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Abstract — The destructive ‘Lambesc’ earthquake that struck southeastern France on 11
June 1909 reached maximum MSK intensity of IX. Critical reassessment of macroseismic
observations shows that the VIII and VIl isoseismal contours surround the Trévaresse ridge,
a 15 km long, post-Miocene anticline. A rather steep escarpment, several tens of meters
high, marks the southern flank of this fold. A locally steeper cumulative scarp, with, at
one place, a south-facing free-faced scarplet, probably marks the emergence of successive
surface ruptures, perhaps the last one in 1909. The bulk of the evidence suggests that
the 1909 Lambesc earthquake activated a north-dipping thrust ramp below the growing
Trévaresse anticlinez 2001 Académie des sciences / Editions scientifiques et médicales
Elsevier SAS

seismotectonics/ fault / earthquake/ Provence/ France

Résumé — Le séisme destructeur de Lambesc a affecté le Sud-Est de la France le 11 juin
1909, atteignant une intensité MSK maximum de IX. La réévaluation critique des observations
macrosismiques montre que les isoséistes VIl et VII entourent la chaine de la Trévaresse, anticlinal
post-Miocene long de 15 km. Une pente raide, haute de plusieurs dizaines de metres, marque le
flanc sud de ce pli. A sa base, un escarpement cumulatif plus raide avec, localerseatple

frais faisant face au sud marque probablement I'émergence en surface de ruptures cosismiques
successives. La derniére de ces ruptures a pu se produire en 1909. L'ensemble des arguments
présentés suggére que le séisme de 1909 a activé la rampe de chevauchement a pendage nord située
sous l'anticlinal de la Trévaresse2001 Académie des sciences / Editions scientifiques et médicales
Elsevier SAS

sismotectonique/ faille/ séisme/ Provence/ France

Version abr egee Une valeur nettement plus faible (5,5) est proposée par Le-
vret et al. [21] d'aprés les données macrosismiques. L'hy-
L'Ouest de la Provence, région de sismicité instrumen- pocentre était peu profond, 2-5 km [17#,10 km [21].
tale modérée, est caractérisée par quelques séismes histoA ce jour, la faille responsable de ce séisme n'a pas été
riques d’intensité supérieure ou égale a Migyre 1, ta- clairement identifiée.
bleau ). La proportion de la convergence Afrique—Europe Dans cette partie de la Provence, les plis et chevauche-
(6—7 mman~! & la longitude de la France [14]) quiy est ments alpins (vergence sud, direction est—ouest) réactivent
absorbée est faible et discutée@,1 & 2 mman [8, 16, souvent des chevauchements pyrénéens (Eocéne, vergence
25]). Lors du séisme de Lambesc du 11 juin 1909, I'in- généralement nord). lls déforment la surface d’abrasion
tensité MSK IX a été atteinte dans la zone épicentrale [1, marine miocéne (par exemple, [4, 8, 15]). Le raccourcis-
18, 20, 21, 33]. La magnitude de ce séisme a été évaluée sement alpin, trés actif au Tortonien supérieur—Messinien,
a 6,2 [17] ou 6,3 [7] d’apres les sismogrammes existants. de 8,5 & 5,7 Ma [10], a probablement continué jusqu'a

* Correspondence and reprints.
E-mail address. lacassin@ipgp.jussieu.fr (R. Lacassin).
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I'Actuel (par exemple, [32]). Les mesures de contraintes
in situ [13] et de stries sur des micro-failles (par exemple,
[12, 32]) ainsi que les mécanismes au foyer [24] suggerent
un régime de contrainte plio-quaternaire, associant com-
pression~nord—sud, perpendiculaire aux plis alpins, et ex-
tension est—ouest. La plupart des anticlinaux provengaux
(par exemple, Lubéron, Alpillefigure 1) sont des hauts to-

tiques d’une flexure au-dessus d’une rampe chevauchante
a pendage nordifures 2 et 4). Cette flexure montre une
incision jeune par de courts ruisseaux orthogonaux a la
pente maximum (longueur 200—1 000 figure 4). Elle est

plus haute et raide le long du segment est (70 a 140 m de
haut, figures 4, 5a et 5b), avec des pentes de 10,&st)

