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The 1946 magnitude 6.1 earthquake in the Valais:
site-effects as contributor to the damage
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ABSTRACT

The January 25, 1946 earthquake in the central Valais region in southwest
Switzerland was the strongest for the last 150 years. It reached an epicentral
intensity Io of VIII in the area of Sierre. The Swiss Earthquake Catalogue
(ECOS 2002) assigns a moment magnitude of Mw = 6.1 to the event. Assess-
ment of recordings from European stations resulted in a moment magnitude
of 5.8 (Bernardi et al. 2005). The earthquake caused moderate to high damage
within a circle of about a 25 kilometer radius. Slight damage occurred up to a
distance of 200 kilometers from the epicenter.

The goal of this study was to reconstruct the damage field and consider
its possible site-effects. We used an approach combining historical research
with seismo-/geological investigation including a large number of experiments
measuring the fundamental frequency of resonance and the shear-wave ve-
locities of the sedimentary layers, using the characteristics of ambient vibra-
tion. This kind of research is relevant, since a huge alpine valley characterizes
the Valais region, showing ground conditions that make site-effects likely for

earthquakes. While we searched for damage in an unlimited area, our investi-
gation of site-effects was limited to the Rhone valley and to Sion and Sierre in
the central Valais region in particular.

Since a contemporary damage assessment has survived in fragments only,
the results of our historical investigation are incomplete. Nevertheless, it was
possible to describe the losses within the epicentral region adequately enough
to discuss possible site-effects. Our results show that Valaisan districts with a
high percentage of settlement on the lacustrine and fluviatile deposits of the
Rhone valley show higher losses than other districts. The villages of Sierre and
Sion we investigated in more detail. Sion is located on compacted sediments
with relatively high shear-wave velocities. The city suffered only moderate
damage, rather regularly distributed. In Sierre, on the other hand, we identi-
fied two zones of significantly increased damage, in which site-effects appear
a very probable contributor. Local two- or three-dimensional resonance phe-
nomena play an important role in explaining this feature.

Introduction

The earthquake series and its parameters

It was already dark when the region of the Central Valais was
hit by a strong earthquake on January 25, 1946 at 5.32 pm. In
Sion, the capital city of the Valais Canton and in many other vil-
lages nearby the power supply broke down immediately. Peo-
ple rushing out of the houses found themselves on streets cov-
ered with rubble of destroyed chimneys, thrown off roof tiles
and chipped facade pieces. For many hours, confusion reigned.
Communication lines were overstrained and for some time out
of order. It took several days for the extent of the consequences
to become clear with respect to the event’s geographical com-
pass and severity of damage. Fortunately, the consequences
appeared more minor than originally reported by newspapers
within the first days after the earthquake. Although several vil-
lages sustained much damage, severe injury to persons was rare.

Three persons died from shock, a fourth was crushed by the
weight of a car. A contemporary damage assessment estimates
the loss related to buildings to CHF 5.265 million. This amount
equals about CHF 26 million nowadays, and covers only signifi-
cant damage to buildings. In addition to these losses, many sec-
ondary effects, particularly landslides, rock falls and avalanches
are documented.

The 1946 event was the strongest earthquake in Switzerland
for more than 150 years. However, useful instrumental data
concerning this event do not exist. The few seismometers in
use in Switzerland then broke down during the quake. ECOS-
02 (2002), the Swiss Earthquake Catalogue, thus contains only
those data that rely on macroseismic observations. Accord-
ing to this source, the event reached an epicentral intensity
of To=VIII and a magnitude of Mw = 6.1 inferred from the
macroseismic field (Fih et al. 2003). We surmise that the epi-
center of the event is located at 597025/133180 (Swiss coordi-
nates, with an uncertainty of 12 km). Recordings for the same
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Table 1. Main- and aftershocks of the 1946 earthquake series with magnitude Mw larger than 5, verified by the Swiss Seismological Service (ECOS 2002). CH-
X/CH-Y: Swiss coordinates, Mw: moment magnitude, Io: epicentral intensity, Ix: maximum intensity. Of particular interest is the aftershock of May 30, 1946, since

it triggered a rock fall of about four to five million m? near the Rawylhorn.

YEAR MONTH DAY HOUR MINUTE CH-X CH-Y Mw Io Ix
1946 1 25 17 32 597.025 133.180 6,1 8 8
1946 1 26 3 15 599.334 125.398 52 6 6
1946 2 4 4 11 606.037 127.624 51 5 5
1946 5 30 3 41 598.332 127.621 6 7 7

region since 1975 (the start of the analog short-period network
of the Swiss Seismological Service) show epicenters at shallow
depth in the range of 4-10 km. They all have a significant strike-
slip component. Whether the 1946 event in fact occurred at a
comparable depth and with a similar fault-mechanism remains
an open question. Another assessment of moment magnitude
Mw performed by Bernardi et al. (2005) rests upon amplitude
measurements of regional surface waves of seismograms re-
corded by analog instruments in Europe, outside of Switzer-
land. Set at Mw= 5.8, their result for Mw is slightly lower than
the ECOS-02 magnitude estimate. According to the yearly re-
ports of the Swiss Earthquake Commission, the series started
with two foreshocks in November 1945 (Swiss Earthquake
Commission 1945). The stronger of these two shocks occurred
on November 10 and reached an intensity of V (Rossi-Forel).
On November 13 another shock with I= IV (Rossi-Forel) was
observed. The assigned epicentral regions for these two events
correspond with ECOS data concerning the main shock of
January 25, 1946. With respect to immediate aftershocks, the
reports of the Swiss Earthquake Commission (1946-1949) are
not complete, as declared in a personal note at the beginning of
the report. Since the seismographs were not operational before
9 pm on January 25, the report mentions a recording gap of
about 3 hours. Moreover, the report of the Swiss Earthquake
Commission is also incomplete for the following months and
years. Comparison with a later publication of Wanner (then
head of the Swiss Earthquake Commission) & Griitter (1950),
shows that the commission considered only a few of the after-
shocks in the official report. Among them were three strong
aftershocks (Tab. 1) and several minor shocks. This publication
by Wanner & Griitter (1950), lists a total of 517 aftershocks
for the year 1946, 44 aftershocks for 1947, 31 for 1948 and 21
for 1949 (Tab. 2). Regrettably, the list contains no information
concerning the related intensities. However, we expect that all
events were felt and have intensities Io smaller than intensity V.
Exceptions are the aftershocks listed in Table 1.

