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Abstract Linking earthquakes of moderate size to known
tectonic sources is a challenge for seismic hazard studies in
northwestern Europe because of overall low strain rates.
Here we present a combined study of macroseismic
information, tectonic observations, and seismic waveform
modelling to document the largest instrumentally known
event in the French northern Alps, the April 29, 1905,
Chamonix earthquake. The moment magnitude of this
event is estimated at M,, 5.3 & 0.3 from records in
Gottingen (Germany) and Uppsala (Sweden). The event of
April 29 was followed by several afterschocks and in
particular a second broadly felt earthquake on August 13,
1905. Macroseismic investigations allow us to favour a
location of the epicentres 5-10 km N-NE of Chamonix.
Tectonic analysis shows that potentially one amongst
several faults might have been activated in 1905. Among
them the right lateral strike-slip fault responsible for the
recent 2005 M,, = 4.4 Vallorcine earthquake and a quasi-
normal fault northeast of the Aiguilles Rouges massif are
the most likely candidates. Discussion of tectonic, macro-
seismic, and instrumental data favour the normal fault
hypothesis for the 1905 Chamonix earthquake sequence.
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1 Introduction

The northwestern Alps are one of the most seismically
active regions of France and Switzerland. In the Valais
canton, several earthquakes of magnitude ~6 caused
serious damages over the past centuries (e.g. Fih et al.
2012). Together with the Basel area, this is the region
where seismic hazard is highest in Switzerland. Similarly
in the new French seismic regulation code, the neigh-
bouring Haute-Savoie is set at the highest seismic hazard
level of metropolitan France (Plan-séisme 2015). These
levels of seismic hazard are mainly estimated from statis-
tical analysis of instrumental and historical seismicity. Due
to a somewhat low to moderate seismicity in these regions
as compared with the seismically more active southern
Europe, there are very few joint analyses of earthquakes
based on both instrumental and tectonic observations in the
northwestern Alps. The main purpose of this paper is to
present such a joint analysis focused on the largest
instrumentally known earthquake in the French northern
Alps, the Chamonix 1905 April 29 earthquake (Fig. 1). Its
published moment magnitude M,, ranges between 5.1 and
5.6 (Bernardi et al. 2005; Alasset 2005; Cara et al. 2008;
Fih et al. 2011; Rovida et al. 2011).

The largest instrumentally known earthquake in the
nearby Valais canton occurred near Sierre on January 25,
1946, 60 km northeast of Chamonix (Fig. 1). Its magnitude
ranges between Mw = 5.8 (Bernardi et al. 2005) and
M,, = 6.1 (Fritsche and Fih 2009). More recently, on July
15, 1996 a slightly damaging earthquake struck the city of
Annecy, France, 60 km west of Chamonix (Thouvenot
et al. 1998; M,, = 4.7 SI-Hex 2014). Within a 30 km
distance from Chamonix, two similar magnitude events are
instrumentally recorded: an earthquake near Martigny on
August 25, 1915 (M, = 4.6, Bernardi et al. 2005) and
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Fig. 1 Seismotectonic map of the northwestern part of the Alps near
the Mont Blanc massif. Main active faults from Thouvenot et al.
(1998, 2003), Leloup et al. (2005), Armijo et al. (1986). Epicentres of
major events from SisFrance (2016) and ECOS-09 (2011). Green;
macroseismic pre-instrumental and yellow instrumental (M, from SI-
Hex, 2014; ECOS, 2011; and Rovida et al. 2011). 1996 and 1994

farther east near the border between the Valais canton in
Switzerland and the Aosta county in Italy on September 23,
1938 (M,, = 4.9, Rovida et al. 2011; M,, = 4, Fih et al.
2011). More recently, on September 8, 2005, at proximity
to the SisFrance (2016) macroseismic epicentre of the
April 29 1905 Chamonix earthquake, another earthquake
occurred near the locality of Vallorcine, France (E3 in
Fig. 3) with M,, = 4.5 &+ 0.1 (Fréchet et al. 2011;
M,, = 4.4 £ 0.1, Rovida et al. 2011; M,, = 4.7 &+ 0.2, SI-
Hex 2014). The microseismic activity of the area is shown
in Fig. 2 that displays instrumental data for the period
1984-2008 (ECOS-09; Fih et al. 2011); note the alignment
of micro-earthquakes along the Rhone valley—Salvan
Fault zone (RVSF).

The recent 2005 Vallorcine earthquake located at the SW
end of the RVSF line drawn in Fig. 2 revealed a right-lateral
motion along a sub-vertical fault striking N60°E (Fréchet et al.
2011). In 2001, a swarm of small earthquakes (M,, < 3.6)

focal mechanisms are from Thouvenot et al. (1998) and Fréchet et al.
(1996), respectively. Mechanism for the 2005 event is from
Fréchet al. (2011). RVSF: Rhone Valley-Salvan Fault or Val-
lorcine-Valais shear zone; RF : Remuaz Fault; MBSZ: Mont Blanc
Shear Zone CMBT: Courmayeur—Mont Blanc Back Thrust. AA’:
cross-section line of Fig. 6

occurred near the city of Martigny 15 km northeast of Val-
lorcine, close to the 1915 Martigny earthquake location. A set
of fault segments striking ~N50°E was activated with a right
lateral motion in 2001 (Deichmann et al. 2002). Delacou et al.
(2005) propose that there is an «exclusively dextral tran-
scurrent regime of deformation» within a series of faults
striking parallel to the external crystalline massifs along a line
“Wildhorn-Martigny” (RVSF, in Fig. 1). The 2005 Val-
lorcine earthquake fits well into this scheme. This interpreta-
tion may also be compatible with the general NW-SE directed
compression scenario of the Mont Blanc and Aiguilles Rouges
massifs advocated by Leloup et al. (2005) if we consider a
transpressive regime. Dextral strike slip deformation within
the Mont Blanc shear zone could still be active today (Egli and
Mancktelow 2013). It could have been active, but in an overall
thrust regime, either since 16 Ma until present, following
Rolland et al. (2007) or only between 12 and 4 Ma, following
Leloup et al. (2005, 2007).
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Fig. 2 Instrumental seismicity map for the period 1984-2008 from the ECOS-09 catalogue (Fih et al. 2011). Black rectangle outlines Fig. 3.

