A. Entire data set
(without any selection). B. Predominantly normal faults consistent with NNE-SSW extension. C. Predominantly strike-slip faults
consistent with N-S compression and E-W extension. D. Predominantly normal faults consistent with NW-SE extension. E.
Predominantly strike-slip faults consistent with WNW -ESE compression and NNE-SSW extension.

separation of different tectonic events was re-
quired (Fig. 8).

Qualitative separation. A qualitative separation
of successive tectonic events can be carried out
according to three main criteria:

(1) The relative chronology of tectonic features
is usually based either on the identification of
successive movements on a simple structure (such
as superposed slickenside lineations of different

directions on a fault plane, tension gashes re-
activated as normal faults, and so on), or on the
intersections of distinct features (e.g., a tension
gash cut and offset by a fault).

(2) Normal faults, reverse faults and strike-slip
faults are assumed to be systematically distributed
in separate subsets, in order to distinguish stress
states that correspond to different mechanisms of
brittle deformation.

(3) Previous reconstructions of regional tectonic
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evolution (Bergerat, 1985, 1987) are taken into
account in order to propose a succession of the
different tectonic tensors.

Quantitative separation. The separation of the
different stress tensors and related classes of data
is made using an algorithm exposed in Angelier
and Manoussis (1980) and Angelier (1984). Where
fault data sets are polyphase, the numerical analy-
sis in terms of tensor computation may yield poor
results, unless a preliminary qualitative selection
(commonly based on the use of relative chronol-
ogy criteria) is carried out in order to identify the
major tectonic events. However, more complex
numerical methods may also solve this problem of
polyphase fault data by determining simulta-
neously two or several stress tensors for a given
data set (Angelier and Manoussis, 1980; Etche-
copar et al., 1981; Angelier, 1984), the classifica-
tion of each datum depending on the comparison
of individual misfits with the tensor.

Using calcite twins

As mentioned in an earlier section, the inverse
method proposed by Etchecopar (1984) and set
out in detail in Tourneret and Laurent (1990) has
been adopted in our study. As most of our sam-
ples are concerned with polyphase deformation,
determination of a single stress tensor compatible
with the entire data set (twinned and untwinned
planes) is meaningless. For polyphase samples, the
process consists of first searching for an initial
solution by a random selection of many tensors
which are applied to all the data, and then de-
termining the optimal percentage of twinned
planes consistent with the request stress tensor.
This percentage is first arbitrarily chosen, and
then modified to reach the best solution according
to a given penalization function (referred to as F
in Tourneret and Laurent, 1990). Second, the
tensor solution is optimized with regard to the
subset of data. When a first tensor is determined,
the twinned planes consistent with it are
withdrawn, and the process is repeated. We have
to bear in mind that even if the existence of
untwinned planes is an important constraint for
the determination of all stress tensors, it is clear

O. LACOMBE ET AL.

that several twinned planes can be consistent with
two or three different tensors. To partially account
for this difficulty, a systematic exploration of the
solution space is undertaken, using a very large
number of random trials. This leads to the de-
termination of the maximum percentage of twins
consistent with each stress tensor. Thus, this meth-
odology allows the determination of several stress
tensors, but is less accurate than that which could
be expected with striated microfaults. Note, fi-
nally, that at the present stage of our knowledge,
the optical analysis of calcite twins does not pro-
vide any evidence of twinning successions, and
hence of the relative chronology between the dif-
ferent events. The only way to relate the different
episodes of twinning to tectonic events known
from geological data still consists of comparing
stress tensors obtained from calcite twin analysis
with those independently obtained from fault slip
analysis.

Results: paleostress evolution in Burgundy

Four main regional paleostress systems have
been defined in the area of Fig. 2. The main
characteristics of the tensors computed from fault
slip analysis and from calcite twin analysis respec-
tively are shown in Figs. 9-13, and in Tables 1
and 2.

NNE-SSW extension

Tectonic analysis using both methods shows
clearly the existence of a NNE-SSW first direc-
tion of extension, mostly characterized by normal
faults which trend between 85° and 115° (in
some cases 60°-115°). The trend of the principal
minimal stress, o5, independently computed from
faults and calcite twins, is nearly constant at 20°—
35° (60° in one case; Fig. 9).