et 12,7 (centre). Au nord-ouest du Grand-Saint-Jetn (

pographiques, avec une morphologie jeune, peu disséquéegure 4), la base du flanc sud est marquée par un escarpe-

par I'érosion, ressemblant aux plis en croissance d’Algé-
rie, Californie, Asie centrale ou lItalie (par exemple, [6, 22,
23, 26, 29, 30]). Les conglomérats plio-quaternaires du Va-
lensole sont plissés a la terminaison est de I'anticlinal de
Lubéron—Manosque, marquée par la faille de la Durance,
rampe latérale a mouvement chevauchant-décrocfiant (
gure 1). Les conglomérats de la Crau sont basculés au sud
des Alpilles (ouest d’Eyguiérefigures 2 et 3, [11]). Une
cluse séche (Wdjgure 2) y marque un cours abandonné
de la Durance (canyon messinien, [9]). Lanticlinal des Al-
pilles se prolonge sans doute a l'ouest du Rhdéne, dans I'an-
ticlinal de Vauvert, qui plisse le Pliocenigure 1) [5]. Les
anticlinaux des Costes et de la Trévarefigarnes1 et 2), li-
mités par des chevauchements vers le sud, affectent le Mio-
céne [15].

Les cartes macrosismiques a grande échelle (par exem-

ple, [1, 21]) montrent que le séisme de Lambesc a été

ment plus raide, haut de 10 a 20 figgres 5¢c—). En carte,

la base de la flexure forme une trace nette, avec deux seg-
ments distincts longs de 9 et 6 kifiglre 4), correspondant

a peu pres a la faille géologique de la Trévaresse [27, 28].
Cette trace morphologique marque probablement I'émer-
gence en surface d’'un chevauchement actif situé sous I'an-
ticlinal de la Trévaresse, tandis que la pente convexe, haute
de plusieurs dizaines de métres, correspond a un escar-
pement cumulé, da a I'addition d’incréments de chevau-
chement et de plissement cosismiques. Au nord-ouest du
Grand-Saint-Jeafiure4), on observe a la base de I'escar-
pement cumulé de petits escarpements tres raides et frais,
hauts de quelques dizaines de centiméfigsres5f et5g),

qui pourraient correspondre a des restes de rupture super-
ficielle lors du séisme de 190€idure 5h, failles normales
secondaires, [2]). A ce stade de notre étude, nous ne pou-
vons néanmoins pas exclure une origine, ou une amplifica-

ressenti dans toute la Provence et le Languedoc (intensité tion anthropique, de cesarplets.

supérieure a lll) et que l'aire d'intensité supérieure ou
égale a VIl est allongée est—ouest, parallélement aux plis
et chevauchement alpins. Pour contraindre la géométrie

Les arguments morphologiques et structuraux suggée-
rent donc que la Trévaresse est un anticlinal en crois-
sance au-dessus d’'une rampe de chevauchement active

des isoséistes supérieures ou égales a VII, nous avons(figure 2). Cette rampe pourrait se prolonger en pro-

compilé une cartefigure 3) des intensitéstébleau 1)

fondeur jusque dans les évaporites du Trias (6—7 km,

estimées par Levret et al. [21], combinées a celles évaluées 1 sur la coupe de ldigure 2, [8, 12, 28]). La pe-

pour chaque village, hameau ou mas par Lemoine [20].
Lemoine donne une intensité IX pour au moins cing
localités, alors que Levret et al. [21] ne I'attribuent qu'a
Rognes. Vogt [33] attribuait I'intensité IX & un nombre
encore plus élevé de villagetalfleau 11). De probables
effets de sites, déja notés par Lemoine et Spiess [20,
31], existent & Vernégues, situé en haut d’un promontoire,
Cornillon et peut-étre Venelles. Lemoine [20] fournit
également le colt des dégats, le nombre d’habitants et le

tite taille de l'anticlinal de la Trévaresse en comparai-
son du Lubéron figure 1) suggére cependant que la
rampe pourrait étre moins profonde et s’enraciner dans
un décollement au niveau des marnes Crétac8 km),
reliant ainsi la Trévaresse et le Lubéroa ur la fi-