Faults labelled as in Fig. 1

Another tectonic regime could possibly be superim-
posed on this transpressive regime, namely normal
faulting associated with erosion during the Alpine
glaciation (Glotzbach et al. 2008; Vernant et al. 2013).
The analysis of a large series of earthquake focal
mechanisms in the western Alps shows an extensive
stress regime within the inner Alps but not in the
external domain where strike-slip events are dominant
(Sue et al. 1999) while in a more detailed stress inver-
sion, Delacou et al.(2004) found a NW-SE-directed
extensional regime in the Chamonix area. Note that in a
NW-SE compressive regime, local NW-SE extension
along NE-SW striking normal faults is not incompatible
when considering vertical crustal wedge extrusion
(Brunel et al. 1994; Burchfiel et al. 1992).

In the present paper, we shed some light to the question
of active tectonics in the Mont Blanc and Aiguilles Rouges
massifs by further investigating details of the characteris-
tics of the 1905 Chamonix earthquakes. Macroseismic,
tectonic, and instrumental observations are confronted with
several hypotheses on the origin of these 1905 earthquakes
in Sects. 2, 3 and 4, respectively. Discussion of these
observations in Sect. 5 attempts to better document com-
plex active tectonics of the region.

2 Macroseismic data

Maximum macroseismic effects of the April 29, 1905
Chamonix earthquake are observed in an area encom-
passing both the Mont Blanc and Aiguilles Rouges massifs
(Fig. 3). The location of the macroseismic epicentre
according to SisFrance (2016) is labelled E1 in Fig. 3; the
location after Guidoboni et al. (2007) is about 10 km
toward the SE (E1-bis in Fig. 3). Epicentral macroseismic
intensity I is between VII and VIII according to SisFrance
(2016) on the MSK-64 scale (Sponheuer and Karnik 1964).
A second large earthquake occurred in the vicinity on
August 13, 1905 (E2 in Fig. 3). The magnitudes of both
events determined from macroseismic data by Karnik
(1969) are very similar (M = 5.7 and M = 5.6, respec-
tively), but they differ more in Rovida et al. (2011)
(M = 5.7 and M = 5.1, respectively). The entire area in
Fig. 3 is referred to as the epicentral zone hereafter.
Original data show that the largest macroseismic effects
of the April 29 earthquake are observed near Argentiére
north of Chamonix, (Christensen and Ziemendorff 1909;
SisFrance 2016). Macroseismic intensity reaches IX on the
Rossi-Forel scale (Rossi (de) 1883). Converted into mod-
ern intensity scales, this corresponds to VIII on both the
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Fig. 3 Locations of the best-documented macroseismic effects of the September 8, 2005 earthquake (Fréchet et al. 2011). RF for the
April 29 (A1-A10 in red) and August 13, 1905 (B1-B7 in blue) location of the steep Remuaz fault scarp. Background map from
events (for details see Table 1). E1 and E2 are the macroseismic the «Chamonix-Sixt» 1:60,000 map (Vallot 1939). Grey dotted line is
epicentres reported by SisFrance (2016) for the April 29 and August the trace of cross section A—A’ of Fig. 6 (see Fig. 1 for location)

13 events, respectively. E3 shows the epicentre of the Vallorcine,

MSK and EMS-98 scales (e.g. Levret et al. 1988, Cara  Levret et al. (1988), and V-VI in both the MSK-64 and
et al. 2008). The August 13 maximum intensity is VI-VIIin =~ EMS-98 scales (Alasset 2005), and not to VII as postulated
the Rossi-Forel scale (Christensen and Ziemendorff 1909). in SisFrance (2016). Furthermore, Guidoboni et al. (2007)
This corresponds to intensity VI MSK-64 according to  locate the macroseismic epicentres of the April 29 (E1-bis)
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Table 1 Macroseismic effects in the epicentral areas of the April 29, 1905 earthquake: main shock (1-a) and the largest aftershock of August 13,
1905 (1-b)

Location Effect References

1-a Mainshock April 29, 1905, to = 1 h 47 min UT (this study), 1 h 59 min (Sisfrance, 2016)

Argentiere (B1) e Main damages in Argentiére : - Le messager agricole du Chablais May 6, 1905.
- Important cracks in most houses - Chamonix council meeting, Junel6, 1905.
- Church severely damaged

- School to be repaired

Aiguillette d’Argentieére (A1) e Fall of a rock overlooking the summit - J. Ravanel (pers. com.).
- Charlet (1949).
Near Argentiére (A2) e New spring Revue savoisienne, T46,1905
Argentiére - Le Planet (A3) e Landslide - CAF n°5, 1906.
- Le Roy, 2005; see Fig. 4.
Planet (A4) e Hotel to be repaired - CAF n°5, 1906.
La Joux (AS5) e Partial collapse of a house - Cuenot (2015); see Fig. 3.
Argentiére (A6.a) Grassonet e School damages: strong in Argentiere, - Chamonix council meeting, Junel6, 1905.
(A6.b) lesser damages in Grassonet and Les
Les Tines (A6.c) Tines
Road between Argentiére and e Deep cracks along and across the main - Le cultivateur savoyard, n°18, May 4, 1905.
Les Tines (A7) road over a 800 m-long section, - CAF T, 240, 1905.

(probably the part of the road located

on the slope of an old moraine) - Quervin (De) (1906).