Scarce relative chronology criteria suggest that
this extension event occurred prior to a N-S com-
pression, for which we proposed a late Eocene age.
But the age of this extension cannot be exactly
defined in the area of interest from stratigraphic
data because, in all sites studied, rock formations
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Fig. 13. Examples of dimensionless Mohr diagrams obtained
from fault slip data. Abscissae =normal stress; ordinates =
shear stress. Position of o, between o3 and oy, defined accord-
ing to ratio ®: ® = (0, — 03)/(0; — 03). Each dot corresponds
to a fault slip. A. NNE-SSW extension at Montagney; 17
faults, ® = 0.2. B. N-S compression at Champlitte; 24 faults,
® = 0.5. C. NW-SE extension at Prauthoy; 74 faults, ® = 0.3.
D. WNW-ESE compression at St Geosmes; 30 faults, ¢ = 0.4.

are older than the late Mesozoic and thus predate
all the tectonic events under investigation.

The same direction of extension (NNE-SSW)
has been already found in the Quercy (Bonijoly
and Bles, 1983), in the Limagnes grabens, the
northern part of the Alpilles, and the Swabian and
the Franconian Juras (Bergerat, 1985) as well as in
the Lorraine Basin (Villemin, 1986). According to
these authors, the age of this event is probably late
Mesozoic. However, Coulon and Frizon de
Lamotte (1988) have found evidence in the eastern
portion of the Paris basin that a NNE-SSW ex-
tension occurred just after the NW-SE extension
and prior to the WNW-ESE compression (for
which they propose an Oligocene and a Miocene
age respectively): they consequently proposed an
Oligocene age for the NNE-SSW extension. Our
relative chronology criteria, in the area studied,
are more in agreement with a late Mesozoic age:
the NNE-SSW extension 1s probably older than
the widespread N-S compression, which is unani-
mously considered as late Eocene in age (see next
subsection). However, these results, are compati-
ble because areas under investigation are different
and NNE-SSW extension may have occurred
twice.

N-S§ compression

A clear regional paleostress system char-
acterized by a N-S horizontal compression have
been determined. The main brittle structures re-
lated to this tectonic event are conjugate strike-slip
faults: left-lateral strike-slip faults show azimuths
20°-60°, whereas right-lateral strike-slip faults
range from azimuths 120° to 160°. The trend of
a,, computed from fault slip and calcite twin data,
is fairly homogeneous for the examined sites; it
ranges between 175° and 205° (Fig. 10 and Ta-
bles 1 and 2). Subhorizontal and nearly N-S-ori-
ented stylolitic peaks are also consistent with this
N-S compression (Fig. 10).

In the studied area, the age of this tectonic
event is difficult to establish because Cenozoic
formations are absent in convenient outcrops.
However, numerous fault planes trending 20°-60 °
show superposition of two sets of slickensides; in
such cases, the first set of striae indicates a strike-
slip sense of slip (horizontal or oblique), whereas
the second one indicates a normal slip. We con-
clude that strike-slip faulting has occurred prior to
a second event of normal faulting (see next sub-
section), which can be related to the Oligocene
development of the Bressan rift (Rat, 1976;
Bergerat, 1987). It is thus reasonable to relate this
N-S compressional event to the Pyreneo-
Provencal phase, late Eocene in age, following
various authors who identified this major tectonic
event in different regions of the European plat-
form (De Charpal et al., 1974; Letouzey and
Trémolieres, 1980; Mattauer and Mercier, 1980;
Arthaud and Seguret, 1981; Bergerat, 1985, 1987).

