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ABSTRACT 

Lacombe, O., Angelier, J. and Laurent, P., 1992. Determining paleostress orientations from faults and calcite twins: a case 
study near the Sainte-Victoire Range (southern France). Tectonophysics, 201: 141-156. 

This paper presents the results of the analyses of striated faults and calcite twins near a highly deformed, polyphase 
range, the Sainte-Victoire Mountain (southern France). We thus show that combining both paleostress indicators provides a 
reliable way to reconstruct polyphase tectonic evolution involving homoaxial compressional stresses. From a regional point 
of view, the paleostress orientations have been accurately determined. These orientations correspond to three main stages of 
the stress field evolution since the late Cretaceous: N-S compression (late Cretaceous to late Eocene), E-W extension 
(Oligocene) and ENE-WSW compression (early Miocene). During the Pyrenean N-S compression, several substages of 
folding, strike-slip or reverse faulting have been detected. These early tectonic events account for compressional deforma- 
tions older than the late Eocene major shortening of the Provence sedimentary cover. 

From the methodological point of view, tectonic investigations based on both paleostress indicators (mac~~opic and 
microscopic) were consistent and complemental. Calcite twins often allowed determination of paleostress tensors in sites 
where microfaults are absent for a given tectonic event. The greater sensibility of twinning to stress is related to the lower 
differential stress required to activate twin gliding, compared with brittle failure. Despite local stress deviations related to 
structural inhomogeneities, the regional stress field remains homogeneous, and provides a basis for interpreting deformation 
at all scales. 

Introduction 

Preuious paleostress analyses 

During the last 15 years, determinations of 
paleostress orientations using striated microfaults 
have been carried out in various geological set- 
tings. The inversion of field data in order to 
obtain the regional stress is usually supported by 
computer-based processes (Carey and Brunier, 
1974; Etchecopar et al., 1981; Angelier, 1984). 

It has also been shown that microscopic analy- 
sis of calcite twinning can be used to determine 
principal stress directions. Since the pioneering 
paper of Turner (19531, numerous methodologies 

have been proposed (Laurent et al., 1981, 1990; 
Etchecopar, 1984; Dietrich and Song, 1984), and 
reconstructions of paleostress orientations using 
calcite twins have been reported (Friedman and 
Conger, 1964; Friedman and Stearns, 1971; 
Tourneret and Laurent, 1990). 

Applications of both analyses of caicite twins 
and fault slips to natural brittle deformation have 
been recently carried out in the southern Rhine 
Graben (Larroque and Laurent, 1988), and in the 
Burgundy platform (Lacombe et al., 1990b). These 
studies have demonstrated first the regional con- 
sistency of paleostress tensors independently de- 
rived from each type of data (macroscopic and 
microscopic) and secondly the usefulness of ap- 
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Fig. 1. Schematic sketch of southern Provence. The frame indicates the location of the area studied. I = Miocene: 2 = Oligocene; 

3 = Late Cretaceous and Eocene; 4 = pre-Cenomanian formations. 

plying both methods simultaneously in order to niques of paleostress determination, based on 
obtain a more accurate map of paleostress trajec- independent paleostress indicators, striated mi- 
tories in a platform tectonics setting. crofaults and calcite twins. Second, we propose 

The main goals of this paper are twofold. First, that it is useful to combine both these techniques, 
we present a critical comparison of two tech- especially to reconstruct polyphase tectonic evo- 

SAINTE VICTOIRE 

“NIT 

1 

Fig. 2. Schematic structural map of the area studied. a = Miocene; b, c = Eocene (c = Dano-Montian breccia); d, e = pre-Cenozoic 

formations Cd = late Campanian breccia). Large black triangles indicate sites of data collection (I-13). A-B = cross-section shown 

in Fig. 3. Stratigraphic and tectonic contacts after Catzigras et al. (1969). 
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lution involving homoaxial compressional stresses. 
For this aim, the Sainte-Victoire Range (southern 
France) provides a good regional basis for a case 

study (Fig. 1). 

Choice of the study area 

The investigated area is the Sainte-Victoire 
Mountain, a E-W-trending fold-and-thrust range 
(Figs. 1 and 2). This range is commonly inter- 
preted as being due to the thrust development of 
a former fold. The overturned southern flank of 
this fold was secondarily thrusted southwards on 
to the northern margin of the Arc basin (Durand 
and Tempier, 1962: Corroy et al., 1964; Figs. 2 
and 3). Regional-scale structures indicate that the 
tectonic evolution of the range has involved suc- 
cessive episodes of deformation since the late 
Cretaceous. West of the range, the Aix-en-Prove- 
nce faulted basin developed during Oligocene 
time. The Oligocene formations are downfaulted 
beside, and unconformably overlie, the compres- 
sional features of the range (Fig. 1). 