gure 2). La géométrie des isoséistefigire 3), I'exis-
tence d’escarpement cumulés et peut-étre de ruptures co-
sismiques en surface nous amenent & conclure que le
séisme de 1909 s’est produit sur la rampe chevauchante

rapport entre les deux a chaque commune. Nous avons de la Trévaresse. En utilisant la loi d’échellev = 4,07

reporté ces valeurs (en F/habitatableau 1, figure 3),

en utilisant les classes suivantes-:900 F/hab.; 500-
900 F/hab. ; 200-500 F/habx; 200 F/hab. (correspondant
aux intensités> VIII, VI, VII, < VII). Ces données,
trés cohérentes entre elles, définissent clairement l'aire
de dégats maximum (VI figure 3). Celle-ci englobe

la chaine de la Trévaresse, et son axe d'allongement
(N11O°E) est paralléle a cette chaine, alors que la chaine
des Costes recoupe ce contour.

La «faille de la Trévaresse » sépare les calcaires oligo-
cénes de l'anticlinal de la Trévaresse du Miocéne du syn-
clinal de Saint-Cannat—Puyricarigire 2 et Rouire [27]).

La géométrie des bancs oligocénes, horizontaux sur le pla-

+ 0,98logRA), ou RA est la surface de rupture en km
[34], nous estimons une borne supérieure~d6,2 pour

la magnitude de moment (rupture des deux segments sur
15 km, profondeur de la rampe 7 km, pendagé5°, RA

=15 x 10 kn?), comparable aux valeurs calculées a par-
tir des enregistrements instrumentaux [7, 17], et une borne
inférieure de~ 5,6 (segment ouest seul, 6 km, rampe
moins profonde, 3 km, pendage °3@lternative2 sur la
figure 2), proche de la magnitude macrosismique de Levret
et al. [21]. Pour tester ces hypothéeses, et estimer la vitesse
et les temps de récurrence sur la rampe de la Trévaresse
et sur les autres plis probablement actifs de Provefice (
gure 1), il est maintenant urgent de dater des marqueurs

teau de la Trévaresse et a pendage fort sur son versant sudmorphologiques quaternaires et d’effectuer des études pa-

et la forme en dos de baleine de ce versant sont caractéris-

|éosismologiques.
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1. Introduction

Western Provence is a region of currently moder-
ate instrumental seismicity, with only a few histori-
cal earthquakes with peak MSK intensities larger than
VIl (Lambesc 1909; Durance valley near Manosque
1509, 1708, 1812, 1913; Tricastin 1773, 18Tig:
urel, tablel). Large-scale plate tectonic models such
as NUVEL1 [14] predict 6 to 7 mayr—! of NNW-

Miocene marine abrasion surface, bearing perfora-
tions left by barnacles [15]. The vastness of the abra-
sion surface implies that most of the Pyrenean relief
has been abraded prior to deposition of the Burdi-
galian ¢~ 20 Myr) molasse (e.g., [4, 8, 15]). Alpine
shortening began during the Middle Miocene, with a
major pulse in the Upper Tortonian—Messinian (8.5
to 5.7 Ma), as suggested by syntectonic sedimenta-
tion of conglomerates south of the Luberon [10]. Such

SSE convergence between stable Africa and Europe shortening has probably continued up to the present

at the longitude of France. The fraction of conver-

(e.g., [32]). Stresses measured in situ near Aix-en-

gence absorbed in western Provence appears to beProvence [13], and slickensides on small faults (e.g.,

small and is subject of debate- 0.1 to a maximum
of 2 mmyr—1[8, 16, 25]).
Together with the Ligurian Sea earthquake of 23

[12, 32]) suggest that the present-day Plio-Quaternary
stress regime is characterised by north—south to NNE—
SSW compression, perpendicular to alpine fold axes.

February 1887, the Lambesc earthquake of 11 June Fault plane solutions of small magnitude earthquakes

1909 is one of the largest earthquakes known to have

affected southeastern France in the last 120 years.

MSK intensities reached values of IX in the epicentral
area, near Rognes, about 18 km northwest of Aix-en-
Provence [1, 18, 20, 21, 33]. The earthquake killed 46

are compatible with this view (east—west extension or
north—south compression [24]).