NW-SE extension

This extensional tectonic event induced normal
faults associated with numerous tension gashes
(Fig. 11). These extensional features are especially
abundant close to the Sabne graben, which be-
longs to the Oligocene West European Rift. Near
this major graben, both newly formed normal
faults and 20° to 60° strike-slip faults reactivated
as normal faults can be observed. This event is
also clearly characterized at the microscopic scale
(Fig. 11, Table 2). Note that both methods indi-
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TABLE 1 TABLE 1 (continued)
Main characteristics of paleostress tensors computed from Sites Stress axes d N Angle
fault slip analysis )
Sites Stress axes d N Angle Prauthoy 035 85
(°) 21 06 03 74 15
Taxenne 177 69 B0
287 08 0 15 6 13 o7
020 19 005 69 05 17 14
205 04 206 20
299 47 0.1 6 14
111 43 St Geosmes 103 70
307 18 0.6 5 16
149 75 215 08
056 01 0.3 16 6
26 15 175 02
045 86 0.5 25 7
108 12 265 03
355 62 0.3 8 12
204 25 166 72
049 09 0.2 6 21
Montagney 104 79 316 16
204 11 02 17 14 105 00
203 04 014 87 04 30 11
018 70 195 02
227 17 0.3 23 21
134 09 Chaumont 157 77
043 05 0.2 8 17
Champlitte ~ 040 71 212
296 05 0.2 11 15 Stress axes: trend and plunge of each stress axis, in degrees. ®
204 19 (6, — 63)/(0; — 03), defined in text. N =number of fault skp
174 00 data; Angle = average angle computed shear stress—observed
5 T
032 80 0.5 2% 1 slickenside lineation, in degrees
265 06
136 76 cate a NW-SE direction of extension, whereas the
040 01 03 39 22 trend of Oligocene extension is more generally
31013 E-W along the West European Rift in the
290 02 European platform (Bergerat, 1985, 1987). Note
182 83 0.4 10 9 also that in the area of interest, the E-W exten-
020 07 sion is absent. We propose to consider that this
062 07 NW-SE direction of extension is due to regional
329 22 0 15 16 stress perturbations near the transition zone be-
168 67 tween the Rhinegraben and the Sadne graben
(Lacombe et al., 1990). This tectonic event is thus
Prauthoy 072 81 . .
303 05 02 6 12 related to the major extensional phase of the West
N7 07 European rifting that occurred during the Oligo-
cene (Bergerat, 1987).
006 03
;% 3: 04 30 10 WNW-ESE compression

According to relative chronology data, a
WNW-ESE compression is the last tectonic event
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TABLE 2

Main characteristics of paleostress tensors computed from
calcite twin analysis

Sites Stress axes d M N, Ny
Taxenne 188 15
012 75 0.1 172 51 29
278 01
293 03
064 86 0.6 143 51 42
203 03
156 23
063 07 0.5 101 S1 20
317 66
Montagney 006 07
260 65 0.6 183 31 73
089 24
078 53
258 37 0.6 110 31 44
002 19
283 09
191 16 03 69 31 27
044 72
144 55
352 43 0.04 42 31 16
247 14
Prauthoy 005 27
190 64 0.02 190 41 119
092 02
273 02
182 24 0.5 102 41 30
359 65
114 48
333 42 0.9 102 41 25
035 02
St Geosmes 179 24
277 16 0.4 134 59 49
038 61
330 61
120 26 04 89 59 35
216 12
211 61
049 28 0.5 67 59 26
315 08
Chaumont 020 02
290 00 0.7 115 16 34
198 88

TABLE 2 (continued)

Sites Stress axes ® WA N, Ny
Chaumont 199 89
040 01 0.4 115 16 51
310 00

Same caption for. stress axes and ® value as in Table 1.
N, = Number of measured twinned planes; N, = number of
measured untwinned planes; N;=number of twinned planes
compatible with the solution

that we could definitely recognize in the field. The
trend of the o, axis provided by the two methods
is nearly constant, ranging from 273° (from calcite
twins) to 113° (from fault slips) (Fig. 12 and
Tables 1 and 2). The compression is characterized
in some cases by reactivation of several earlier
strike-slip faults (30°-60°, 140°-160°, con-
sistent with the N-S compression), and in others
by numerous newly formed faults with azimuths
ranging from 115° to 190°. This provides evi-
dence that this event occurred after the N-S com-
pression. The exact age of this event is difficult to
establish, and will not be discussed here. Never-
theless, these brittle structures are probably con-
temporaneous with the Pontian westward thrust-
ing of Jura (Caire, 1974; Bergerat, 1985).