Itis interesting to see (Table 2) that earthquake activity was
very low from 1900 until the end of 1945. For several years,
the aftershock activity remained high, decreasing slowly to-
ward the nineteen fifties. Whether the two mentioned events in
November 1945 actually have to be rated as foreshocks is not
traceable. However, it is apparent that no immediate foreshock
occurred that would have warned the population (Swiss Earth-
quake Commission 1945). Likewise, such a pattern was also
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Table 2. Monthly frequency of earthquakes in the epicentral region of the
1946 earthquake from 1900 until 1950 (Wanner & Griitter1950). The dataset
is incomplete for the year 1950, see Wanner (1955) for the continuation of the
time series.

TABELLE I

Fréquence mensuelle des secousses dans la région épicentrale
pour la période 1900-1950
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characteristic for the 1855 earthquake series in the upper Valais
region. It started with a sudden main shock with Io=VIII fol-
lowed by a long lasting series of aftershocks until the end of the
decade (Fritsche et al. 2006). In contrast, the 1755 earthquake
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series that had its epicenter close to the 1855 event, started with
an immediate foreshock so that people left their houses (Gisler
2004). It was followed by a main shock of intensity VIII and
about 30 aftershocks within the next year (ECOS 2002).

Historical Seismicity of the Valais Region

The Valais is the area of largest seismic hazard in Switzerland
and has experienced a magnitude 6 or larger event every 100
years (1524, 1584, 1685, 1755, 1855, 1946). See Fritsche et al.
(2006) for the 1855 event and Gisler et al. (2004) for the 1755
earthquake. Damaging earthquakes occur about every 30-40
years (Intensity VI-VIII), with the last in 1960 close to Brig.
During all such events significant damage occurred from
ground motion and different kinds of secondary phenomena
such as liquefaction in the Rhone plain, slope instabilities and
extended rock fall. Historical investigation has shown that the
intervals between the earthquakes remained impressively con-
stant for historically traceable time. Figure 1 shows the historic
seismicity of the middle Valais region.

Significance of site-effect investigations for the Valais region

What changed considerably during the last century is the use of
the land in this region. It is characterized by a large alpine val-
ley more than 100 km in length and a valley floor with a width
of up to 5 km. This valley floor was not usable for the most part
until a comprehensive river correction of the Rhone took place
in the 19th and 20th century. Thus, the traditional villages and
cities were built either on the valley’s slope or on debris cones
of tributary rivers, safe from recurring inundations. With the
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straightening and canalization of the Rhone River, the bottom
of the valley became interesting for settlement and industrial
purpose. Particularly the decades after World War II show a
strong and disproportionately high increase of buildings and
infrastructure built there (see Fig.2) compared to the Valais
region in general. Since the valley floor shows ground condi-
tions that make site-effects likely for wide areas, the seismic
risk increases remarkably for this ongoing period. Although
empirical observations are absent due to relatively weak seis-
mic activity during the last 40 years, it is thus assumed that an
event similar to the 1946 earthquake would cause significantly
higher damage than observed in the past.

In this paper, we present the findings of our historical inves-
tigation into the damage field of the 1946 event and the results
of field experiments carried out in the cities of Sion and Si-
erre. We start with an overview characterizing the entire dam-
age field within the Valais Canton. Then we will proceed with
case studies concerning Sion and Sierre. Both show interesting
ground conditions with respect to potential site-effects as well
as a large number of damaged buildings after the 1946 earth-
quake. Our main goal was to answer whether site-effects influ-
enced the damage field of the 1946 earthquake.

Methodology

We combined historical investigation with seismo-geological
research, starting with the evaluation of the damage field. In-
vestigation of a large number of historical documents of differ-
ent types allowed a good qualitative description of the losses
within the whole damage field. Most important for this task
were newspaper articles. We studied several dozen newspa-
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Fig. 2. Development of Sion from the eighteen-eighties to the nineteen-nineties on historic maps (1:50°000). The figure shows the impressive and still ongoing
increase of the city toward the bottom of the Valaisan main valley. From left to right: first and last edition of the Siegfried map (no.486) and a map of the Federal