La Poya (AS8) e No damage in the newly built hotel M. Chamel (pers. com.)
Vallorcine (A9) e Cracks in house walls - Le messager agricole du Chablais May 6, 1905.
e Cracks and plaster falls in the church - Vallorcine council meeting June 27, 1905.
Chamonix (Fig. 1, 2) e Many cracks in houses - Cultivateur savoyard, n°18, May 4, 1905.
e People frightened
Aosta, Italy (Fig. 1) e Cracks in the ceiling - Le Mont Blanc — Aoste, May 5, 1905.
e People frightened
Trient (A10) e One old wall collapsed - Buhrer, Archives Sc. Phys. Et Nat., Genéve 1905
Martigny (Fig. 1) e Cracks in the church - Buhrer, Archives Sc. Phys. Et Nat., Geneve 1905.
Martigny (Fig. 1) e Church seriously damaged - Montandon (1942).

e Several chimney falls
e Cracks in several houses
Grand Saint-Bernard pass e Many damages Montandon (1942).
(Fig. 1)

* Location Effect References

1-b Aftershock August 13, 1905, to = 10 h 22 min (this study and Sisfrance, 2016)
B1 Argentiere e Strong blast heard Falconnet CAF, 11, 425, 1906.
e Partial collapse of the church vault
e Displacement of the bridge pillars

B2 Col du Tour o Strong shaking during 3-4 s Lecarme (1906).
e Rock and ice falls
B3 Val d’Arpette e Rock falls Duvernoy, CAF n°12, 588, 1905
Arette des Ecandies e Rock falls Marjollin, CAF n°2, 1906.
B4 Col de Balme Croix de fer e Explosion preceding the shaking A. Riston, CAF, II, 38-39, 1906.

e Rock falls
B5 Le Buet e Rock fall Quervin (de) (1906).
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Table 1 continued

* Location Effect

References

B6 Road Argentiére-Le Tour
B7 Chamonix

e 2-3 c¢cm cracks along the road
e Large crack in « Hotel de Genéve »

CAF, 11, 39, 1906
Indicateur de la Savoie, August 19, 1905.

Many cracks in the Railway station

Martigny Grand Saint Bernard
o Plaster fall

e Fall of 2 chimneys

Montandon (1942).

The numbers quoted An and Bn refer to the locations reported in Fig. 3. Origin times t, of these two events are computed by making two
hypotheses, Pg or Pn, on the nature of the reported P-wave arrival reported by Szirtes (1909), and rounding the value of t; to the minute (U.T.
time). References to documents not cited in the reference list (CAF for Club Alpin Francais journal, regional newspapers, archives...) are given

in the table

Fig. 4 April 29, 1905 earthquake: partial collapse of a house in La Joux near Argentiére (coll. Jules et Michel Payot; Cuenot 2015). For location

see A5 in Fig. 3

and August 13 events at very similar locations, 4 km north
of the August 13 SisFrance (2016) macroseismic epicentre
(E2, Fig. 3). It is thus very likely that the August 13
earthquake is an aftershock, which occurred in proximity of
the fault responsible for the April 29 main shock, some-
where on the upper part of the map shown in Fig. 3. In
addition to the August 13 large aftershock, a series of at
least ten small earthquakes are reported near Chamonix in
SisFrance (2016), all likely to be aftershocks of the April
29, 1905 earthquake.

In order to answer the question of whether or not the
same fault system is responsible for both the 1905 earth-
quakes (E1 or El-bis and E2 in Fig. 3) and the 2005
Vallorcine earthquake (E3 in Fig. 3), we looked at instru-
mental data for the 1905 events. These data are not accu-
rate enough for locating the 1905 epicentres with precision.
Indeed, among the 27 stations providing arrival time data
for the April 1905 main shock, Szirtes (1909) reports 14
P-arrival times at distances between 134 km (Torino, Italy)
and 874 km (Hamburg, Germany), but incoherency of
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several tenths of seconds among the reported first-arrival
times makes locating the 1905 epicentres with sufficient
accuracy hopeless. Detailed inspection of macroseismic
observations is likely to provide us better information. For
this reason, we re-examine and complement the macro-
seismic observations reported by Rothé (1941) and Sis-
France (2016) hereafter. Because the August 13 1905 event
(E2 in Fig. 3) occurred in summer, descriptions associated
to its effects are much more numerous throughout the
epicentral zone; we thus first describe the effects of the
August 13 1905 event and then those of the April 29 1905
event (E1 or Elbis in Fig. 3), which occurred at night, just
after heavy rain and snow falls.

The August 13 1905 earthquake occurred in the morning,
when several persons were hiking in the Mont Blanc and
Aiguilles Rouges massifs. On August 13, 1905, Lecarme
(1906) made geodetic observations above the Col du Tour
at 3280 m NE of Argentiere (at location B2 in Fig. 3). He
observed many rock-, ice- and snowfalls near the Glacier du
Tour west and south of B2 (Fig. 3). He furthermore reports
an explosion-like noise heard in the proximity of Argen-
tiere. Among different rock-falls, which broadly affected
the Mont Blanc and Aiguilles Rouges massifs, Lecarme
(1906) concluded that the strongest effects of this earth-
quake are observed in the area around the Glacier du Tour
where SisFrance (2016) located the epicentre (E2 in Fig. 3).
Figure 3 also shows the places where the most significant
effects were reported, and a brief summary of the effects is
given in Table 1. Except for low frequency sounds pre-
ceding a strong ground shaking and rock-falls reported from
the summit of Le Buet, 3096 m (Quervin (de) 19006),
3 km W of the 2005 Vallorcine epicentre E3 (BS5 in Fig. 3),
we found no other report from this NW sector of the study
area (Table 1). The area near and around Argentiere located
within the upper Chamonix valley, is clearly where the
reported effects are the strongest. The explosion heard in the
immediate vicinity of Argentiére (Table 1) further argues in
favour of a very close location of the 1905 epicentre. In
2005, similar strong explosion-like noises were reported in
the Vallorcine valley, in proximity of the epicentre E3
shown in Fig. 3, while in the Chamonix valley further south
most people reported a rumbling noise at that time (Cara
et al. 2007).