Enigmatic NE-SW compression

In one site (Champlitte), our field study dem-
onstrates the existence of a NE-SW compression
(Table 1). This paleostress regime caused left-
lateral strike-slip faults ranging from 70° to 90°
in strike, and right-lateral motion of inherited
N-S to NNE-SSW trending faults.

According to Bergerat (1985, 1987), a compres-
sional event of this direction is related to an early
Miocene deformation of the European platform.
But we could only reliably determine one tensor
corresponding to this orientation (Table 1). In the
sites of St. Geosmes and Chaumont, some strike-
slip faults are consistent with the same direction
of compression, but data are scarce. Moreover,
calcite twin analysis did not provide reliable
tensors that could be related to this deformation
phase. This NE-SW compression will not be dis-
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Fig. 14. Schematic diagrams of Cenozoic polyphase tectonics of Burgundy. A. N-S compression, principally inducing conjugate
strike-slip faults that strike N-S and NE-SW (left-lateral) and NW-SE (right-lateral). Event related to “Pyreneo-Provencal” phase,
late Eocene in age (Mattauer and Mercier, 1980; Arthaud and Seguret, 1981; Bergerat, 1987). B. NW-SE extension, principally
reactivating left-lateral strike-slip faults of the previous compressional event as normal faults trending nearly 030°, and creating
newly formed normal faults. Event related to the West European rifting, Oligocene in age (Bergerat, 1987). C. WNW-ESE
compression, principally reactivating right-lateral strike-slip faults of the first compressional event as left-lateral strike-slip faults, and
creating new right-lateral strike-slip faults. Event related to the “Pontian” phase of Jura thrusting (Alpine compression: Caire, 1974;
Bergerat, 1987).

cussed hereafter, because this event could not be
identified with certainty in the area studied.

Discussion
Regional and geodynamical aspects

All the events defined above affected the
Burgundy platform during Mesozoic and Ceno-
zoic times. Our reconstruction is in good agree-
ment with previous descriptions of polyphase
tectonics and structural evolution in this area (Fig.
14), as discussed by Bergerat (1977, 1985, 1987)
and Gélard (1978). The directions of paleostresses
determined from both fault slip and calcite twin
analyses can be mapped, as Fig. 15 shows. Al-
though our sites are not sufficiently numerous, a
clear picture of average paleostress orientations
emerges from this figure.

The tectonic phases characterized in our study
can be correlated with the successive paleostresses
exerted on the boundaries of the Eurasiatic plate
during the different stages of Africa—Eurasia colli-
sion (Le Pichon et al., 1988), as follows.

(1) The whole of the European platform re-
corded, during the late Eocene, a horizontal maxi-
mum principal stress o, trending N-S (Fig. 10).
This widespread N-S compression (Mattauer and
Mercier, 1980) can be interpreted as a conse-

quence of the collision of the Iberian peninsula
with Eurasia, following its motion towards the
NNW (Bergerat, 1987).

(2) During the Oligocene, differential motion
occurred between the main part of Eurasia and
western Europe (Savostin et al., 1986): it resulted
in a major change of the stress field from com-
pressional to extensional, and intraplate crustal
stretching between western and central Europe. A
major line of weakness, the future West European
Rift, thus developed with a E-W to NW-SE
direction of extension (Fig. 11).

(3) The WNW-ESE direction of compression
recorded inside the Alpine and the Jurassian fore-
land (Fig. 12) is easily correlated with the NW-SE
convergence of Africa and Eurasia and the associ-
ated Miocene collision.

In conclusion, in the studied area, as well as in
other regions of the FEuropean platform, the
Cenozoic recorded paleostresses (N—S compres-
sion, E-W to NW-SE extension, WNW-ESE
compression) fit a simple paleostress model: this
model takes into account the shape of major plate
boundaries and the known relative velocity vectors
across these boundaries, especially across the
Africa—Eurasia plate boundary (Bergerat, 1985;
Letouzey, 1986; Le Pichon et al., 1988); the
NNE-SSW extension, probably late Mesozoic in
age as discussed above, could not be correlated to
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any accurate kinematic information available at
the present time; however, this extensional event
1s consistent with the Mesozoic evolution of the
Tethys belt (Dercourt et al., 1986).