Office of Topography showing Sion in 1992 (Swiss Map 25, no. 1306)

pers of the affected region and all newspapers with nationwide
importance (see bibliography Fritsche 2008). Further sources
of significance were contemporary scientific journal articles
(Wanner & Griitter 1950; Wanner 1955; Montadon 1946; Mon-
tadon & Staub 1946; Marietan 1946; Marietan 1947), the men-
tioned reports of the Swiss Earthquake Commission (Swiss
Earthquake Commission 1940-1950) and documents that gave
insights into the cantonal council meetings of the respective
time (StAW, Protocoles des séances du Conseil d’Etat 1946).
Unfortunately, a damage assessment on behalf of the govern-
ment of the Valais Canton is of lower value than expected,
since only a few summary numbers and amounts of money are
known from it via newspaper articles. The damage assessment
itself is untraceable at this time. A quantitative analysis of the
losses was thus incomplete. Newspaper articles don’t guaran-
tee for completeness, especially concerning damage of reduced
importance. An assessment for individual buildings following
the guidelines of European Macroseismic Scale (EMS 98)
(Griinthal 1998) was only practicable for buildings showing
remarkable damage. But for the cities of Sion and Sierre our
understanding is relatively good, when compared with other
places. While studying historical sources, we also focused on
observations related to secondary phenomena. Besides the
well-known rockslide at the Rawylhorn, we identified almost
90 smaller landslides, rock falls, avalanches, and other effects
that were triggered by the earthquake of January 25, 1946 and
its aftershocks. (Fig. 6, Table 6)

This first step of historical research was followed by inves-
tigation of ground conditions at the two sites. For this purpose,
we studied the regional geology and carried out field experi-
ments to evaluate the fundamental frequency of resonance
at a large number of sites. We investigated ambient vibration
H/V spectral ratios. In total, we recorded ambient vibration at
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190 sites (75 in Sion, 115 in Sierre) for 20 minutes each and
computed the H/V spectral ratios according to algorithms
described by Fih et al. (2001). Two methods were applied to
compute average H/V ratios. The first is classical polarization
analysis in the frequency domain, where polarization is defined
as ‘the ratio between the quadratic mean of the Fourier spectra
of the horizontal components and the spectrum of the verti-
cal component.” We assume that the vertical component in the
frequency band of interest close to the H/V peak is dominated
by the Rayleigh wave. The SH-part of the wavefield contributes
to the horizontal component of motion in the measurements. If
the SH-part is removed, the H/V ratios would better determine
the ellipticity of the fundamental mode Rayleigh wave. This re-
moval requires some assumptions concerning the spectral con-
tent of SH-waves. Generally, we assume that the radial compo-
nent (Rayleigh waves) is equal in amplitude to the transverse
(Love waves), and the amplitude of the H/V spectral ratio can
then be reduced by log10(sqrt(2)) when the H/V amplitude is
given in a logarithmic scale.

The second method for H/V ratios tries to reduce the SH-
wave influence by identifying P-SV-wavelets from the signal and
taking the spectral ratio from them only. This is done by means
of a frequency-time analysis (FTAN) on each of the three com-
ponents of the ambient vibrations. In a frequency-time repre-
sentation of the vertical signal, the most energetic sections are
identified in time for each frequency. We assume that this maxi-
mum is related to a single P-SV wavelet for which the H/V ra-
tio is computed. The average over all wavelets defines the H/'V
spectral ratio. For more details we refer to Fih et al. (2001).

In addition, we computed the quality of the peak, for all
maxima identified in the H/V spectral ratio (see Fig. 3). This
quality is defined as the average value of 2 quality measures
as follows:
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applied to the H/V curve obtained with the FTAN method.

The following definitions are used:

fo: Frequency of the H/V-peak= Fundamental frequency
of resonance
[fo, fr]: Uncertainty range of the fundamental frequency of

resonance

fg: Frequency of the first minimum to the left of the H/V-
peak

fr Frequency of the first minimum to the right of the H/V-
peak

The first quality measure of the peak (Q1) is defined as fol-

lows:
Ir H H H
[10g10] - Jaf logIO( (fs)) - logm((fr)}
Q| _ Jo _ V 4
(fR - fQ) 2

The second quality measure of the peak (Q2) is:

szlo logm(g}i‘df
_ Js
Q2 - (fT - fs)
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J'logIO(def
_ v
A= fs

(fT _fs)

The quality of the peak is not a quantitative measure of ex-
pected amplification, but provides a qualitative description

of the impedance contrast between sediments and bedrock.
Finally, we included the results from ambient vibration array
measurements in our site investigation. These measurements
allow a characterization of the sedimentary cover in terms of
shear wave velocity as a function of depth. The array method
we use is based on the high-resolution frequency wave num-
ber estimator or high-resolution beam-forming (HRBF). It was
originally proposed by Capon (1969) and further developed by
Kind et al. (2005) and Fih et al. (2008).

Results of the historical investigation

Macroseismic field and damage

The earthquake of January 25, 1946 was felt in an area with a
radius of more than 250 kilometers. While coverage with mac-
roseismic data is dense and substantial for Switzerland (ECOS
2002) and France (BRGM, EDF & IRSN), data for Italy is
sparse, and for Germany and Austria almost absent. Macro-
seismic data points showing intensity of grade VI and larger
(building damage) concentrate in the southwestern part of
Switzerland (Fig. 4). Serious damage was observed in the Valais
Canton and to a much lesser extent in the neighboring cantons
of Bern (to the north) and Vaud (to the west). In the Valais, the
high intensities (VII-VIII) were observed in the villages and
cities of the Rhone valley.

A systematic assessment of the losses in the weeks after
the earthquake covers only Valais Canton. As mentioned, the
relevant documents are lost. All we know rests on a newspaper
article that summarizes some data. Furthermore, we know al-
most nothing about the regulations that ruled this survey. Nev-
ertheless, in combination with statistical data of the census ac-
complished in 1941 (Bureau Fédéral de Statistique 1946), a few
statements are possible. Tables 3 and 4 review the known data
of the assessment. They are not fully consistent, as a summation
of the partial amount shows (compare the total damage costs
given in Tables 3 and 4 as well as the cost assigned to the two
building categories in Table 3). We don’t know whether these
are errors or rather a consequence of the approach used for the
damage assessment. However, for the calculations shown here
the differences have minor impact.