In connection with the April 29 1905 main shock,
damages to constructions are widely reported. The most
serious damages occurred in Argentiere (A6a in Fig. 3;
Table 1) and in its vicinity in Grassonet (A6b), La Joux
(A5 and Fig. 4), and Les Tines (A6c). In Argentiere most
houses were heavily damaged with wide cracks in masonry
walls. An unpublished note from an inhabitant reports that
reinforcements with iron rods were necessary in many
houses. These damages of grade 3—4 in many buildings of
vulnerability class A are typical of intensity VII in the

EMS-98 scale (Griinthal et al. 1998). To a lesser degree,
cracks in houses and churches are also mentioned in
Chamonix, Vallorcine (A9), Trient (A10), Martigny and,
farther east in Grand-Saint-Bernard (Montandon 1942).
Additional evidence for strong ground motion near
Argentiere are a landslide (A3 and Fig. 5) leading the
railway company to change the course of the line (Le Roy
2008), deep cracks along the road between Argentiére and
Les Tines (A7), and an important 400 1/s flow of water
gushing at the bottom of the landslide place (A2). The fall
of a rock from the top of Aiguillette d’Argentiere, just
above Argentiere (Al), is another observation reported by
Charlet (1949) that wrote that this rock was present when
his father climbed the top in 1885 for the first time. In
Vallorcine, the church only presents “insignificant risk™ as
noted in the report of the town council of June 27, 1905.
Farther to the NW, attempts to collect reports in the
Samoéns valley, 10-15 km WNW of Vallorcine, were
unsuccessful. Hence the shaking is likely to have caused
only minor damages there, if any.

In summary, the location of the strongest macroseismic
effects confirms that the April 29 and August 13 1905
epicentres are most likely located near Argentieére in the
upper part of the Chamonix valley as reported by Chris-
tensen and Ziemendorff (1909), and not in the Vallorcine
valley located farther to the north. The fault system
responsible for the two 1905 Chamonix earthquakes is thus
likely different from that related to the recent 2005 Val-
lorcine earthquake.

3 Potential active faults in the Mont Blanc
and Aiguilles Rouges massifs

Leloup et al. (2005) present a detailed structural sketch of
the Mont Blanc and Aiguilles Rouges massifs (Fig. 6)
together with a likely chronology of the activity of different
fault zones. According to these authors, two fault zones
could be presently active: the basal thrust fault dipping
beneath the Aiguilles Rouges and Mont Blanc massifs,
5-15 km beneath sea level (Alpine sole thrust in Fig. 6),
and a back thrust southeast of the Mont Blanc in the
Courmayeur valley, Italy (Courmayeur Mont Blanc thrust,
labelled CMBT in Fig. 1). Activity of the steeply SE dip-
ping Mont Blanc shear zone (Fig. 6) may have ended 4 Ma
ago (Leloup et al. 2005; Glotzbach et al. 2008) although it
may presently accommodate right-lateral shear (Egli and
Mancktelow 2013). Not noticed as a possible active fault
until the 2005 Vallorcine earthquake (E3 in Fig. 3) is a
right-lateral strike slip fault, N of the Aiguilles Rouges
massif, and SW of the Emosson lake, in continuity of the
Rhone valley—Salvan fault zone (or Vallorcine—Valais
shear zone, RVSF in Fig. 1) responsible for the small 2001
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Fig. 5 Argenti¢re/Planet landslide shown by the red arrow, for
location see A2-3 in Fig. 3. View looking to the NE from the
Argentiére railway station, a short time after it was built in 1906. The

Fig. 6 Structural section A-A’
across the Aiguiles Rouges and
Mont Blanc massifs (see
location in Fig. 1) (modified
from Leloup et al. 2005).
Hypocentres of the two 1994
and 2005 earthquakes are
projected into the section and
into corresponding structures.
F1 to F5 indicate the various
potential fault zones tested in
the text of Sect. 4.3. Fl is a
theoretical focal mechanism
giving the best fit to the seismic
waveforms (see Table 3), F2
corresponds to the Remuaz fault
and F3 to the fault activated by
the 2005 Vallorcine earthquake

it o e e Aidina.

|
|
%

spring, which appeared after the April 29, 1905 earthquake, was
located at the foot of the landslide area (coll. J.P. Gide; Gide and
Banaudo 1998)

Remuaz fault

Rhone Valley-Salvan fault or

Vallorcine-Valais M:“t Blanc
shear zone
WNW dextral shear zone ESE
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Belledonne " l
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N130 along structure)

modelling result
(see Table 3;Fig. 16)
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earthquake swarm (Deichmann et al. 2002), and possibly
also responsible for the 1915 Martigny earthquake.

3.1 The Vallorcine fault zone of
the Vallorcine—Valais shear zone

The M,, = 4.7 (£0.2) 2005 Vallorcine earthquake corre-
sponds to a right-lateral rupture of a fault segment trending
N60°E at 4 km depth below sea level (Fréchet et al. 2011;
see epicentre F3 in Fig. 6). The rupture probably did not
reach the surface during this earthquake but an apparently
recent crack is visible in the 350 m-high gneiss block «-
Gros Nol» (Fig. 7) trending in the same azimuth as the
elongated aftershock distribution and in agreement with the
focal mechanism of the main shock (Fréchet et al. 2011).
This trace of this fault could be the southwestern end of the
right-lateral Wildhorn-Martigny fault zone of Delacou
et al. (2005) that roughly corresponds to the Rhone Valley-
Salvan shear zone (Figs. 1, 6). This is a potential active
fault segment if one considers the freshness of its trace
prior to the 2005 event (Fig. 7).