Methodology: comparison of the two methods

Consistency of results obtained with the two

methods

The most important point which comes from
this study is the demonstration of the internal

consistency of results obtained by calcite twin
analysis at the regional scale. As already shown,
all paleostress directions that have been char-
acterized with this method at each data collection
site are quite similar to those obtained at the other
sites. Moreover, the corresponding tensors can be
accurately correlated with tensors computed inde-
pendently from fault slip analysis, as Fig. 15 shows.
We conclude that the calcite twin method fits the
following major requirements:

—- 2

4] 50Km
Ctre———

E
-

Fig. 15. Paleostress directions reconstructed from fault slip analysis (column A) and calcite twin analysis (column B) for the

successive tectonic events which have affected the Burgundy platform during the Cenozoic. Line 1= Eocene compression; line

H = Oligocene extension; line IIl = Miocene compression. /-6 = Sites of data collection: / = Taxenne; 2 = Montagney; 3=

Champlitte; 4 = Prauthoy; 5 =St Geosmes; 6 = Chaumont. V= Vosges; B = Bressan rift; M = Morvan; Hercynian basement
shown as a pattern of crosses; Tertiary graben shown as a dotted pattern.
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(1) It provides consistent results through-appli-
cation at a regional scale.

(2) It allows the computation of several paleo-
stress tensors which can be related to different
tectonic events, in a clearly defined polyphase
tectonics setting.

(3) It provides paleostress tensors that can
easily be related to those obtained independently
from fault slip data and to regional geological
data.

At several sites, some paleostress tensors could
not be computed with one of the two methods; for
example, outcrops of the Montagney site contain
few measurable strike-slip faults consistent with
the N-S compression. As a consequence, comput-
ing the corresponding paleostress tensor was not
possible, but a well-defined tensor with a o, axis
trending near the azimuth 6° (see Fig. 10) has
been obtained from calcite twin analysis. In con-
trast, for the WNW-ESE compression at St.
Geosmes or for the NW-SE extension at Taxenne,
tensors could be obtained only from fault slip
analysis. Thus, for a given outcrop of limestones,
and for a given tectonic event, rupture can occur
without twinning, whereas in the same outcrop
and for a second tectonic event, both deforma-
tions occur simultaneously. That means that in
this case, the variation of the size of calcite grains
has little influence on the occurrence of mechani-
cal twinning. According to Etchecopar (1984) or
Larroque and Laurent (1988), rupture and twin-
ning occur simultaneously only inside a restricted
domain of confining pressure. Consequently, for a
given value of confining pressure, one of these two
types of deformation (twinning and rupture) may
occur while the other does not. This provides
further evidence that both methods are comple-
mentary, and should be used jointly for extensive
accurate paleostress analyses at the regional scale.
Generally, one cannot determine in advance pre-
cisely what the conditions of deformation were at
a given site at the time of the successive tectonic
events, and then which of the two methods is most
appropriate.

At the site of Taxenne (the southernmost site of
the profile; see location on Fig. 2), two different
paleostress tensors computed from calcite twins
with horizontal and vertical o, axes respectively,
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correspond to N-S ¢, axes and thus can be re-
lated to the N-S compression (Fig. 10). This indi-
cates that a strike-slip paleostress state with hori-
zontal oy (I) and a compressive paleostress state
with vertical o, (II) can develop with almost the
same horizontal o, axis. In other words, two dif-
ferent paleostress states may occur during the
same major tectonic event; in detail, there is an
additional rotation of the ¢, axis (from azimuth
188° to 156°). Although further studies are
needed, we suppose that type II has occurred
second, as a possible consequence of a reduction
of lithostatic overburden. Such stress changes
within a single major event have been observed
very frequently in several regions from fault stria-
tion analysis (Angelier and Bergerat, 1983;
Etchecopar and Mattauer, 1988).