Most of the alpine anticlines of western Provence
(e.g., Luberon, Alpillesfigure 1) correspond to mod-
erately dissected topographic highs. They have youth-

people and resulted in damage evaluated at 1 500 to ful morphology, with bedding in Oligocene or Mio-

2 250 million FF (recalculated in 1982 French Francs
by the ‘Délégation aux risques majeurs, ministére de
Environnement’ [18, p. 150]). It consisted of two
principal shocks about 30 min apart [1]. The first one,
a stronger shock, occurred at about 21 h 14 local
time [21]. Its magnitude was estimated to 6.2 [17]
or 6.3 [7] from available seismograms, and 5.5 from
macroseismic reports [21], with a shallow hypocenter,
2to5km [17] or 10 km [21]. The second shock, only
described qualitatively (“less strong and shorter” [1]),
could correspond to a strong aftershock. Several large
aftershocks with MSK epicentral intensities up to
VIl occurred during the following year [19]. Detailed

cene rocks often outlining their asymmetric structure
and topography, despite greater complexity in their
Mesozoic cores. Locally, Plio-Quaternary conglomer-
ates are seen tilted on the southern flanks of the south-
ern Alpilles and eastern Luberon anticlines. Such an-
ticlines are thus very similar to actively growing folds
documented in Algeria, California, Central Asia or
Italy (e.qg., [3, 6, 22, 23, 26, 30, 31]). To the east of
the Luberon—Manosque anticlinéigire 1), the Du-
rance fault may be a lateral ramp with oblique thrust
and sinistral motion. West of the Luberon, the Alpilles
range forms a broad anticlindigure 1) folding the
pre-Miocene erosion surface and the Burdigalian mo-

descriptions of the damage are available but there was lasse. West of Eyguierefidures 2 and 3), the oldest

no report of unambiguous surface breaks. Therefore,

conglomeratic beds of the Crau plain are tilted by a

the fault responsible for the earthquake has never been few degrees along the southern flank of the range [11].

identified with certainty.

Here, we examine the macroseismic data of the
1909 earthquake, and we compare with morpholog-
ical and tectonic observations in the epicentral area,
in particular the existence of young scarps identified
south of the Trévaresse ridge.

2. Geological and seismotectonic setting
of western Provence

The main Cenozoic structures of Provence result
from the Pyrenean (Eocene) and Alpine (Miocene
to present) tectonic events. Southwest of the Digne

An abandoned wind-gap (W@igures 2 and 3), with
gently warped terraces, marks one former course of
the Durance, corresponding to the Messinian canyon
of the river [9]. The Alpilles anticlinorium probably
extends west of the Rhone River into the Vauvert an-
ticline (figure 1), a topographic high with divergent re-
gressive erosion, where Pliocene beds are folded [5].
South of the Luberon, the Costes and Trévaresse
ridges (igures 1 and 2) are smaller anticlinal struc-
tures bounded by south-vergent thrusts [15]. Both
fold Burdigalian and Lower Tortonian sediments [15].
While the Trévaresse anticline is barely dissected by
erosion and topped by an uplifted axial plateau, the
Costes ridge has a more mature shape with stream

thrust nappes, folds and thrusts related to both events catchments reaching its crest. Below, we first show
trend east—west on average. Generally south-vergent that the Trévaresse anticline lies fully within the

alpine folds and thrusts often reactivate commonly
north-vergent Pyrenean ones. They deform a Lower

mesoseismal area of the 1909 earthquake, then pro-
ceed to examine its morphology in greater detail.
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Figure 1. Structural sketch map of western Provence and southern Rhéne valley. Identification of young, possibly active faults and folds is based on
geomorphic and geological evidence (youthful incision, steepness of cumulative scarps, continuity of fault traces, deformed Pliocene igr Quaterna
rocks). Areas of probable Plio-Quaternary uplift are shown in saturated colours. Historical earthquakes, with epicentral MSK intensitieslarger t

VI (years indicated wher- VII), from Vogt [33] and Lambert et al. [19], are listed table |I. Fault plane solutions are from Nicolas et al. [24].

Map is drawn on Landsat TM mosaic (519-602, 519-603; channels 7-4-1). Boxes show &igemesd and 3.