Fig. 7 Aerial view of the narrow N60° trending fault break in the
steep northeastern flank of Gros Nol (2458 m) located at the
southwestern end of the Vallorcine-Valais fault zone (tip of the
aftershock area of Vallorcine 2005 Mw = 4.7 earthquake, Frechet

3.2 The Remuaz fault

The Remuaz fault (Fig. 6) corresponds to an ancient geo-
logical contact between the Aiguilles Rouges gneiss and the
Vallorcine granite (Debelmas 1974, Ayrton et al. 1987),
running for about 15 km between the Rhone and Chamonix
valleys. At its southern end (Figs. 1, 2, 8, 9), the geomor-
phological characteristics of the fault are those of a slightly
left-lateral normal fault trending N20, dipping 70° to the
southeast, with very well marked steeply dipping striations
oriented N85°E (Fig. 10; Alasset 2005). At a large scale, the
Remuaz fault trace follows the structural direction of the
Aiguilles Rouges massif and crosses the Col des Montets
pass, a former glacial channel connected to the Rhone valley
to the northeast. The fault is well marked in the landscape as
a 40-60 m-high topographic step near the rim of the upper
part of the glacial valley wall (Figs. 8, 9) at an elevation
below 2100 m a.s.l., thus below the highest glacial infill of
the last glacial maximum (2400 m a.s.l. at the Last Glacial
Maximum, LGM, 20 ka, Kelly et al. 2004; Fig. 9). The
Remuaz fault separates two different types of rocks, granite

et al. 2011). Bedrock break predates the Vallorcine 2005 main shock
as evidenced in October 2005 and 1973 photos taken from the point
shown by the red star
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Mont Blanc massif

Aiguilles Rouges
massif

Col des Montets f ‘

wat

Fig. 8 View of the Remuaz scarp along the eastern edge of the Aiguilles Rouges massif. The scarp is outlined by a clear slope break and
topographic step across the massif, and locally by ponding (Goliet pond) and by a freshly striated exhumed basal strip (striations) (Alasset 2005)

in the Aiguilles Rouges in the footwall and gneiss in the
hangingwall, thus the topographic step across the fault trace
is either a result of differential glacial ablation during the
LGM or it is the trace of an active fault, which has been
preserved despite several hundreds of meters of ice cover.
The upper part of the several tens of meters high scarp is
degraded and convex upward, indicating long lasting ero-
sion. Steeper parts in this upper part show clear sub-hori-
zontal striations indicative of along strike glacial flow, in
agreement with glacier channelling towards the Rhone
valley as deduced from glacial striations compilations in
the massif (Coutterand and Buoncritiani 2006). The basal
part of the scarp shows very different aspects, in particular
near its northern end above the Col des Montets pass
(Figs. 8, 9). There, the base of the scarp is a clean-cut steep
wall with traces of steeply dipping striations that become a
very clear going downwards the scarp. In addition, while
most of the scarp is dark grey coloured and covered by
lichens, the lower part of this scarp has been refreshed
recently as it shows a light-coloured 20 cm-wide strip for a
length of about 40 m, indicating that may have been
recently exhumed. This probably freshly exhumed part of
the scarp may be due to down-sliding or settling of the

colluvial debris wedge in a very steep part of the valley
wall, or it may be due to recent normal faulting slip, similar
to commonly observed refreshed scarps after large earth-
quakes along normal fault scarps in Greece or Italy (e.g.
Benedetti et al. 2003). In our case, no other recent event
except for the 1905 event would be sufficiently large to
produce shaking leading to slope destabilization or direct
slip on the fault plane. We do not know how long it takes
for freshly exposed rocks to regain their dark grey hue and
the necessary climatic conditions are for lichens to grow
and extend spatially. It thus remains speculative as to
whether the observed exhumed basal scarp dates back to
faulting or shaking in 1905, or if it is more recent and not
of seismic origin.

3.3 Cosmogenic '°Be surface dating of glacial
geomorphology

To better constrain the age of the geomorphological fea-
tures near the Remuaz fault plane we carried out cosmo-
genic '°Be dating of glacially polished bedrock surfaces.
While the maximum infill of the LGM glaciers is about
300 m above our sampling site at ~2050 m a.s.l., this
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Fig. 9 Left aerial view of northeastern Aiguilles Rouges massif in the
vicinity of Col des Montets. In red, trace of Remuaz fault, which
tends to disappear under late glacial morain deposits. Right
topographic cross sections along the lines ab and cd perpendicular
to the mean strike of Remuaz fault. The fault zone was entirely
covered by ice during the Last Glacial Maximum. The fault scarp is a

yields a maximum age of 20 ka BP (Chapron 1999; Jorda
et al. 2000) for the glacial morphology. The timing of the
different retreat stages (Coutterand and Nicoud 2005) is
less well constrained, mostly because the ages were
determined in lake deposits near the front of the maximum
advances and because the reconstructions of the shape of
the glacial volumes rest on few moraine remnants. Clear
frontal moranic ridges shown in Fig. 9 straddle the south-
eastern flank of the Aiguilles Rouges massif but they are
likely due to the ending phases of the LGM glacial period
and not to the recent Little Ice Age.

We sampled two sets of samples (Table 4). REM1
originates from the steep glacially striated slope of the fault
scarp (Fig. 11b), therefore reducing the shielding effect by
snow accumulation. REM3, 4 and 5 were sampled near the
base of the fault scarp, on glacially striated rocks (“roche
moutonnée”), usually covered by snow during the winter
season (Fig. 11a).

As expected, Rem1 has a larger '°Be concentration than
the other samples, thus it is likely slightly older than the
three others, and we interpret this age of 15 ka as the time
when glaciers flowing from the Aiguilles Rouges massif
stopped covering this part of the fault scarp. The other
samples are younger, 8—11 ka, despite their higher elevation
(a few tens of meters), probably because a snow correction is
needed (Schildgen et al. 2005). Simple calculations based on

NW  Ajguille de la

Remuaz
Elevation € /

LGM glacial infill (~ 2400 m a.s.l.)

e — ——
—_—

Remuaz

laki
\ (a ¢ ®\® Golliet
\~ Jlake

SE

Col des Montets

400 m

40-60 m-high step clearly visible in the landscape. Outcropping
striated scarp is only visible to the north in the steepest slope of valley
wall (star on the aerial view, section a, b). Inset lower hemisphere
stereoplot of strike and dip of striated normal fault plane (in red)
together with the rake of the striations (arrow). Strike and dip of
steepest local slope is shown in black

present day snow coverages may imply a 25% correction for
the 8—11 ka ages, i.e. 2-3 ka (e.g. Gosse and Phillips 2001;
Mériaux et al. 2009). The precision of this correction is
highly dependent on the knowledge of past snow or ice
coverages at a local level, which are not known.