At the other sites, tensors related to the N-S
compression have a o, axis which is either hori-
zontal (Montagney, Prauthoy) or vertical (St. Geo-
smes, Chaumont). In these last two cases, tensors
obtained with both methods are quite consistent
for the o, axis, but they show an inversion be-
tween axes o, and o; (Fig. 10); this phenomenon
could be easily explained with a ratio ® close to 0
(case of paleostress inversion of o, and o; during
a compresional tectonic event with o, close to a;).
However, the ratios ¢ computed using both meth-
ods (faults and calcite twins) are close to 0.5.
Although no definite explanation has been found,
we observe that a strike-slip paleostress state (with
horizontal o) that is well-defined at the macro-
scopic scale (faults) can be expressed at the micro-
scopic scale (calcite twins) as a pure compres-
sional regime (with vertical g,), with a common
axis of principal stress o,; this phenomenon re-
sembles that described in the previous paragraph
(Taxenne) for tectonic twinning alone. It probably
reflects relatively minor changes during a single
major tectonic event.

Additional contribution of calcite rwin analysis

As discussed in an earlier section, the use of
both methods is recommended because of their
complementarity. We have shown, however, that
these methods provide regionally consistent results
so that one can consider that the results obtained
at sites where paleostress tensors could be com-
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puted with a single method only are reliable. As a
consequence, the complementary use of both
methods obviously allows more accurate mapping
of stress trajectories, especially in weakly de-
formed areas where microfaults are not suffi-
ciently numerous to determine paleostress tensors:
such a study should incorporate sites where both
methods are applicable (test of consistency) and
sites where a single method is applicable (com-
plementarity).

Paleostress analysis based on fault slip data
provides only four of the six parameters of the
real stress tensor (see discussion in earlier section):
these four parameters describe the orientations of
the a,, 0, and o, axes as well as the ratio @ (i.e.
one relationship between the magnitudes of o, o,
and 0,). Determination of the missing parameters
requires the simultaneous use of additional rup-
ture and friction laws (Angelier, 1989). Because
the twinning threshold provided by experiments
on calcitic rocks can be considered to be a con-
stant, calcite twin analysis yields magnitudes of
differential stresses o,~0; (Laurent, 1984;
Tourneret and Laurent, 1990). The “calcite
method” consequently provides one more parame-
ter than the “fault method”: two relationships
between the magnitudes of o,, 0, and o;, instead
of a single one. Thus, the additional knowledge of
the isotropic stress factor is enough to determine
the complete stress tensor.

Applied to samples collected in Burgundy, the
“calcite method” thus enabled us to assign some
limits to the stress magnitudes for the different
tectonic events: the corresponding values are listed
in Table 3. Note that there is no significant dif-
ference between values collected in the southern
or in the northern portions of the profile, or
between values for the different major phases.

Such an attempt to estimate the magnitudes of
stresses producing brittle deformation, especially
in the European platform setting, has already been
proposed by Bergerat et al. (1982) from experi-
ments upon carbonate rocks sampled in Germany.
The values obtained by these experiments are
larger than these deduced from calcite twins, and
were also considered to be overestimated accord-
ing to further stress magnitude analyses (Angelier,
1989). The order of magnitude of the stresses

TABLE 3

Values of differential stresses obtained from calcite twin analy-
sis

Sites NNE N-S Nw WNW
-SSW compres- -SE -ESE
exten- sion exten- compres-
sion (MPa) sion sion
(MPa) (MPa)  (MPa)

Taxenne - 32-39 - 43

3-21 26

Montagney 32 60 55 39

1 35 31 11

Prauthoy 33 - - 42
29 20

St Geosmes 51 59 40 46
22 25 20 22

Chaumont - 53 - -

36

For each site and each tectonic event, the first number indi-
cates the value of ¢,-0;; the second number indicates the
value of o,- 0, (theoretical considerations not discussed in this
paper; see Etchecopar, 1984)

provided by calcite twin analysis (Table 3) is the
same as for in situ stress determination in central
Europe (Greiner and Illies, 1977).