In total 3485 buildings suffered damage. By far the larg-
est part of the assessed loss relates to damage to residential
buildings (about 85%). The remaining 15% concerns public
buildings, churches, and schools. This simple classification re-
veals that industrial buildings and buildings with an agricul-
tural purpose probably were overlooked in the course of the
assessment. An interpretation of this data is delicate, since we
don’t even know how many of the damaged buildings belong
to which of the two classes. Assuming that the number of pub-
lic buildings, churches, and schoolhouses must have been small
when compared to residential buildings (we estimate that this
building category makes about 5% of the assessed buildings),
we can conclude that almost every sixth residential building of
the Valais Canton suffered damage. The average loss per dam-
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aged building within the residential building class thus equals
an amount of CHF 1314.—, That corresponds to about CHF
6400.- today, taking into account inflation.

In addition to the data summarized in Table 3, the newspa-
per article discussing the damage assessment includes rudimen-
tary information on the geographical distribution of the loss.
Valais Canton consists of 14 districts for which the article men-
tions the total loss in CHF (Walliser Nachrichten 1946). The
total number of then existing residential buildings we extracted
from the mentioned statistics (Bureau Fédéral de Statistique
1946). Assuming that the proportion of residential buildings
and the building class consisting of public buildings, churches
and schoolhouses is about the same for all districts (95% to
5%), we can calculate an average loss per “assessed building
and district.” In addition to this value, we estimated the portion

Table 3. Summary of the lost original contemporary damage assessment,
done on behalf of the Valaisan government in 1946 (Walliser Nachrichten
14.5.1946). The total number of existing residential houses in 1946 rests upon
data from the Bureau Fédéral de Statistique (1946). The inflation-adjusted
amount in CHF is based on data available via http://www.portalstat.admin.
ch/lik_rechner/d/lik_rechner.htm

Assessed damage in CHF (2006) approx.: 26'000'000.—
Assessed damage in CHF (1946): 5'265'345.—
Damage on public buildings, churches and schoolhouses: 850'130.—
Damage on residential buildings: 4'351'880.—
Total number of residential buildings: 21'744
Number of damaged buildigs: 3'485
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i
Swiss
® # Seismological
Service
| Fig. 4. Macroseismic map of the January 25, 1946
250000 event based on ECOS-02 data (Swiss Seismologi-
— cal Service 2002) and data from the French cata-
800000 logue Sis France (BRGM et al. 2005).

of buildings per district built on the plain of the main valley at
the time of the earthquake, where we expect higher amplifica-
tion during ground shaking. This has been done on the basis
of contemporary maps, where we decided for each village of a
district whether it is located on the bottom of the main valley
or not. For most cases, decision-making was easy and we could
assign the villages to one of the two categories. In those villages
only partly built on the sediments of the valley floor, we took
only a corresponding number of buildings into account. Com-
parison of the results of this calculation is given in Figure 5.
The background shows a zoomed view of the macroseismic
map (Fig. 4).

Not surprisingly, the highest values are related to the dis-
tricts nearest the epicenter. Sierre shows by far the maximum
loss per building with CHF 1071.—. It is followed by the district
of Sion (CHF 484.—) and Hérens (CHF 206.-). In general, the
values decrease with distance to the east and west. However,
we can recognize certain variations. Brig (to the east), for ex-
ample, shows a higher value (CHF 48.-) than Visp (CHF 20.-)
or Westlich Raron (CHF 25.-), although the latter are closer
to the epicenter. Entremont finally (to the southwest) shows
clearly lower losses (CHF 1.-) than its neighboring districts.
Martigny (CHF 6.—) with a high portion of buildings located on
the valley floor sticks out through its low value in comparison
with Conthey (CHF 68.-) or Saint-Maurice (CHF 24.-). An
explanation for these findings is fragile since they rest upon
rudimentary data. However, it is evident that the average loss
is strongly affected by the portion of buildings located on the
sediments of the Rhone valley. Brig in this regard shows a high
portion of buildings located in the main valley (60%) as well
as a high average loss per building (CHF 48.—) compared with
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Westlich Raron (32%, CHF 26.-) and Visp (15%, CHF 21.-).
Entremont, located completely on the mountainside without
settlements in the main valley, shows an average loss clearly
below its neighboring districts (CHF 1.50).

We note two explanations for this phenomenon. First, the
bottom of the main valley shows unfavorable ground condi-
tions. These consist of poorly consolidated sediment deposits
of a thickness up to 1000 meters (Rosselli 2001). Roten (2007)
showed with recorded data and numerical simulations for the
region of Sion that these lacustrine and fluviatile sediments
have a large potential for amplification effects. Fritsche et al.
(2006) pointed out in the context of the 1855 earthquake in
the Visp region that several villages in the main valley showed
high intensities and remarkable damage compared with settle-
ments on the mountainside. Thus it is probable that for the 1946
earthquake, districts with a large portion of buildings located
on the bottom of the main valley suffered higher loss. A second
explanation refers to building vulnerability. Although system-
atic data about the building stock does not exist for the respec-
tive decades of the 20t century, qualitative investigations have
shown (Fritsche 2006) that in the relevant region buildings on
the mountainside tend to construction in timber. In contrast,
the villages and cities in the main valley show to a much higher
degree structures of simple stone, massive stone or brick: more
vulnerable to ground shaking. Over all, a combination of the
influence of ground conditions and building vulnerability is
a likely and reasonable explanation for the findings. Not ex-
plainable, however, is the strong decrease in loss per building
from the district of Conthey (CHF 68.-) to the Martigny dis-
trict (CHF 6.-), particularly because both show comparable
portions of buildings located on the plain of the main valley.
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Fig. 5. Distribution of the loss per district in Val-
ais Canton, together with the macroseismic inten-
sity data points. The loss per building and district
in CHF (red number) rests upon data of the lost
_ damage assessment (Walliser Nachrichten 1946).
?5"53'.;‘ The numbers of existing buildings rely on data
) from the Bureau Fédéral de Statistique (1946).
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Table 4. Loss per district in CHF (Walliser Nachrichten 14. 5.1946), portion of
buildings on valley floor and average loss per building.