In summary, the ages obtained indicate an early retreat of
the glaciers (~ 15 ka) right after the LGM as suggested by
Coutterand and Nicoud (2005). If the basal 5 meters of the
scarp were exhumed seismically after glacial retreat as
suggested by georadar profiles made at the bottom of the
fault (Alasset 2005), then this timing provides an upper
bound of tectonic movement and a possible average rate of
about 0.3 mm/year. Given the 70° dip of the fault and the
assumed simplified structural geometry of Fig. 6 suggesting
upward extrusion of an Aiguilles Rouges crustal wedge, this
rate may correspond to less than 1 mm/yr perpendicular
shortening on the basal thrust and locally surface extension
at the location of the Remuaz fault (Fig. 6).

4 Instrumental data and waveform modelling

4.1 Seismic waveform records

Among the different seismic stations running in 1905, very
few were equipped with well-calibrated, damped
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Fig. 10 a Striations observed locally at the base of the Remuaz fault
scarp (red rectangle). b Steep striations (pitch of 60°) that are clearly
not glacial in origin. ¢ Along a length of 40 m the 20 cm base of the

instruments. Furthermore, modelling the full seismic
waveform at regional distances requires computation of
Green’s functions adapted to the 3D regional structure
between the epicentre and the seismic stations. This is out
of the scope of the present study limited to long-period
surface waves that smooth out the structures due to their
large wavelengths.

In 1905, the number of seismic stations eligible for such
modelling is small. The best-suited instrument for this
approach is the 1-ton Wiechert inverted pendulum. The
records of Gottingen (Germany) and Uppsala (Sweden) are
shown in Figs. 12, 13 and 14. The instrumental parameters of
the corresponding 1905 seismographs are given in Table 2.

4.2 Magnitudes of the April 29 and August 13, 1905
earthquakes

Surface-wave magnitudes Mg of the main shock determined
from the records shown in Figs. 12 and 13 are givenin Table 2
according to the IASPEI formula (Vaneck et al. 1962):

scarp looks rejuvenated and devoid of lichens. d Continuity of
striations within a 1.5 m-deep pit at the foot of the Remuaz fault scarp

M; = log,o(A/T) + 1.66log,y(D) + 3.3,

where A is the maximum amplitude of the ground motion
at period T, and D is the epicentral distance in degree.
Depending on the station and component considered, Mg
covers the range [4.9, 5.5] with an averaged value
M, =5.1.

In Géttingen, where the August 13 event is well recor-
ded (Fig. 14), the ratio between maximum amplitudes of
the April 29 and August 13 events taken from the East
component where the signal is the largest yields a differ-
ence of M close to unity. The surface-wave magnitude of
the August 13 aftershock can thus be set between 3.9 and
4.5, depending on the magnitude of the April 29 event. It is
thus much smaller than those reported in the literature so
far (Karnik 1969; Rovida et al. 2011). This difference of
magnitudes of around 1 reinforces the conclusion drawn in
Sect. 2 that the August 13 event is very likely an aftershock
of the April 29 event according to the Bath’s law (Béath
1965).
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Fig. 11 a Examples of “roche moutonnée” in the hangingwall of the Remuaz fault with clear glacial striations. b Close-up of a quartz-vein
sample (to the right of hammer, sample REM3; Table 4) in striated bedrock

4.3 Waveform modelling

In order to test how different focal mechanisms are com-
patible with the recorded waveforms, synthetic seismo-
grams are computed for the Goéttingen and Uppsala records.
Computations are performed with version 3.30 of the code
of Hermann (2013) and a Green’s function corresponding
to the CRUST2.0 model (Bassin et al. 2000) averaged
along the paths between the SisFrance (2016) April 29,

1905 epicentre and the seismic stations. Fitting the raw
Wiechert records is not possible with such a 1-D Green’s
function because of a too simple representation of the
elastic structure between the epicentres and the stations. In
turn when applying a low-pass filter to both the records and
the synthetics, satisfactory fits are obtained. In the appli-
cation presented here we apply a Butterworth band-pass
filter with corner frequencies at 0.02 and 0.07 Hz with two
poles and two zeros.



644

M. Cara et al.

Fig. 12 Géttingen horizontal
records of the April 29, 1905
earthquake (A = 653 km).
Love and Rayleigh waves are
dominant on the East and North
component, respectively

E:W-componient, 1266kg,seismograph,
... Insfitute of Geophysics, 29.04.1905 Sl

" University of Géttingen' .

Fig. 13 Uppsala horizontal
records of the April 29, 1905
earthquake (A = 1690 km)

Criteria for testing the quality of the fit are the overall
correlation coefficient r and a misfit function m computed
over the combined lengths of the records at the two
stations.

D inwa("0;"S))

r= ' , and,
\/Zi,n W”noz‘z \/Zi.n WnnSi2
Din Wal"Oi = "Si|
m==—
Zi.n Wn|n0i|

where "O; is the zero-mean observed seismogram at sta-
tion-component n and time sample i, "S; is the corre-
sponding zero-mean synthetic seismogram, and w, is the

weight applied to the data n. The misfit function m varies
from 1 for a null synthetic signal to zero when the fit is
perfect, and it grows as the seismic moment at large
magnitudes. Here, the weights w,, are set to 1 in Gdttingen,
and 0.3 (East component) and 0.1 (North component) in
Uppsala in order to take into account the signal-to-noise
ratio estimated by visual inspection of the seismograms
shown in Figs. 12 and 13. Finally, because of the large
uncertainty in the origin time of the earthquake and in
order to take into account uncertainty in group arrival
times, a time-shift correction is applied at each station in
order to maximize the correlation coefficient r.