Figure 1. Schéma structural de la Provence occidentale et de la vallée du Rhone. Les failles et plis jeunes, peut-étre actifs, sont identifiés sur
la base de critéres morphologigues et géologiques (incision jeune, existence d’escarpements cumulés jeunes, continuité et netteté des traces d
failles, sédiments plio-quaternaires déformés). Les régions de soulévement plio-quaternaire probable sont en couleurs saturées. $gisnes histor
(intensités MSK > VI, année indiquée lorsque VII, tableau ) d’aprés Vogt [33] et Lambert et al. [19]. Mécanismes au foyer d’aprés Nicolas et

al. [24]. Mosaique Landsat TM (519-602, 519-603 ; canaux 7—4-1). Les cadres correspondigntes ket 3.

3. Review of macroseismic observations | > VIl isoseismals, we plotted the intensities esti-
mated by Levret et al. [21] for the main towns and
Immediately after the Lambesc earthquake, an villages onthe TM map of the arefigure 3, tablell).
extensive survey of its near and far-field effects was The MSK-VII isoseismal encompasses all the Tré-
performed, and large-scale isoseismal maps were varesse and part of the Costes anticlines, with max-
published by the end of 1909 [1], and reevaluated imum intensities at Rognes, Lambesc, Saint-Cannat
recently [21]. The maps show that the earthquake and Vernegues. Vernégues lies in an outer lobe of
was felt over most of Languedoc and Provence (MSK destruction, within areas with intensities between VI
intensities larger than Ill), with a maximum intensity and VII. This may be due to the location of the vil-
area (1> VII) elongated in the east—west direction, lage on top of a promontory, a likely site effect already
roughly parallel to the alpine fold and thrust trends. identified by Lemoine [20] and Spiess [31]. These au-
To better assess the near-field effects of the earth- thors point to comparable site effects at Venelles and
guake, in particular the location and geometry of the Cornillon (figure 3). It was also noted that the great-
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Tablel. Historical earthquakes, with peak MSK intensities larger than VI, in arégwk 1. Data from Lambert et al. [19] and Vogt [33].
Tableau |. Séismes historiques avec des intensités MSK supérieures a VI, dans la zoffigute la D’'aprés Lambert et al. [19] et Vogt [33].

Date Region Longitude’E) Latitude ¢N) Peak intensity Peak intensity
(Lambert et al. [19]) (Vogt [33])

13 Dec. 1509 Manosque °&7 43’50 Vil

14 Aug. 1708 Manosque °86 4349 VI VII-XI

15 June 1731 Cavaillon °82 4350 VI-VII VI-VII

12 July 1763 Lubéron |43 43’50 VI-VII Vil

18 Nov. 1769 Comtat %0 44°03 Vil Vi

21 Dec. 1769 Comtat °50 4403 VI

23 Jan. 1773 Tricastin °48 44022 VII-VII i

7 Feb. 1773 Tricastin 49 44°22 VI-VII

20 Mar. 1812 Beaumont Y4 4345 VII-VIll VIII-IX

26 Mar. 1812 Beaumont °g2 43245 VI VIl

14 July 1873 Tricastin Uy 44028 VI

19 July 1873 Tricastin XN3 44°29 VIVl VII-VIIl

8 Aug. 1873 Tricastin Uy 4427 VII-VII Vi

14 Nov. 1887 Cavaillon 974 4350 VI-VII Vil

13 May 1901 Crest DY 44°39 VI-VII VII-VIll

11 June 1909 Lambesc °H 43°39 VII-IX IX

22 Sept. 1909 Lambesc °B8 43°39 VI-VII

14 May 1913 Volx 551 4353 VIVl VII-VIIl

24 Sept. 1924 Comtat °4y 44°06 VI-VII

24 July 1927 Barronnies °52 4412 VI Vi

12 May 1934 Tricastin €Mn7 44024 Vi \ll

30 Sept 1946 Gard °85 43°53 VI-VII Vi

8 July 1952 Barronnies °33 4415 Vil Vi

est destruction in Salon and Pelissanne was on soft Venelles in the 500-900 FF/inhab. class, in keeping

Quaternary sediments that may have amplified ground
motion [31].