District Buildings on Average loss per Total loss
valley floor (%) building (CHF) (CHF)
Brig 60 48.— 62'300.—
Conthey 70 68.— 120'875.—
Entremont 0 1.- 2'450.—
Goms 0 4.- 2'900.—
Hérens 0 206.— 252'930.—
Leuk 40 382.— 557'420.—
Martigny 75 6.— 17'950.—
Monthey 60 4- 9'000.—
Westlich Raron 32 25— 19'200.—
Ostlich Raron 0 2- 2'450.—
St. Maurice 55 24— 33'060.—
Sierre 50 1'071.— 3'351'880.—
Sion 55 484.— 900'140.—
Visp 15 20.—- 32'720.—

Source radiation or directivity effects could be an explanation.
The decrease from Sion (CHF 484.—) to Conthey, however, is of
similar size, but on a higher level.

Despite systematic investigation of several dozens of dif-
ferent newspapers and other potential sources, we are still
disappointed in our information about damage to individual
buildings Table 5). In total, we could evaluate the damage to
167 buildings. For 105 of these buildings we identified the exact
location. With respect to Valais Canton, we identified 121 dam-
aged buildings and know the exact location for 65 of them. For
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Table 5. Damage to individual buildings assessed in the course of this study. Our data rely on newspaper articles. With respect to Sierre, the publication of

Wanner (1950) was a useful source. Not all buildings could be located accurately.

Verified cases of damage: of Grade 1 of Grade 2 of Grade 3 of Grade 4 total thereof localised
Within the Valais Canton 9 43 55 14 121 65
Outside the Valais Canton 3 32 11 0 46 40
Total 12 75 66 14 167 105

another 35 damaged buildings, we know their position, without
having information concerning the kind of damage (See the
paragraph related to the village of Sierre).

Secondary Effects

Our historical investigation also considered secondary effects.
In total 88 observations have been verified (Table 6). Sixty-
three of these arose from the main shock of January 25, 1946.
The remaining 25 observed secondary effects occurred in the
course of the strong aftershock of May 30, 1946. About 90%
of these data rely on newspaper articles. The others rest upon
a document of the cantonal Administration and other sources.
See Fritsche (2008) for bibliography and further information.
Most of these effects occurred in a circle of about 20 kilometers
diameter around the epicenter.

Almost all effects took place north of the Rhone valley, in
the fault zone (Fig. 6). Table 6 summarizes the observations in
groups of comparable types of effect and assigns them to the
main or to the mentioned aftershock. The class of “large rock
fall” consists of two events that occurred at the Rawylhorn. That
of May 30 was of remarkable dimensions. Wanner and Griit-
ter (1950) write of 4-5 million cubic meters of stone that over-
whelmed a small lake and a mountain pasture. The large rock fall
of January 25 also had severe consequences since it destroyed
a couple of mountain huts, pastures, and parts of a forest. The
class of “rock fall” in contrast describes events of smaller dimen-
sions, from a few boulders that fell down to rock falls of several
hundred cubic meters of material. Of similar dimensions were
the events summarized in the landslide class. Some of them de-

Table 6. Secondary effects observed in the course of the 1946 earthquake
series.

Secondary effects Number of effects

January 25 May 30 Total
Large rockfalls 1 1 2
Rockfalls 20 21 41
Landslides 11 3 14
Cracks in the ground 6 0 6
Terrain changes 6 0 6
Avalanches 4 0 4
Effects on springs 11 0 11
Visual phenomena 4 0 4
Total 63 25 88
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stroyed or overwhelmed roads (near Leukerbad, Ayent, Gam-
pel, in the Val d’Anniviers). Another interrupted the railways
near Aigle. The observed cracks in the ground are probably of
minor extent. Some of them occurred on the bottom of the main
valley (e.g.in Granges near Sierre), others on the mountainside.
We could not find a location for all observations of this type.The
class of terrain changes is particularly interesting. It includes a
collapsed road at the shore of Lake Geneva near Villeneuve,
a partly caved-in coal mine near Grone (8 kilometers to the
southwest of Sierre) and terrain changes on the sides of the
Rhone channel at the same location. Avalanches were triggered
on January 25 only. Many of them were observed in the massif
of Les Diablerets, in the Valley of Lotschen (20 kilometers to
the northeast of Sierre) and between Brig and Domodossola
(Italy), where they spilled onto the railways at several locations.
Effects on springs occurred in a radius more than 40 kilometers
from the epicenter. Particularly frequent were observations in
the region between Sierre and Visp where the flow conditions
and the water temperature of several sources changed or new
sources emerged (Bund, February 2, 1946; Oberlédnder Tagblatt,
January 28, 1946). Interesting to note is that the huge subterra-
nean lake (of 6000 m? surface) near St. Leonard in the same re-
gion lost a lot of water after the main shock. The lake is situated
in the northern slope of the Rhone Valley where it has formed
in a layer of gypsum from water circulation over a long period.
After the earthquake, water leaked through small fissures into
the ground for a certain time (Lac souterrain 2008). Finally, we
found some reports of optical phenomena. They all describe ob-
servations of an enlightened sky by “fire” or thunderbolts in an
unspecific way.