This structural setting (Fig. 2) has been chosen 
for several reasons. First, outcropping formations 
along the Sainte-Victoire Range include syntec- 
tonic deposits, which may indicate the timing of 
successive tectonic events (Fig. 3). Second, micro- 
tectonic evidence for polyphase deformation was 
found in several sites (e.g., successive striations 
on faults or cross-cutting relationships between 
faults). Note also that the association of folds and 
thrusts with complex patterns of minor faults and 

N Sainte-Victoire unit s 

I I Bimont Fold 

Fig. 3. Geological cross-section through the Sainte-Victoire 

structure (from Tempier and Durand, 1981). Location as 

A -B on Fig. 2. Lithology: brick pattern = Jurassic limestones; 

simple lines = early Cretaceous formations; small open circles 

= late Campanian breccia; dots = Maestrichtian formations; 

heavy black dots = Dano-Montian breccia. Note the uncon- 

formable attitude of the two breccia formations with regard to 

the Bimont fold. 

tension gashes allows reconstruction of the rela- 

tive chronology of faulting events, primarily on 
the basis of fault attitudes with respect to strata1 
tilting. Third, the presence near the thrust of 
early Tertiary subhorizontal limestones makes 
microscopic analysis of the crystalline deforma- 
tion possible. In these limestones, coarse-grained 
vacuols, fossil infills or sparitic cement display 
clear xenomorphic large calcite crystals, which 
are suitable for the study of calcite twinning. 

Methods for reconstructing paleostress orienta- 

tions 

Determination of paleostress orientations using stri- 
ated faults 

Following the inverse method proposed first by 
Carey and Brunier (1974), populations of striated 
faults have been interpreted in terms of stress 
tensor determinations, assuming a relationship 
between the actual observed slickenside lineation 
and the direction of the resolved shear stress on 
the fault plane (Bott, 1959). The obtained stress 
tensor characterizes the stress regime according 
to which slip on the fault plane occurred. It 
accounts for four independent parameters among 
the six of the complete stress tensor. These four 
parameters are the orientations of the three prin- 
cipal stresses (T,, u2 and uj, as well as the ratio 

@ = ((Tz - a,)/(~, - ~~3) between their magni- 
tudes. Herein, (T, is the greatest principal com- 
pressive stress, + is the intermediate principal 
stress and ug is the least compressive stress (com- 
pressions counted as positive). The calculation of 
regional stress directions through a computer- 
based inversion of field data, as well as the proce- 
dure for separating successive stress tensors and 
related subsets of fault slip data, have already 
been presented and discussed in detail (Angelier, 
1984). 

Determination of paleostress orientations using cal- 
cite twins 

At the pressures and temperatures likely to be 
found in sedimentary basins, calcite deforms pri- 
marily by twin gliding on e planes [lOi2]. This 
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mechanical twinning in calcite crystals resufts in a 

change in the form of the crystal by an approxi- 

mation to simple shear in a particular sense and 

direction on crystaliographic e planes (Turner et 
al., 1954). 

To occur, twin gliding in calcite requires a 
resolved shear stress (i.e. the component of stress 
along the twinning direction) that exceeds a criti- 
cal value T, (the yield stress value for twinning). 
According to experiments by Turner et ai. (19541, 
this critical value averages 10 MPa. The yieid 
stress vaiue for twinning is independent of tem- 
perature, confining pressure and is only slightly 
dependent upon deformation rate (Friedman and 
Heard, 1974; Tullis, 1980), but Rowe and Rutter 
(1990) show that it is grain-size dependent. How- 
ever, as the size of the crystals measured in our 
samples is homogeneous (200-300 ,um), the use 
of inverse methods is theoretically justified 
(Rutter, pm. commun., 1990). Ninety randomly 
oriented crystals were examined in each sample 
using a universal stage. In each crystal, the spatial 
orientation of the three potential twin planes was 
defined, and the twinned or untwinned character 
was optically checked. 

The calculation of the stress tensor which ac- 
counts for the largest number of twins is made 
through the computer-based inversion of calcite 
twin data (Laurent et al., 1981, 1990; Etchecopar, 
1984). In the present paper. Etcheeopar’s inverse 
method, which has proved suitabIe for the study 
of samples concerned with poIyphase tectonics 
{Larroque and Laurent, 1988; Lacombe et al., 
1990b1, has been used. Mathematical aspects, 
separation of different stress tensors and related 
data subsets when deformation is polyphase and 
limits of the method were discussed by Etcheco- 
par (19841, Tourneret and Laurent (1990) and 
Lacombe et al. (1990b). This method provides 
direct access to the orientations of the three 
principal stresses, efi, a, and as, and to the 
eltipsoid shape ratio rP defined above. 

Results: fault patterns and paieastress orienta- 
tions near the Sainte-Victoire Range 

Three main regional paleostress systems have 
been defined in the area of Fig. 2, based on 

Fig. 4. Schematic block diagram which illustrates interactions 
between folding and strike-slip faulting. Data are plotted in 
lower-hemisphere, equal-area projection with the plane of the 

projection horizontal and the north as indicated. Faults are 
shown as thin curves and slickenside lineations as dots with 

double arrows (left- or right-lateral) or simple ones (centri- 
fugal = normal, ccntripetal = reverse). Paleostress directions 
as empty stars with five branchs = maximal compressive stress 
er; four branchs = middle stress rr,; three branchs = minimai 
stress o,. Directions of extension or compression shown by 

large black arrows, The bedding plane is represented as a 
dashed line. Diagram (a) represents present fault attitude 

(normal fault pattern) on vertical stata of site 13. Diagram (b? 

illustrates backtilted fault attitude and the corresponding 
principal stress directions. The number in parentheses indi- 

cates how many fault-slip data are plotted on the diagram. 

macroscopic (faults) and microscopic (twins) anal- 
yses. In this section, we briefly present the main 
results (Figs. 4-81. The problem of the earliest 
stages of fauiting, which predate most of the 
folding and thus require parti~uIar analysis (such 
as in Fig. 41, will be discussed in the subsequent 
section. 