The “fault method” obviously requires large
outcrops where sufficiently numerous striated mi-
crofaults can be measured. In contrast, calcite
twin analysis allows determination of stress tensors
from a very restricted rock volume. The possibility
of studying very small outcrops where macro-
scopic fault analyses cannot be carried out due to
the lack of data will enable one to increase the
accuracy of paleostress trajectory mapping, and
consequently to discuss second order regional pat-
terns such as stress perturbations.

Limits of the calcite twin analysis method

Twinning is considered as an irreversible pro-
cess, especially for sharply defined straight twins
(Laurent, 1984). This, however, has not been un-
questionably demonstrated, and different authors
disagree. Figure 6 shows several rwinned planes,
located in the lowest part of the diagram, for
which the resolved shear stress has a negative
value (close to —0.5). That means that, with re-
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gard to the orientation of the principal stress axes,
the spatial orientation of these twinned planes is
such that the corresponding resolved shear stress
is quite opposed to the sense of twinning: if twin-
ning was reversible, such twins should have been
erased. This observation provides an argument in
favour of considering calcite twinning as irreversi-
ble to a first approximation. As a consequence,
the analysis of calcite twins is convenient for
studying polyphase tectonics (this would not be
the case if twins could systematically be erased by
further events).

In comparison with the “fault method”, the
existence of polyphase tectonics in some cases
imposes a limit on the use of the “calcite method”.
First, as discussed in an earlier section, calcite
twin analysis does not theoretically allow de-
termination of stress tensors as precisely as fault
slip analysis. Second, all twins that theoretically
develop during two different tectonic events with
one common principal stress axis (o, or o;) are
equated to the group of twins which would be
obtained from a single phase with a ® ratio close
to 1 (i.e. g, close to o;) or 0 (i.e. o5 close to o,).
This explains the difficulty of distinguishing
several stress regimes with one common principal
stress axis (o, or o;). However, in practice, analyses
and computations which have been carried out in
this study resulted in very good stress tensors,
quite similar to those independently reconstructed
by means of fault striation analysis. Thus, al-
though results have to be systematically discussed
according to the value of the ® ratio, one can
consider polyphase tectonics deduced from calcite
twin study as reliable. One then has to bear in
mind that even if offset of a twin set by a second
one can be observed with an electron microscope
(Barber and Wenk, 1976), so that relative chronol-
ogy can be determined, the optical analysis with a
U-stage does not, at the present time, provide any
evidence of relative chronology between successive
tectonic events. Relative chronology can only be
determined through comparison with the study of
macroscopic features.

Future prospects

Up to now, only sparitic calcite crystals which
constitute the matrix of examined samples had

O. LACOMBE ET AL.

been analysed (Tourneret, 1987). For the first
time, large calcite crystals of fossil infills in micritic
limestones have been studied, showing that de-
termination of paleostress orientations in such
coarse crystalline infills are reliable. The good
quality of our obtained tensors shows that such a
new approach is full of promise, and can enlarge
the application field of the “calcite method”. Fi-
nally, as calcite twin analysis enables one to re-
construct paleostresses even where faults are very
scarce or are missing and from a very restricted
rock volume, it will be very useful for fracture-
paleostress analyses on core samples from drill
holes.

Conclusion

The present work is the first attempt to recon-
struct paleostresses at a regional scale (see Figs. 2
and 15) using calcite twin analysis: concurrently,
an accurate study of macroscopic tectonic features
has been carried out in order to allow comparison
between this method and that utilizing slicken-
sided faults. Results obtained are consistent along
the studied profile; in particular, fault slip analysis
and calcite twin analysis provide quite similar
paleostress tensors. As a result, the systematically
combined use of both methods has enabled us to
characterize the main stages of the tectonic evolu-
tion of the Burgundy platform since the Late
Mesozoic.

The multi-technical approach which has been
applied in this study, and which relies upon
tectonic analyses, processing and crystallography,
provides a very convenient and reliable way to
reconstruct paleostresses in platform tectonic set-
ting.
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