Site investigations and damage distributions
for Sion and Sierre

Sion

In the nineteen forties Sion was a small town with a population
of hardly 10'000 persons. It consisted of a medieval center sur-
rounded by a less dense belt of buildings originating mostly in
the 19™ and 20" centuries (Fig. 7). Comparison with Figure 2
shows how remarkably the city developed over the last six de-
cades. The buildings of the medieval center consist of simple
stone structures in large part and have two to four floors. The
few public buildings mostly of massive stone have up to four
floors. Building vulnerability thus is relatively high in general.
Vulnerability Class B according to EMS 98 (Griinthal 1998) is
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probably a good assumption for most of the buildings. When
the construction or parts of it were in bad condition, (contem-
porary photographs show that this is particularly true for chim-
neys and roofs in the medieval center) vulnerability Class A is
the correct designation. The buildings in massive stone tend to
be Class C. The buildings outside the center consisted of un-
reinforced masonry either with manufactured stone units or
in massive stone. Vulnerability Classes B or C are appropriate
estimations for this group.

Figure 7 illustrates the assessed damage for which we could
identify the location adequately. Reports describing the losses
in Sion generally point out that the damage was serious, but
not disastrous. “Debris of all sorts cover the ground: Chipped
chimneys, cornices, roof tiles, etc. In certain apartments parts
of the ceiling caved in and the floors are covered with rub-
ble.” (Michelet 1990) Other sources write of a large number
of broken store windows and cracked walls in the old part of
the city (Journal et feuille d’avis du Valais, 28. 1.1946, Nouvel-
ist Valaisan, 27.1.1946). “But one has to enter the buildings to
become aware of the danger we just escaped” emphasizes Le
Confedere on January 28. “The walls are cracked, the ceilings
are striped [Because the gypsum fell down from the battens.
Annotation from the author.] and the dishes are broken.” Our
investigation has shown in fact that the earthquake caused con-
siderable loss in the city. Nevertheless, while hundreds of chim-
neys suffered damage or collapsed, and pieces of plaster, roof
tiles and broken pieces of glass covered the roads, structural
damage was rare. A few buildings showed large and extensive
cracks in many or most walls; in a cinema the ceiling collapsed
partly; on other houses the chimneys broke at the roofline and
penetrated the roof. Since we could not fall back on systematic
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damage data, our reconstruction of the losses is not complete.
We assume that damage of Grades 1 and 2 was omnipresent in
the city without being mentioned explicitly in historical sources.
Damage of Grade 3 was definitely less frequent. Nevertheless,
it is difficult to estimate how complete our reconstruction is.
In the case of damage Grade 3, the reconstruction is probably
good, but not complete. We estimate the grade of completeness
in the range of 60-80%. In the case of damage Grade 2, most
probably we could find only a smaller part of the actual loss. In
most sources, information comes up in a general mode, without
sufficient information concerning locality. Damage of Grade 1
was not an issue.

Macroseismic Intensity VII, as suggested by ECOS (2002),
is the proper intensity for the city of Sion and the 1946 earth-
quake. Intensity of Grade VIII was clearly not reached. An im-
portant observation is that damage of Grade 3 occurred to an
increased degree in the southwest. Although Figure 7 does not
include all Grade 3 losses, it indicates that amplification was
stronger in this part of the city, since we have no evidence that
our sources cover this section better than the northern part.
This finding agrees with the results of Roten et al. (2008) who
performed numerical simulations of the 1946 event, using a
three-dimensional structural model of the area. The grey and
blue colors in the background of Fig. 7 represent the modeled
amplification of ground motion indicating the factor of ampli-
fication of peak ground velocity (PGV) relative to a reference
site on rock. We can see that according to Roten’s model the
Old Town of Sion was only slightly affected by amplification ef-
fects. To the south of the city where damage of Grade 3 is more
frequent the supposed amplification from the simulation starts
to increase. This pattern suggests that site-effects were of minor
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importance for the damage reported in Sion. Roten et al. (2008)
show by numerical simulation that this is specifically due to the
position of the event’s seismic source relative to the 3D basin in
the historical city. Thus, for other source locations amplification
effects are considerable.

Figure 8 summarizes the results of our field experiments
that took place in 2004 and 2005. We used H/V spectral ratios
computed from ambient vibration recordings to estimate the
fundamental frequency of resonance. The generally clear peaks
of the H/V spectral ratios are qualitatively expressed with the
size of the circles. Figure 9 shows three typical examples of such
ratios. When large, peak amplitude indicates a large impen-
dence contrast between sediments and bedrock.

The f, values reflect the characteristics of the Rhone valley
at Sion. With a few exceptions, the distribution of the f, val-
ues is homogeneous. Along the valley axis, in the deeper part
of the basin, f; is in the range of 0.5 Hz (Figure 9c). This fre-
quency is related to the global 2D resonance of the Rhone val-
ley, with sedimentary infill of up to 500 m (Roten et al. 2006).
H/V spectral ratios are due to these 2D resonances. Towards
the north below the historical part of the city, f, increases to
values around 1 Hz (Figure 9a). To the west of site 9a, a couple
of locations show pronounced peaks in the H/V ratio (Fig-
ure 9b). To the east, the rocky hills of Valere and Tourbillon
limit the area with significant deposits of sediments.