N-S contprembn 

Regardless of various strata1 attitudes (sub- 
horizontal or dipping), layers at sites 2, 6, 9, 10, 
11 and I2 (Fig. 2) are cut by subvertical strike-slip 
faults with consistent orientations, Subvertical 
tension gashes striking N-S (Fig. 5) are assoei- 
ated with these fauit patterns. The azimuths of 
Ieft-Iateral strike-slip faults range from 005” to 
040” (i.e. NS’E to N40”E), whereas those of 
right-lateral strike-slip faults range from 130” to 
160” (Fig. 5). The computed stress tensors show 
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horizontal rl axes trending around N-S, and 
horizontal uj axes trending E-W (Table 1). Cal- 
cite twins also record this stress regime in the 

Cenozoic limestones (Table 2): computed LT~ axes 
are subhorizontal and range from 350” (site 2) to 
201” (site 1). 

Numerous minor reverse faults trending 060 
to 100” have also been observed (Fig. 6). These 
reverse faults affect tilted layers as well as sub- 
horizontal ones. The computed cl axes are ap- 
proximatively horizontal, with fairly homoge- 
neous trends from 170” to 020” (Fig. 6 and Table 
1). The stress tensor determined from calcite 
twins at site 6 shows an horizontal mt axis trend- 
ing 358”. This N-S direction of compression pro- 
vided by both indicators is in agreement with 
N-S average trends of subhorizontal stylolites. 

E-W extension 

At site 11, normal faults in subhorizontal lay- 

ers allowed reliable calculation of a stress tensor 
with a vertical U, axis. The uj axis is horizontal 
and trends approximately E-W (Fig. 7). At sites 
1, 2, 7 and 9, the trends of g3 axes provided by 
calcite twin analysis range from 069” (site 1) to 
094” (site 9) (Fig. 7 and Table 2). Note that no 
normal fault was found at these stations. 

WSW-ENE to NW-SE compressions 

Despite the absence of related macroscopic 
features, two main sets of (T, orientations have 
been characterized at sites 1, 2, 6, 7 and 9 from 
calcite twins. As Fig. 8 and Table 2 show, the (T, 

Fig. 5. N-S compression (strike-slip fault regime) inferred from striated microfaults and calcite twins. Data are plotted in 

lower-hemisphere, equal-area projection with the plane of the projection horizontal and the north as indicated. For fault slip data, 

same key as in Fig. 4. Calcite twin data: paleostress directions shown as ornate stars, with three, four or five branchs (as for 

fault-slip analysis). For sites where faults have been tilted secondarily, the diagrams with stars illustrate backtilted fault attitude and 

the corresponding stress tensor. Poles of tension gashes shown as empty squares. As in Fig. 4, the number in parentheses indicates 

how many fault-slip data (plus number of poles of tension gashes where present) are plotted on each diagram (see also Table 1). 
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axes are horizontal. Their azimuths range either 

from 042” to 070” or from 094” to 120” (Fig. 8). u3 
axes are horizontal in the first case (sites 2, 6 and 
7) and vertical in the second one (sites 1, 2, 7 and 
9>, indicating a predominantly strike-slip or pure 
compressional regime respectively. At some sites, 
both stress tensors were reconstructed (sites 2 
and 7, Fig. 8 and Table 2). 

Interpretation of results: the paleostress evolu- 
tion in the Sainte-Victoire area 

The identification of three major paleostress 
systems in the area studied shows that its tectonic 

TABLE 1 

Paleostress tensors computed from fault-slip analysis 

evolution is polyphase, in agreement with the 

results of previous structural studies. As a result, 
it is necessary to examine the succession of events 
in more detail in order to reconstruct the tectonic 
evolution of this region. 

Late Cr~~ffc~~us to Late Eocene N-S eo~pression 

At most sites, the subvertical strike-slip faults 
and the associated tension gashes, as well as 
reverse faults, affect rock formations regardless 
of their various strata1 attitudes. Consequently, 
they should be related to post-folding faulting. 