Lemoine [20] published a map of intensities that he
personally evaluated by visiting every locality, includ-
ing hamlets and farms over the entire epicentral area.
Plotted together with Levret et al's intensities, his es-
timates provide a denser datadafe 3). Lemoine’s

with Lemoine’s (IX) and Levret et al.’s (VIII) inten-
sity evaluation.

The different data sets are mostly self-consistent
and define rather precisely the area of maximum
damage (VIII, figure 3). Although there are a few
intensities of only VII on top of the Trévaresse ridge,
we infer them to correspond to less reliable evaluation

intensities appear to be somewhat higher than those in a sparsely populated area. The mapfigtire 3

of Levret et al. [21]. Lemoine quotes IX at many lo-
calities, while, according to Levret et al. [21], they
reached this value only at Rognéslfe I1). Vogt [33]
quoted IX at an even larger number (12) of locali-
ties table 11). Lemoine provides a table with dam-
age cost, number of inhabitants and ratio between
the two in every commune [20]. We plotted these
ratios (in French Francs per inhabitatdable 11) us-

ing the following classes> 900 FF/inhab.; 500 to
900 FF/inhab.; 200 to 500 FF/inhak:;200 FF/inhab.
(figure 3). Such classes appear to roughly corre-
spond to intensities> VIII, VIII, VII, < VII, re-
spectively. At Charleval, Eguilles, Meyrargues and
Silvacane, where Lemoine gives two evaluations,
which he considers to be under- and overestimated,
we used the mean of the two valuaab{e I1). At
Venelles, only a minimum evaluation of destruc-
tion costs (491 FF/inhab.) is given. We thus class

shows that the isoseismal VIII encompasses only the
Trévaresse ridge and that the corresponding area’s
maximum elongation (N10®) is parallel to it. The
maximum elongation of the area with intensities

VII, between Salon and Peyrolles, is also roughly
east—west. Although the macroseismic data northwest
of Lambesc and Rognes is insufficient to define the
exact contour of the isoseismal VI, it is clear that
most of the Costes ridge straddles this contour.

4. Geomor phic evidence for an
emerging thrust along the southern
front of the Trévaresse

A well-known geological fault, the ‘Trévaresse
Fault’, generally separates the Upper Oligocene lime-
stone of the N11€E trending Trévaresse anticline
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Table I1. Summary of macroseismic data in and around epicentral area of 1909 earthquake, after Angot [1], Lemoine [20], Vogt [33] and Levret

etal. [21].

Tableau I1. Résumé des données macrosismiques dans la région proche de la zone épicentrale du séisme de 1909, d’apreés Angot [1], Lemoine [20],

Vogt [33] et Levret et al. [21].

MSK Intensity
(Lemoine [20])

MSK Intensity
(Vogt [33], Angot [1])

Damages (FF/inhab.)
(Lemoine [20])

Remark on damage evaluation
(bounds in FF/inhab.)

Locality MSK intensity
(Levret [21])
Rognes IX
Lambesc VIII-IX
St Cannat VIII-IX
Vernegues VII-IX
Le-Puy-Sainte-Reparade VIl
Venelles VIII
Charleval VI
Cornillon Vil
La Barben VII
La Roque-d’Antheron Vi
Pélissanne Vil
Pertuis VI
Puyricard Vi
Salon-de-Provence \l|
Aix-en-Provence VI-VII
Alleins VI-VII
Ansouis VI-VII
Aurons VI-VII
Eguilles VI-VII
Eyguiéres VI-ViI
Grambois VI-VII
Grans VI-VII
Lancgon-de-Provence VI-VII
Lauris VI-VII
Lourmarin VI-VII
Mallemort VI-VII
Meyrargues VI-VII
Peyrolles VI-VII
Puget VI-VII
Puyvert VI-ViI
Saint-Estéve-Janson VI-VII
Ventabren VI-VII
Villelaure VI-VII
Aureille \Y|
Cadenet Vi
Istres VI
Jouques Vi
La Bastidonne VI
La Fare-les-Oliviers VI
La Tour-d’Aigues VI
Lamanon VI
Mérindol VI
Meyreuil VI
Mirabeau \
Miramas VI
Mouries Vi
Saint-Chamas Vi
Saint-Marc-Jaumegarde VI
Sénas Vi
Vauvenargues VI