Five focal mechanisms F1-F5 and, for each mecha-
nism, three depths / (5, 10 and 15 km) are tested in the
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Fig. 14 Records of the April 29 (upper trace) and August 13 (lower trace) drawn at the same scale (Gottingen 1-ton Wiechert instrument, East

component)

Table 2 Instrumental parameters and determination of M, at two
stations Gottingen (GTT) and Uppsala (UPP) from the E and N
components of horizontal Wiechert instruments: 7 free period, «
damping factor, V magnification, pol. polarization of the instrument,

drum speed of the smoke-paper recorder, 4 epicentral distance, Az.
back azimuth, B maximum amplitude on the original record, T period
at maximum amplitude, M, surface-wave magnitude

Station Comp. Ty s o \' pol. Drum, A Az. B, T M,

mm/min km mm
1 GTT E 153 0.46 180 - 14.9 653 18° 13.5 10.0 5.5
2 GTT N 15.7 0.46 200 - 14.9 653 18° 3.6 9.3 4.9
3 UPP E 9.4 0.38 187 + 14.5 1690 21° 1.1 8.5 5.1
4 UPP N 9.8 0.38 188 + 14.5 1690 21° 0.7 7.8 4.9

Parameters are from the station book notes and polarities refer to the ground motion. Charlier and Van Gills (1953) report polarities referring to

the mass motion, which are opposite to those given in the present table

computations (Table 3; Fig. 16). Focal mechanism F1 is a
good overall compromise between maximum correlation
r and minimum misfit m. Focal mechanism F1 is found
without any a priori geological information by applying a
coarse grid-search technique in the parameter space
(strike ¢, dip 9, rake /, and crustal depths /) with a fixed
half duration ©/2 = 1 s. Focal mechanism F2 corresponds
to the strike, dip, and rake of the Remuaz fault as
observed in the field (Figs.9, 10). The F2 synthetic
seismograms shown in Fig. 15 fit the records with a better
correlation than F1 for a source at 5 km depth, although
with a slightly smaller correlation and larger misfit for
deeper source (Table 3). Focal mechanism F3 corresponds
to the right-lateral strike-slip mechanism of the 2005
Vallorcine earthquake (Global CMT 2014). Correlation r
is lower than 0.4 and misfit m is larger than unity for this
F3 mechanism (Table 3). This is the worst fit among the
tested solutions. F4 corresponds to a thrust fault

mechanism within the Mont Blanc Shear Zone and F5 is a
hypothetical focal mechanism corresponding to the basal
thrust beneath the Aiguilles Rouge massif (Fig. 6). Both
mechanisms F4 and F5 present rather good correlation
coefficients r, larger than 0.7 for & = 5 km, but a large
misfit m above 0.8 whatever the depth choice. These
mechanisms thus cannot be completely excluded but are
less likely than F1 and F2. Note that F1 is a pure sinistral
strike-slip mechanism not supported by geological
observation.

In Table 3, M,, is adjusted in order to independently
minimize the misfit at Gottingen and Uppsala, while in
Fig. 16 a common value of My, is used in the computation
for both stations. This figure shows how the misfit function
m varies with M,, for the different focal mechanisms and a
fixed depth 2 = 5 km. It confirms that the smallest misfits
are obtained for mechanisms F1 (M,, = 5.1) and F2
(M,, = 5.3). Table 3 and Fig. 16 show that extreme values
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Table 3 Five focal mechanisms Fn (strike ¢, dip 9, rake ), three depths h, and half duration /2 are used for computing the seismic waveforms
at Gottingen and Uppsala (see also Fig. 6)

Mec # r 0 8 A h V2 Hean

el P kml [s] M, m Oy

»4 078 130 90 190 5 1 51 067 0.1

F1 4 077 130 90 190 10 1 5.1 0.70 0.2
4 075 130 90 190 15 1 52 074 0.2

() 0.80 20 70 290 5 1 53 0.67 0.2

F2 () 076 20 70 290 10 1 53 076 0.1
) 072 20 70 290 15 1 53  0.81 0.1

> 0.37 60 66 169 5 1 54 1.10 0.2

F3 > 0.32 60 66 169 10 1 54 1.16 0.2
» 0.25 60 66 169 15 1 54 1.23 0.2

[ 4 0.76 40 70 90 5 1 55 082 0.1

F4 [ 4 0.64 40 70 90 10 1 5.5 1.06 0.1
7’ 0.58 40 70 90 15 1 5.5 1.12 0.1

Y ] 0.70 40 20 90 5 1 55 094 0.1

F5 y ] 0.63 40 20 90 10 1 5.5 1.04 0.0
Y ) 0.62 40 20 90 15 1 5.5 1.11 0.1

The overall correlation coefficient r between the theoretical and the recorded seismograms shows how well both sets of waveforms are fitted. M,,
is the mean of the individual station-component magnitude M,,, and Gy, is the standard deviation around the mean. See text for details

GTT-E
A=653 km
A=11.3 mm
w=1

GTT-N
A=653 km
A=2.7 mm

w=1

UPP-E
A=1690 km
A=0.4 mm

w=0.3

UPP-E
A=1690 km
A=0.1 mm

w=0.1

t,=1905/04/29 01:47:15

(D 9=20° 6=70° \=290°; h=>5bkm 7/2=1s 5.3Myy

Fig. 15 Fits of the Gottingen (GTT) and Uppsala (UPP) filtered
Wiechert records for the focal mechanism of the Remuaz fault and a
focal depth of 5 km (F2 in Table 3). Recorded traces (in black) and
computed traces (in red) are normalized. Yellow zones indicate the
time intervals where computation of correlation r and misfit m are
calculated. The A on the left is the epicentral distance, A is the

P S
1 minute
P 3.0km/s 2.5km/s
A O e ~~<4 j%av%ﬁﬁva
/\ N\ /\ N[\ AN LQ%
V V <7 7 J V VY
45s 720s

amplitude of the filtered signals (band-pass between 0.02 and 0.07 Hz
in GTT, 0.02 and 0.05 Hz in UPP), w is the weight applied to each
trace in the computation of r and m. Note that because of the filtering
process, amplitudes A are smaller than those of the original records

shown in Figs. 12 and 13
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(2005), it is not unlikely that a larger magnitude earthquake
could also occur there.