Array measurements of ambient noise were conducted at
several places in the Rhone valley (see Figure 8 for the sites in
Sion) to constrain the shear-wave velocity of the sedimentary
fill (Roten & Fiah 2007; Roten et al. 2007). The surface sedi-
ments in the area can roughly be subdivided into two categories
(Roten et al. 2007):
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Fig.7. Sion in its extent of 1933 including local-
ized building damage (according to EMS 98).
Since the city barely increased during the fol-
lowing decade, the map represents just as well
the situation of 1946. The blue color indicates the
modeled amplification (PGV) for the 1946 event
(Roten et al. 2008).

(i) Fine lacustrine and deltaic deposits: At such sites a very
shallow low-velocity layer (less than 15 meters deep) with
shear-wave velocities as low as 100 ms™! can be resolved.
Below this layer, Vs ranges between 320 and 500 ms~! until
about 250 meters depth, where a strong velocity contrast
occurs, and Vs increases to 650 to 800 ms-!. Shear-wave ve-
locities in the lowest part of the sediment are in the range
between 700 and 1000 ms! (see Roten & Fih 2007, for de-
tailed results).

(ii) Alluvial fans in the old town of Sion and in Bramois in the
southeast of Sion: Apart from a shallow low-velocity layer,
shear-wave velocities are much higher at these sites, with
values of more than 600 ms~! measured close to the sur-
face.

Roten et al. (2008) suggest that there is no sharp transition be-
tween fine lacustrine and coarse alluvial deposits. The transi-
tion, however, is indicated by the quality of the H/V peaks at
sites along the southern border of the historical city (Figures
8 and 9). A small impedance contrast due to the high S-wave
velocities in the alluvial fan leads to reduced amplitudes of the
H/V ratio. The fine lacustrine and deltaic deposits in the south
increase the impedance contrast and therefore the amplitude
of the H/V spectral ratio.

Sierre

Historical sources agree fully, that Sierre suffered more than
any other affected village or city. Numerous newspaper articles
point out that Sierre presented a sad picture after the main
shock. “In Sierre,” wrote the Nouvelist Valaisan (27.1.1946),
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“everything has been displaced: the stoves, the furniture, the ar-
moires. Ceilings broke down, the walls are cracked and slashed;
outside, roof tiles fell down, and chimneys are disrupted.” On
January 29, the Journal de Sierre came up with information that
is more detailed. “There is damage everywhere. The facades of
so many houses show cracks of smaller or larger dimensions;
[...], about 400 chimneys collapsed” but “the quarter that suf-
fered most is the one of Beaulieu [...].” This was also the con-
clusion of Wanner and Griitter (1950) who mapped the most
seriously damaged buildings in Sierre. They explicitly pointed
out that the losses were concentrated in two well-defined lo-
calities. “The quarter that suffered most is situated to the west
of the railway station [Quarter of Beaulieu, annotation. Au-
thors].” Another zone of heavily damaged buildings they iden-
tified “northeast of the railway station.” Figure 10 illustrates
the cases of loss shown by Wanner and Griitter (1950) on the

. a) Site in the Center of Sion
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region of Sion concerning the fundamental fre-
quency of resonance (colored dots). The grey
circles in the background indicate the quality of
the peak in the H/V spectra. Large circles indi-
cate strong impedance contrasts. Points with red
outer circles are part of the different arrays that
we used to determine the local S-wave velocity
profiles.
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background of a 1933 map of Sierre (Siegfriedkarte, Letztaus-
gabe, Nr. 482). The gray squares indicate the buildings identi-
fied by Wanner. The colored squares show further damaged
buildings identified during our investigation.

Apart from the structures identified by Wanner & Griitter
(1950), we found independent information about 45 damaged
houses, but could locate only 13 of them properly. Almost all
are identical with buildings mentioned by Wanner & Griitter
(1950). It is as likely as not that many of the buildings not lo-
cated also correspond to the damaged buildings he mapped.
Comparison of damaged objects identified by us as well as by
Wanner showed that what he mentioned as “the buildings that
have suffered the largest damage” (Wanner & Griitter 1950)
sustained damage of Grades 3 to 4. Nevertheless, we marked
the objects in Figure 7 conservatively so as not to overestimate
our accuracy.
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Fig. 9. Three examples of H/V peaks for sites in Sion. The position of the corresponding sites is indicated in Figure 8 by letters.
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Wanner & Griitter (1950) attribute the concentration of
losses in the two well-defined areas to building vulnerability
and ground conditions. They mention that the buildings at the
Beaulieu quarter were built at the beginning of the 20" century,
at a time where “[...] one used quicklime for the construction
[...]”, which has weakened the construction with respect to
ground shaking. In contrast, neighboring buildings built in rein-
forced concrete, he remarks, have resisted the “shocks without
any important damages.” (Wanner & Griitter 1950). We have
not much information concerning building vulnerability in the
Beaulieu quarter since in the last 60 years much has changed.
Nevertheless, vulnerability Class B is probably a reasonable as-
sumption here. Most of the affected buildings we have located
and assessed in Sierre belong to this class. A few others, mainly
historic buildings like the Church of Notre Dame de Marais
(damage Grade 3), include elements that belong in vulnerabil-
ity Class A. Buildings of vulnerability Class C showed only mi-
nor damage. The height of the buildings varied from two to four
stories in Sierre in that time. Over all, building vulnerability is
hardly the determining factor in forming the damage field as
shown, even though our knowledge is limited concerning this
matter. Like Wanner & Griitter (1950), we assume that ground
conditions had a crucial impact on the damage distribution.
They mention that the zone of damage to the west is mostly
located on an alluvial cone. The affected area to the northeast
was in earlier days an area of swampland, according to their
comments (Wanner and Griitter, 1950). A hint for this is also
found in the name of the mentioned Church of Notre Dame de
Marais, since “marais” is the French word for swamp or marsh-
land. Nevertheless, the geology of the Sierre region is much
more complex than Sion’s. Sierre is located at least partly on a
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rockslide debris deposit of about 1000-2000 * 10° cubic meters
(Abele 1974) that characterizes the infill of the valley as well as
the geomorphologic situation.