Consideration of geometrical relationships be- 

SITE8 Ul a2 a3 # N ANO 

(1) 002-03 092-01 207-87 0.56 37 9 (III) 
________________________________--_”_____________----_--____----- 

(2) 169-04 354-86 259-00 0.38 16 9 (IV) 
_______~____________~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-~~~-~~~~~~ 

(3) 158-14 250-05 000-75 0.66 7 7 (III) 
_________~__________~~~~~~~~~~~~~~~~~~~~~~~~~~~~~--~~-~~~-~~~---- 

179-10 271-10 047-76 0.60 28 12 (III) 
_~________________~________l___________l~~~~~------~~~~~~~ 

(4) 329-16 150-74 059-00 0.47 9 5 (11) 
___~~___~__~________~~~~~~~~~**~~~~~~~~~~~~~~~-~------"~~~ 

345-0s 135-80 254-05 0.36 14 10 (11) 
___~~~__~~__*~__~___~~~~~~~~~~~~~~~~~~~~~**~~~~~~~~~~~~~~-~-~~~*~ 

(5) 178-12 269-04 018-78 0.40 6 7 (III) 
__"I_~*~___~_~____~_~~~~~~~~~~~~*~~~~~~~~~~~~~~~~~~~~~~~~~~*~~~~~ 

014-02 284-07 121-82 0.59 40 12 (III) 

(6) ~__~_~___~_~~_______~~~~*"*~~~~~~~~~~~~~~~~~~~-~~~~~~~~"~~ 

__________"'9~I'____,'91_"_'____9fEIr",,~ 

(7) 012-05 281-10 130-79 0.47 21 11 (1x1) 
__c_____________________________I_______~~~~~~~~~~~~~~~~~~~~~~~~" 

(8) 174-13 083-05 333-76 0.74 24 12 (III) 
_______________________________1________~~~~~~~~~~~~~~~~~~~~~~~~~ 

185-00 095-06 278-84 0.54 11 13 (XXI) 
(6) ____________________~___I_______________~~~~~~~~~~~~~~~~~~ 

001-02 258-82 091-08 0.32 15 10 (IV) 
"______~________~___~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

352-01 262-10 087-80 0.69 8 7 (1111 
(10) ______*_________________“~~~~_~______________________~~~~~ 

008-01 212-89 098-00 0.45 22 7 (IV) 
____~~~~_~_~__~~~_~_____________I_______~~~~~~~~~~~~~~~~~~~~~~~~~ 

207-06 116-09 329-79 0.40 10 6 (Xf~) 
__~~_~~_____________~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

351-18 088-20 222-62 0.29 15 8 (III) 
(21) ___________~_~____~~~~~~~*~~~~*~*~~~~~~~~~~~~~~~~~~~~~*~~~ 

192-18 330-66 097-15 0.40 12 10 (IV) 
_"_______________~~_~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~" 

016-75 189-15 279-02 0.41 6 14 
___~_"______________~~~~~~~~~~~~~~~~"~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

(12) 178-26 001-64 268-01 0.49 6 15 (IV) 
__~II~"___________________________LI___I~~~"~~~~~~~~~~~~~""~~~~~~ 

(13) 191-08 077-70 284-19 0.40 31 12 (1) 

For sites where faults have been tilted secondarily, these characteristics are related to back-tilted fault attitude. Stress axes: trend 

and plunge in degrees. ct, = (a, - CTJ/( LT, - crj), defined in text. IV = number of faults consistent with the tensor; ANG = average 

angle between computed shear stress and observed slickenside lineation, (in degrees). For stress tensors related to the N-S 

compression, the roman numerals in parentheses indicate the probable corres~nding tectonic event (see text and Table 3). 



tween fault patterns and tilted strata also enabled 
us to distinguish pre-folding paleostress systems. 
The distinction between pre- and post-folding 
episodes is important in establishing a chronolog- 
ical succession of faulting events, because the 
timing of fold development is known from syntec- 
tonic deposits (Fig. 3). As an example, at site 13 

(Fig. 21, the s u b vertical reverse flank of the Bi- 
mont fold (a fold of Jurassic limestones and 
dolomites with an E-W-trending axis) is affected 
by N-S-trending faults. In their present position, 
these faults are normal dip-slip (Fig. 4). The 
tensor computed from these normal faults corre- 
sponds to an horizontal r3 axis, parallel to the 
strike of beds in the flank of the anticline and to 
the fold axis. The u, axis is parallel to the bed- 
ding and to the dip direction (Fig. 4). With the 
reasonable assumptions that folding was cylindri- 
cal with an horizonta1 axis, and that bedding was 
approximateIy horizontal when strike-slip faulting 
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occurred, these geometrical relationships indicate 
that the fault pattern observed at site 13 results 
from fold-induced tilting of early strike-slip faults. 
The N-S direction of the backtilted (T, axis is 
perpendicular to the fold axis (Fig. 4). This pat- 
tern of principal stresses and genetically related 
strike-slip shear fractures or faults is identical to 
that found on folds worldwide, and is referred to 
as shear fracture assemblage (Friedman and 
Stearns, 1971). We conclude that faulting and 
folding probably correspond to a single compres- 
sional event. At site 4 (Fig. 21, a similar geometri- 
cal analysis also suggests that the present pattern 
of reverse and normal faults results from the tilt 
of an early system of conjugate strike-slip faults. 
The backtilted (I axis is compatible with N-S 
compression (Fig. 5). 