The other fault system with a clear surface expression
within the epicentral zone of the 1905 Chamonix
earthquakes is the Remuaz fault. Its kinematics is clear.
It shows up clearly in the landscape as a decametric
scarp for several kilometres and has thus to be explained
in view of the late glacial occupation of the Chamonix
and Vallorcine valleys during the LGM and after
(15 ka). What is more ambiguous is whether the
exhumation of the lower striated part of the scarp and
the more recent white strip at its base are due to seismic
activity. Indeed, this part of the fault or scarp is also
where the valley slope is the steepest and slope insta-
bility above the Col des Montets pass cannot be exclu-
ded. If an event of My = 5.3 is responsible for the
20 cm-high and 40 m-long exhumed base of the scarp
then it must have occurred in the first five kilometres of
the crust. Another possibility remains, that even without
primary surface slip, slope instability may be triggered
by shaking due to nearby or deeper earthquakes.

In order to discriminate between the Vallorcine fault
zone as part of the Vallorcine—Valais shear zone and the
Remuaz fault, macroseismic analysis of original reports
coming from the epicentral zone provides arguments to
favour the hypothesis that the main shock is not located
near the epicentre of the 2005 Vallorcine earthquake and
thus that the 2005 and 1905 earthquakes did not occur
along the same structure. Although both structures are
distant by only 5 km, macroseismic observations would
rather place the main shock and its larger aftershock near
Argentiere in the upper part of the Chamonix valley, NE of
the southern termination of the surface trace of the Remuaz
fault.

An additional argument may be drawn from the wave-
form modelling of the Gottingen and Uppsala Wiechert
records. Although not very conclusive for the focal
mechanisms tested and although sensitivity of the seis-
mogram fits to depth of the focus is very loose, the mod-
elling favours the quasi-normal motion on the Remuaz
fault as compared to the right-lateral motion on the Val-
lorcine fault system. Waveform fit and correlation to the
observed seismic waveforms is less good for the thrust
motions within the Mont Blanc shear zone and beneath the
Aiguilles Rouges but these focal mechanisms cannot be
excluded provided the hypocentre is rather shallow
(mechanisms F4 and F5 in Table 3. Note that a rather
shallow hypocentre is also supported by macroseismic
observations. The pattern of macroscopic effects concen-
trated in a radius of about 5 km is not compatible with a
focus at 15-20 km depth at the bottom of the seismogenic
zone within the plunging lithosphere because it would
spread maximum macroseismic effects over a much

broader zone. Independently, the explosion-like noise
clearly reported after the August 13 aftershock is in favour
of a rather surficial hypocentre, similar to that of the 2005
Vallorcine earthquake.

Extension perpendicular to the trend of the Aiguilles
Rouges massif such as that associated with the quasi-nor-
mal Remuaz fault is compatible with the extensional stress
regime along the axial zone of the entire Western Alps,
including the Chamonix area, deduced from the analysis of
focal mechanisms by Delacou et al. (2004). Such extension
is attributed either to gravitational flow following the end
of tectonic shortening, and possibly as a consequence of
anti-clockwise rotation of Apulia (Delacou et al. 2004;
Fréchet et al. 1996, 2011; Thouvenot et al. 2003; Cham-
pagnac et al. 2006), or to vertical tectonic movement due to
slab break-off (Baran et al. 2014) leading to high rates of
exhumation coupled with extension (Fox et al. 2016), or to
global climatic change (Champagnac et al. 2009). How-
ever, parts of the extension-like deformation southeast of
the Aiguilles Rouges massif could also be related to the
upward extrusion of an Aiguilles Rouges crustal wedge in a
shortening context (e.g. Leloup et al. 2005; Masson et al.
2002; Malavieille 2010) as suggested from the simplified
structural cross section (Fig. 6). Finally, even in the
absence of far-field plate movement, extension or conver-
gence, high geodetic uplift in the center of the range, hence
local extension along Quaternary faults, could be explained
by localized post-glacial rebound combined with a low
viscosity in the lower crust (Chery et al. 2016). Possibly,
tectonic stresses acting in a region of slow strain rates
together with post glacial isostatic adjustments to rapidly
eroding mountain ranges, could explain why such different
fault systems as the Vallorcine and Remuaz faults may be
active over only a few kilometres distance.

6 Conclusion

This combined study sheds new light on a moderate size
earthquake of the Alps. It contributes towards locating it at
close proximity of Agentiere in the upper part of the
Chamonix valley and to firmly determine the second shock
of August 13 1905 as an aftershock of the April 29 1905 as
the main shock. Waveform modelling of seismograms
recorded in Gottingen and Uppsala yields a magnitude
Mw = 5.3 (£0.3) for the April 29 main shock, while
inspection of the records of the August 13 event in
Gottingen argues in favour of a magnitude about one unit
smaller.

Source depth and focal mechanism of the April 29 main
shock remain poorly determined from instrumental data.
Among the tested mechanisms, forward modelling of the
few waveforms available, based on a priori fault models,
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favours a N20 striking quasi normal fault corresponding to
the strike of the Remuaz fault, and a poorly determined
depth of 5 km. However, two thrust mechanisms, a shallow
angle thrust beneath the Aiguilles Rouges massif and a
thrust fault within the broad Mont Blanc Shear Zone cannot
be excluded. In turn, an event with a dextral strike-slip
focal mechanism similar to the 2005 Vallorcine earthquake
can probably be excluded.

While the geomorphological expression and kinematic
indicators of the Remuaz fault scarp could correspond to the
surface trace of the fault that broke in 1905, the N20 along-
strike observations located along the steepest valley walls
may also be related to slope instability. Surface exposure
dating in the hangingwall at the base of the decametric scarp
indicates glacial retreat after 15 ka and concurs for post-
glacial normal faulting. Whether our observations corre-
spond to present-day seismotectonic activity or to a gravi-
tational cause remains to be determined in the future.
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