VIll and IX
IX
Vil or VI
Vil
IX and VII
VIl
VIl

Vil or IX
Vil or Vil
Vil or Vil
Vil or Vil

\ill
Vil

\

Vil or VIl
Vil and VIII
\

Vlior VI

928
1615
1006

890

491

44 .5

148

177

4675

387

331

184

54

289.5

112
15

137
1835
158

196

16
41

127

403

minimum
average (22—-67)

average (161-774)

average (225-354)

average (52-315)
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Figure 2. Geological sketch map of Luberon, Costes and Trévaresse region (after 1:250 000 geological map). WG (near Eyguiéres) corresponds to
abandoned Pliocene wind-gap of Durance river course across Alpilles range. Inset: schematic cross-section of Luberon—Trévaresse thrust system
(along dashed lin&-B on map), showing two alternatives for ramp geometry below the Trévaresse, adapted from Champion et al. [8].

Figure 2. Carte géologique simplifiée de la région du Lubéron, des Costes et de la Trévaresse (d'apres la carte géologELed). WG (pres
d’Eyguiéres) marque le cours pliocéne abandonné de la Durance a travers les Alpilles. En bas : coupe schématique du systéeme de chevauchement
Lubéron-Trévaressé&\(B sur la carte) présentant deux alternatives pour la géométrie de larampe sous la Trévaresse, adapté de Champion et al. [8].

from the Miocene (Tortonian—Messinian) sediments by shorter streams (200—1 000 figure 4). The south-
of the Saint-Cannat—Puyricard synclinégdre 2) ern flexure is steepest and highest along the eastern
[27]. While bedding is nearly horizontal on the Tré- segment (70 to 140 m higHigures 4, 5a and 5b),
varesse plateau, localised, steep, south dips rim the with slopes of 10.8 and 12.7, in the east and centre
southern flank of the ridge, indicative of south-vergent respectively. Northwest of Le Grand-Saint-Jeéig-(
flexure above a north-dipping thrusigire 2). ure 4), the southern flank, which is about 60 m-high,
The southern side of the Trévaresse ridge has a half is bounded at its base by a steeper, 10 to 20 m high,
‘whale-back’ morphology, with the topographic enve- escarpment, with a flatter surface perched on figp (
lope delineating the shape of the flexure. The ridge is ures 5¢-5€). In map view, the base of the flexure and
composed of two coalescent segments separated byescarpment forms a sharp trace with two left-stepping
a left-step north of Le Grand-Saint-Jedigyre 4). segments 9 km and 6 km lonfigure 4), which nearly
The eastern part of the plateau on top of the range corresponds to the Trévaresse Fault as mapped on the
is bounded to the northeast by a cuesta cliff that rises 1:50 000 geological sheets [27, 28]. The morphologi-
~ 250 m above the Durance valley. The cliff results cal trace thus appears to mark the surface emergence
from headward erosion, since entrenchment of the of an active thrust ramp beneath the growing Tréva-
Durance valley during the Messinian. To the south, resse anticline. The steep, convex slopes several tens
the Trévaresse flexure shows more youthful incision of metres high are best interpreted to correspond to
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Figure 3. Summary of 1909 earthquake macroseismic data [20, 21], plotted on TM image (see tetl ahidfor discussion). Inferred isoseismal
contours VIl and VIII are in white. Note that east—-west elongated isoseismals are parallel to Trévaresse ridge.

Figure 3. Synthese des données macrosismiques sur le séisme de 1909 [20, 21], reportées sur I'image TM (vdatiede!epour discussion).
Les isoséistes VIl et VIII déduits sont en blanc. Ces isoséistes, allongées est—ouest, sont paralléles a la chaine de la Trévaresse.

| (Fig. 51 & 59
i (scarpl_ﬂs':_] N

Figure 4. 10 m resolution topographic map of Trévaresse ridge (extracted from 1:25000 scale ‘Institut géographique national’ maps). Base of
southern Trévaresse escarpment probably corresponds to surface trace of emergent thrust ramp (red). Arrow points to location of cumulative
escarpment with scarpletigures 5f and5g).