In addition to the general identification of 
structures related to the N-S compression, the 
analysis of fauhing-folding relationships thus 

TABLE 2 

Paleostress tensors computed from calcite twin analysis 

SITES 01 02 03 ? NI N2 N3 

290-19 039-43 182-41 0.47 205 29 61 
**********************~**"**********************-**---"-** 

(1) 201-03 106-56 293-33 0.40 205 29 43 (IV) 
************************"~******************************** 

062-71 158-02 249-19 0.54 205 29 40 
****************-************~~~~~*"****************--**-------** 

350-06 231-77 081-11 0.15 219 36 87 (IW 
**********************~*************************---------* 

274-OZ 184-08 010-82 0.27 219 36 39 
***********************~***************************-*-"-** 

(2) 071-64 167-03 258-26 0.41 219 36 27 
***********************"*~~~**********************~~~~~*** 

222-18 038-72 132-01 0.50 219 36 31 
~~***************************~~~**************************~**~*** 

233-80 137-01 047-10 0.63 203 41 81 
***---****-***********~~~~~~*********************~*~~~~~** 

(6) 358-04 268-06 121-83 0.26 203 41 36 (III) 
**********************~~~~*************************~~~~~~* 

068-28 258-61 161-04 0.40 203 41 43 
~~~~********************************************************~*~** 

301-01 031-02 192-m 0.18 221 30 89 
"*************************************************~~~~~~** 

(7) 240-19 098-67 335-13 0.36 221 30 66 
******************************************************~~** 

002-53 159-35 257-U 0.53 221 30 40 
********************************"***************************~**** 

289-18 191-23 053-61 0.79 231 31 80 
(9) ************************************************~********* 

146-59 013-22 274-20 0.43 231 31 37 

Key for stress axes and Q, ratio as in Table 1. N, = total number of twinned planes measured; N, = total number of untwinned 

planes measured; N3 = number of twinned planes compatible with each tensor solution. Roman numerals in parentheses used as in 

Table 1. 
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leads us to distinguish pre-tilt and post-tilt fault 

systems. This allows us to recognize second-order 

substages of deformation during the N-S com- 

pression (Figs 5 and 6). Stratigraphic and struc- 

tural criteria observable in the field were used to 

establish the chronology of these substages. These 

criteria are as follows. 

(1) Early strike-slip faults developed first in 

the subhorizontal late Jurassic formations of site 

13. These faults have been secondarily tilted dur- 

ing folding. The existence of two steps of folding 

is ascertained by syntectonic breccia deposits, late 

Campanian and Dano-Montian in age, which rest 

unconformably on the flank of the Bimont fold 

(Corroy et al., 1964; Fig. 3). We conclude that 

strike-slip faulting occurred before the late Cam- 

panian. 

(2) The formations of the Maestrichtian dis- 

play clear time relationships between strike-slip 

faulting, folding and reverse faulting at site 4. 

Early strike-dip faults have been tilted when fold- 

ing occurred. Late reverse faults cross-cut tilted 

strata. 

(3) The youngest formations affected by re- 

verse faults are Lutetian in age (top of the Cengle 

plateau, site 5). As these reverse faults do not 

apparently affect Oligocene formations, it is likely 

that reverse faulting occurred during the late 

Eocene. 

(4) Finally, Iate strike-slip faults clearIy inter- 

sect and offset reverse faults at site 7. 

On the basis of these combined stratigraphic 

and paleostress analyses, we finally reconstructed 

the succession of faulting events associated with 

Fig. 6. N-S compression (reverse fault regime). Key as Fig. 5. 



N-S compression (Table 3). The first strike-slip 
regime occurred before the late Campanian (event 
I). This was followed by the first step of folding, 
with deposition of syntectonic late Campanian 
breccia. A second strike-slip fault regime devel- 
oped during the late Maestrichtian (event II). 
This was followed by the second and major step 
of regional folding, with deposition of the syntec- 
tonic Dano-Montian breccia. This compression 
continued with thrust emplacement associated 
with reverse faulting during the late Eocene 
paroxysmal tectonism (event III>. Finally, a last 
strike-slip regime took place (event IV>, just be- 
fore Oligocene extension. 

Oligocene E-W extension 

The approximately E-W orientations of cr, 
axes derived from faults and caicite twins (Fig. 7) 
are in good agreement with the directions of 
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extension reconstructed in the Arc basin by Gon- 

zales (1989), or in Oligocene formations north of 
Aix-en-Provence by Flippolyte (pers. comm., 
1990). Furthermore, a 030”-trending segment of 
the Aix fault which affects the Oligocene forma- 
tions along the Aix basin was active during the 
Oligocene infilling of the basin (Nury, 1980). 
These observations suggest that the E-W exten- 
sional paIeostress regime is related to the major 
extension responsible for the development of the 
Aix-en-Provence basin during the Oligocene. 

Miocene WS W-ENE to NW-SE compressions 

The 070” orientations of (T, axes deduced from 
calcite twins (Fig. 8) are quite similar to the 
direction of compression found by Gaviglio and 
Gonzales (1987) in the Arc basin using striated 
microfaults. Although no striated fault marks this 
compression in the area studied herein, calcite 

! 

Fig. 7. E-W extension. Key as Fig. 5. 
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I 
-b 

Fig. 8. ENE-WSW to NW-SE compressions. Key as Fig. 5. 

b ’ 

twins recorded this 070” compressional strike-slip 042” to 070” may be related to a single compres- 
regime at sites 2, 6 and 7 (Fig. 8 and TabIe 2). All sional event. This event probably occurred after 
stress tensors with azimuths of CT, ranging from the Oligocene and before the Tortonian, because 

TABLE 3 

Synthetic tectonic evolution of the area studied 

Tectonic5 Stresses 

Reverse and strike-slip N-S to NZO' 
Post-Tortonfan faults *'alpine" 

compression 
~~~___________~~__~_~~~~~~~~~~~~~~~~~~~"~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Early Miocene Strike-slip faults N70' early 
**alpine** compression 

_~~______~____~_*~__~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~"~~~~~~~~ 

Oligocene Normal faults E-W extension 
~~*"__~~~__~__~~_~__~~~~~~~~~~~~~"*~~~~~~~~~~~~~~~~~~~~~~~-~~~~~~~~~ 

Strike-slip faults (IV) 
Eocene ______~___~_~~~~____~~~~~~~~~ 

Rsverse faults 1111) 
Xajor tangential episode 

____~""~~_"____________________3________~~~~~~~ 

Palaocene Major episode of folding. N-8 ~@pyreneanl~ 
Dano-Montian breccia compression 

______~___~_________~~~~~~~~~~~"~~~~~~~~~~~~~~~ 

Strike-slip faults (II) 
___________~___"~"__~~~~~~~~~ 

Early episode of folding. 
Late Cretaceous Late Campanian breccia 

______________“~*___~~~~~~~~~ 
Strike-slip faults (1) 



the Oligocene formations of Ai-en-Provence are 

affected by this compression (Hippolyte, pers. 
commun., 1990) whereas Tortonian formations 

are not (Gaviglio and Gonzales, 1987). This event, 
probably early Miocene in age, may correspond 
to Alpine compression. 

The r, orientations ranging from 094” to 120” 
(Fig. 7) are surprising, because no paleocompres- 
sion of this direction has been mentioned in the 
literature in the area of interest. Late Alpine 
compression was W-S in Provence and the south- 
western external Alps (Bergerat, 1985). However, 
as consistent C, orientations were systematically 
and independently recognized at sites 1, 2, 7 and 
9 (Fig. 8), we must consider these results to be 
geologically significant. Rather than defining a 
new tectonic phase, which is not supported by 
other regional data, we suspect that these orien- 
tations correspond to strong stress deviations of 
the 070” (+, trajectories. These deviations occur in 
the vicinity of a major discontinuity, the Aix-en- 
Provence/ Meyreuil fault system. Such stress per- 
turbations may be interpreted either as a deflec- 
tion of stress before fault movement (Arthaud 
and Choukroune, 1972; Tremolieres, 19811, or as 
a dragging effect due to shear movement in the 
vicinity of the fault (Letouzey, 1986). The magni- 
tude of the deviated stress was probably not large 
enough to cause failure; however, it reached the 
yield stress value for calcite twinning (see next 
section). This explains why these stress orienta- 
tions were not recorded by faulting and were not 
described before. 

Comparison of macroscopic and microscopic pa- 
leostress analyses 

Errors and indicidual uncertainties inherent in the 
methods 

Detailed discussions about the inversion of 
fault shp and calcite twin data were published 
previously (see Angeher, 1984, I990 for striated 
faults; Laurent, 1984; Laurent et al., 1990 for 
calcite twins). However, estimates of methodolog- 
ical uncertainties inherent in both techniques of 
paleostress determination are needed in order to 
allow efficient comparisons. 

For calcite twins, the extent of uncertainties in 

inversion process was empirically estimated in 
Laurent et al, (1990). For a given monophase 

sample, the uncertainties in the paleostress orien- 
tations derived using Etchecopar’s method and 
the method proposed by Laurent et al. (1990) are 
less than 5”. The presence of stylolites in the 
same thin section where measurements were car- 
ried out confirm the accuracy of the stress orien- 
tations determined. This study indicates that the 
largest source of uncertainties for usual numbers 
of twin data (30-120) is not the inversion process, 
but the errors in thin section orientation and 
U-stage measurements. The most pessimistic esti- 
mation involves a maximum error of about 10-W. 
Usually, stress orientations are defined with un- 
certainties of about 5-10”. As a consequence, the 
paleostress tensors presented herein are reliable 
solutions (Table 2). Furthermore, experiments 
made with deletions or additions of few twin data 
indicated that the solutions are conlputationally 
stable within an accuracy of 5-10”. In contrast, 
determination of the @ ratio is not well con- 
strained. It is highly dependent on the number of 
twinned planes used for its calculation, and un- 
certainties may be as large as kO.3. 

For striated microfaults, theoretical and prac- 
tical estimates of uncertainties have been dis- 
cussed in Angelier et al. (1982). The major source 
of errors lies in the data acquisition, provided 
that the number of fault slip data is large enough 
(usually, 15-2001, and that there is a large variety 
of fault attitudes. In this case, no significant 
source of uncertainties results from the inversion 
process itself. Errors inherent in data collection 
cause angular uncertainties in stress axis determi- 
nations, of about 5-15”. As for calcite twins, 
uncertainties on determination of Q ratios are 
much larger (i.e. + 0.2). 