Figure 4. Carte topographique (résolution 10 m) de la chaine de la Trévaresse (extraite des:28/@69 He I'lGN). La base de I'escarpement
sud de la Trévaresse correspond probablement & I'émergence en surface de la rampe chevauchante (en rouge). La fleche indique la localisation de
scarplets (figures 5f et 5g) a la base de I'escarpement cumulé.
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Figure 5. Topographic profiles across southern Trévaresse ridge front (data from 1:25 000 anbps) profile stacks in zones 1, 2 and 3 (locations on inset), projected perpendicular to local ﬁace
of escarpmentd, e, topographic sections of Trévaresse escarpment in zohevigw of cumulative escarpment, several meters high, in zone 3. Relatively fresh sogrphety(be interpreted ast

remnant of 1909 coseismic surface brelk See text for discussion.
Figure 5. Profils topographiques du front sud de la Trévaresse (d'aprés les carte5410Q).a, b, c, synthese des profils dans les zones 1, 2 et 3 (localisées sur la petite carte), projetés
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the cumulative scarp due to the sum of successive in-
crements of seismic thrusting and growth folding on
this ramp (e.g., [23, 26]).

Northwest of Le Grand-Saint-Jean and west of
D543 figure 4), relatively fresh, even steeper scarplets
several tens of centimetres high are found near the

base of the cumulative southern Trévaresse escarp-

ment (igures 5f and5g). The spatial coincidence of

near Rognes [21], well southeast of the north-dipping
Costes thrustfigures 1 and 2), is incompatible with
activation of this thrust by the 1909 earthquake. The
Trévaresse thrust ramp reaches the surface along the
southern front of the range at the base of a steep cu-
mulative escarpment. This topographic escarpment is
locally marked by even steeper, fresh scarplets that we
interpret as possible remnants of the 1909 coseismic

the scarplets with the larger scale structures suggestssurface break. We therefore conclude that the 1909

that they may correspond to the coseismic surface

earthquake activated the Trévaresse thrust ramp. Pos-

break of the 1909 earthquake on the emergent Tréva- sibly, the two shocks ruptured in succession the two
resse thrust ramp. They possibly represent secondary, segments of that thrust. The probable existence of

surface collapse of the up-thrust wedge f&jure 5h).
At this stage, one cannot exclude, however, an anthro-
pogenic origin, or the amplification of these scarplets

a shallow north-dipping ‘décollement’ at depth im-
plies a relatively shallow hypocenter for the earth-
guake (maximum ramp depth 7 km, possibly 3 km,

by anthropic action. That pinus and quercus trees have figure 2). Using commonly accepted scaling laws be-

grown next to the base of the scarplefigures 5g
and 5h), probably after their formation, implies that
their minimum age is several tens of years, thus com-
patible with formation in 1909.

5. Summary and discussion

Geomorphic and structural evidence concur to in-

tween surface rupture and magnituddw = 4.07

+ 0.98log(RA), whereRA is rupture area in square
kilometres [34], rupture of the two segments (15 km)
of a 7 km deep ramp would imply an upper bound of
~ 6.2 for the moment magnitud&RA = 15 x 10 kn?,
with ramp depth 7 km and dip 45 comparable to es-
timates made from instrumental records [7, 17]. Ac-
tivation of the western segment alone (6 km), and a
shallower ramp RA = 6 x 6 kn?, with ramp depth

dicate that the Trévaresse ridge corresponds t0 a3 km and dip 30, alternative? in figure 2) yields

young, presently growing ramp-anticline above an ac-
tive north-dipping thrust ramgi¢ure 2). This deeper
ramp may extend down to the base of the 6—7 km thick
Mesozoic sedimentary pile [8, 12, 28] to root into a
regional ‘décollement’ within the Triassic evaporites,
as often observed in the outer ranges of the Alpsn(
section offigure 2). The rather small width and length
of the Trévaresse anticline, compared to those of the
Luberon {igure 1), suggests, however, another pos-
sible ramp geometry linking these two folds. A shal-
lower, flat ‘décollement’ within the Lower Cretaceous
marls might connect the Trévaresse ramp to that be-
neath the Luberon, to the nortRif figure 2).

The macroseismic data shows that the area of max-
imum destruction in 1909 lays parallel to, and around
the Trévaresse ridge, but mostly outside the Costes
ridge. The location of the macroseismic epicentre
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