P&phase fuufting and twinning 

The polyphase character of the brittle defor- 
mation was easily recognized at the macroscopic 
scale (regional-scale folds and thrusts, and suc- 
cessive fault slips). It was also expected at the 
microscopic scale. Our results supported this ex- 
pectation: polyphase twinning was clearly de- 
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tected. Each of the successive stress tensors de- 

rived from calcite twins from a given sample 

accounts for only 20-30% of the twinned lamel- 
lae measured. The number of twinned planes 
consistent with each computed tensor is given in 
the last column (iv,> in Table 2. For instance, the 
tensors successiveIy determined in site 1 account 
respectively for 30% (61/205), 21% (43/205) and 
20% (40/205) of the total set of twinned planes 
measured (205). Thus, twinning in our samples 
always resulted from two or more superimposed 
tectonic paleostresses. The remaining 29% 
(60/205) of twinned planes are incompatible with 
these three main tensors, and may simply corre- 
spond to primary twins (synsedimentary or syndi- 
agenetic twins). 

~~~~sistenc~ of paleostress or~e~tat~o~s deriued from 
fault slips and calcite twins 

Following the previous works of Larroque and 
Laurent (1988) and Lacombe et al. (1990b), cal- 
cite twin and fault slip analyses were expected to 
provide regionally consistent results in terms of 
paleostress orientations. Effectively, our study 
demonstrates that taking into account uncertain- 
ties inherent in the methods, both paleostress 
indicators yield very similar paleostress orienta- 
tions at the regional scale, despite the complexity 
of the structural setting. Principal stress direc- 
tions inferred from crystallographic data were 
found to be similar to those reconstructed from 
striated faults (Figs. 5-8, Tables 1 and 2). These 
stress directions are also consistent with addi- 
tional tectonic data (fold axes, stylolites). This 
provides further evidence for the consistency of 
regional paleostress reconstructions, and for the 
suitability of these paleostress reconstructions to 
account for the regional tectonic evolution. 

Sensibility of indicators to pale&rem 

Presumably, according to the low yield stress 
value for twinning in calcite (approximately 10 
MPa), calcite twinning requires a lower differen- 
tial stress to occur, compared with brittle failure 
or frictional sliding on previously formed planes. 
Effectively, at most sites, stress tensors corre- 

sponding to E-W extension and 070” compres- 

sion could be derived only from calcite twins 

(Figs. 7 and 8). For these two tectonic phases, it is 
thus likely that principal stress values have not 
been large enough to induce macroscopic rock 
failure. Moreover, as the yield stress vaIue for 
twinning is independent of confining pressure, an 
increase in confining pressure might also cause 
twinning to occur, while faulting did not. We 
conclude that twinning is a more sensitive pa- 
leostress indicator than microfaulting, and thus 
records weak but significant paleostress regimes. 
We point out that accurate paleostress analyses 
should combine both paleostress indicators, 
macroscopic and microscopic, in order (1) to 
check for consistency and (2) to significantly in- 
crease the regional density of paleostress deter- 
mination network. 

Local stress perturbations, regional paleostress 
and scale changes 

Local conditions may introduce some discrep- 
ancies in the stress tensors derived. These dis- 
crepancies may concern the stress orientations as 
well as the ellipsoid shape ratio Q’, but the influ- 
ence of these local effects on reconstructions of 
regional paleostress orientations remains small. It 
is important to point out again that these discrep- 
ancies cannot be accounted for by technical un- 
certainties, which are much smaller. 

Variations in stress orientations 

Taking into account the usual uncertainties of 
about 5-10” in paleostress orientations, devia- 
tions larger than 15-20” from the N-S direction 
should be explained in terms of local stress pcr- 
turbations due to inhomogeneities in rocks. Such 
rotations of principal stress are easy to detect 
provided that the observation network is dense 
enough. For instance, they may occur in the vicin- 
ity of reactivated strike-slip faults oblique to the 
main stress axes. Such deviations have been al- 
ready discussed on the basis of finite element 
analyses (Xiaohan, 19831, and compared with ac- 
tual fault patterns (Taha, 1986; Lacombe et al., 
1990a). This case is illustrated in Fig. 9, where cr, 
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Fig. Y. Paleostress trajectories reconstructed for the Eocene episode nf N-S compressinn. 0%) Directions of cft reconstructed in the 

present work. CBf Directians of rrl reconstructed hy Gun2ales (1989). Note the deviation of stress tfajcctnries close to the 

Aix-en-Prov~n~iMe~euiI fault system. 

axes reorient and become subparallel to the 
Aix/Meyreuil fault system. 

Variations in @ ratios 

The variability in the Q, ratios derived may be 
also ascribed to to&a1 stress perturbations, with- 
out significant variation in paleostress orienta- 
tions (Tables 1 and 2). Tbeoret~~lIy, the notion 
of a stress tensor involves a point source charac- 
ter. Geologists using fault analysis commonly as- 
sume that the stress ellipsoid shape ratio is con- 
stant in the rock volume considered (10’ to 10’ 
m’), the usual volume of a microtectonic station. 
In contrast, calcite twin analysis allows determi- 
nation of paleostress tensors in very small rock 
volumes flK3 m3). Attention should be paid to 
this change in scale. Experiments (Barquins et al., 
1989a, b; Petit and Barquins, 1990) have shown 
that within a smaff pre-fractured sample of horno- 
geneous rock submitted to uniaxial stress, the 
ratio CD may vary around the pre-existing defect. 
As a consequence, stress perturbations added to 
mcthadological uncertainties explain why variable 

values of ratio cf, are obtained in a given site for a 
given tectonic event, on the basis of analyses of 
fault slips and calcite twins in a complex struc- 
tural setting The differences in the scales consid- 
ered (rock mass and sample, respectively) partly 
account for such apparent discrepancies. Usually, 
the range of misfits in ratio @ determinations 
remains smaller than +0.4. Fortunat~ly~ this vari- 
ability does not reduce the usefuhess of pale- 
ostress indicators in terms of orientations, be- 
cause it has very little influence on the recon- 
structed paleostress directions, as additional runs 
of inversion methods have shown (see also Tables 
1 and 2). 

Consequently, as paIeostress analyses usually 
rely upon a large number of measurements and 
derived stress tensors, stress perturbations de- 
tected appear to be only local effects within a 
very homogeneous paleostress field Wig, 9). The 
regional stress history deduced from the pa- 
leostress indicators must thus be considered to be 
reliable. In a complex tectonic setting such as for 
the Sainte-Victoire Range (Figs. 2 and 31, pa- 
leostress orientations inferred from both pa- 
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leostress indicators are remarkably homogeneous 
and consistent in the whole area (Figs. 5 and 6). 
All the main structures, from the regional scale 

(folds, thrusts and wrench faults), to the micro- 
tectonic scale (microfaulting and crystalline de- 
formation) are accounted for by a single homoge- 
neous paleostress regime with a general p, axis 
that is horizontal and trending N-S (Fig. 9). 

Paleostress reconstructions and regional tectonic 
evofution 

The tectonic emplacement of the Sainte- 
Victoire thrust (Figs 2 and 31, as well as most of 
the brittle deformation that we have observed, 
should be interpreted within the framework of 
the shortening of the Provencal sedimentary cover 
at the time of the Iberia-Eurasia collision. This 
N-S compression is a major characteristic of the 
Pyrenean foreland (Mattauer and Mercier, 19801, 
and more generally of the Western European 
platform (Bergerat, 1985). 

At the scale of the area studied (Figs. 2 and 91, 
the paleostress regime (horizontal N-S compres- 
sion), has prevailed from the late Cretaceous to 
the late Eocene, accounts for the development of 
regional-scale structures, which accommodate the 
displacement and the shortening of the sedimen- 
tary cover. A more accurate paleostress analysis 
has enabled us to detect and separate second- 
order tectonic events, which should be considered 
as successive substages of the continuous N-S 
compressional phase, occurring from the late 
Cretaceous to the late Eocene. Most of the tec- 
tonic shortening was accomplished during the 
late Eocene major event (Ternpier, 1987). Older 
tectonic events (late Cretaceous and Paleocene in 
age) have resulted in smaller displacements. 
However, their role was essential, because dis- 
continuities and zones of weakness were thus 
created in the cover and became available for 
reactivation. 

The extensional paleostress regime with a cX 
axis oriented E-W could be detected far away 
from the major basin faults using calcite twins 
(Fig. 7). This stress regime accounts for the devel- 
opment of the Aix-en-Provence Oligocene basin. 
More generally, it may be related to the general 

E-W extension of the Ohgocene West European 

Rift (Bergerat, 1985). 
Finally, the last major phase that can be reli- 

ably reconstructed is the strike-slip type compres- 
sion, with a u, axis trending approximately 070” 
(Fig. 8). This can be interpreted as an early 
Miocene episode of the Alpine compression. 

Conclusions 

The qualitative and quantitative tectonic anal- 
yses of brittle structures, at macroscopic and mi- 
croscopic scales, enables us to understand the 
distribution and the evolution of the paleostress 
field near the Sainte-Victoire Range and the sur- 
rounding areas, and to provide an explanatory 
model for the regional-scale structures. Near the 
Sainte-Victoire Range, by contrast with the Arc 
basin (Gaviglio and Gonzales, 198’71, geometrical 
interactions between foiding and faulting, and 
syntectonic sedimental formations are present. 
These characteristics allowed us to recognize the 
main steps of the tectonic evolution and to estab- 
lish a second-order succession of stress regimes 
during the N-S compression, from the late Creta- 
ceous to the late Eocene. 

Concerning the methodology, a complex suc- 
cession of tectonic events, involving common di- 
rections of compression, could be reliably deci- 
phered. This study provides further evidence for 
the present interest in combining analyses of in- 
dependent paleostress indicators, in accurate pa- 
Ieostress reconstructions. 
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