According to Burri (1954) this landslide occurred after the
glacier of the last ice age retreated. However, later on the gla-
cier passed over again and left its mark (ibid.). On the northern
slope of the valley, where the historic village of Sierre is lo-
cated, debris of alluvial cones of variable thickness from creeks
entering the main valley partly covers the material of the rock-
slide. In conformance with Wanner & Griitter (1950), the map
of Burry (Figure 11) shows that the Beaulieu quarter is located
on this alluvial cone. The eastern part of Sierre is built partly
on the material of the landslide and partly on fluviatile sedi-
ments. The part of Sierre south of the railway station out to
the village of Chippis is built on alternating sediment layers
deposited by the landslide and the Rhone River. Borehole
information available north of the river (about in the valley
center of the valley, see Figure 10) shows landslide material
at a depth of 50 meters (Strassenbauamt, 2007). We assume
that this deposit material exists also at greater depth. Rosselli
(2001) estimated the maximum thickness of the whole infill to
about 330 meters.

As in the Sion region, we performed in Sierre many ambi-
ent vibration H/V measurements in 2004 and 2006. In total, we
recorded ambient vibration at 115 locations. Figures 12 and 13
show the results of these experiments. In contrast to the results
of Sion, most of the H/V spectral ratios computed for the Sierre
site show two peaks: the first in the frequency range between
0.7 and 1.9 Hz (Fig.9) and the second between 1.8 and about
10 Hz (fig 10). In general the latter peak is better developed,
which is visible in Figs. 12 and 13 in the grey circle.
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Fig. 11. Geological situation of the Sierre region
(Burri 1954).

We interpret the lower peak as the resonance frequency
of the total infill of the valley. Using the simple equation
fy= V/4h and a sediment thickness (h) of about 300-330 me-
ters, the resulting average shear wave velocities are about
900-1000 m/s (with f,=0.75-0.8 Hz). This is a reasonable
value for the shear wave velocity in sedimentary deposits, as
at the Sierre site.

The peak at higher frequency shown in Figure 13 is due to
the impedance contrast between a surface layer with unconsoli-
dated sediments of variable thickness and composition, and the
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compact debris deposit of the rockslide. Figure 14 shows three
typical examples of H/V spectral ratios. For much of Sierre,
the fundamental frequency of resonance of this surface layer
(2-6 Hz) is in the range of possible eigenfrequencies of build-
ings with two to four stories, extant in Sierre then. Note that the
better quality of the peak for sites in the two areas with highest
damage indicates a stronger impedance contrast compared to
other locations. This pattern suggests an increased amplifica-
tion and can be interpreted as a possible site-effect during the
1946 earthquake.
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To better characterize this surface layer at the Beaulieu quar-
ter, we performed ambient vibration array measurements. The
goal of this experiment was to achieve an S-wave velocity pro-
file of the site, which should help to characterize thickness and
velocity of the subsoil. Due to high building density, we moved
the array slightly west of the area of greatest damage in 1946
(see Figure 13). We analyzed phase velocities of fundamental
and higher mode Rayleigh and Love waves with high-resolution
beam forming method as outlined in Fih et al. (2008).

The experiment led to the peculiar results shown in Fig-
ure 15. H/V spectral ratios show clear peaks around the fre-
quency of 2 Hz (Figure 15a), indicating the fundamental fre-
quency of resonance in a surface layer with low S-wave veloci-
ties. To develop such a strong peak in the H/V ratio, we expected
S-wave velocity in the range 200-300 m/s for the surface layer.
It was, however, not possible to obtain phase velocity curve seg-
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ments of the fundamental mode Rayleigh and Love waves in
the frequency range up to 10Hz with phase velocities smaller
than 700 m/s (Figure 15b,c). We do recognize higher modes of
surface waves which most probably sample the deeper rockslide
debris layers of higher velocities in the range 800-1300 m/s. This
finding indicates that standing waves of a 2D or 3D resonance
might dominate the wave field at the lower frequency around
f;. The peak in the H/V spectral ratio would then represent the
fundamental frequency of resonance of two- or three-dimen-
sional eigenvibrations of the sedimentary layer. Within the city
area, the variability of the fundamental frequency of resonance
in the surface layer over rather short distances might also indi-
cate possible 2D or 3D resonance phenomena, particularly in
those areas most affected.

Ambient vibration array methods can only map the veloc-
ity structure at sites not subject to global 2D or 3D resonance
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Fig. 14. Three examples of H/V peaks for sites in Sierre. The position of the corresponding sites is indicated in Figure 13 by letters. While Figures a) and b) are
related to sites where heavy damage occurred, Figure c) is associated with a location with no considerable damage.
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Fig. 15. a) H/V spectral ratio obtained for the central station of the array near the Beaulieu Quarter. The black line is the result from classical polarization analy-
sis in the frequency domain, and the grey line was obtained with a method based on frequency-time analysis. Dispersion curve segments for Rayleigh (b) and

Love waves (c) obtained from ambient vibration array measurements. The subarrays are shown in different colors. Vertical: analysis of the vertical components;
radial: analysis of the radial components; transverse: analysis of the transverse components.

phenomena. The method was successful, however, for the sec-
ond array shown in Figure 13 (to the west of Lac de Géronde).
The inverted structural model obtained from the phase velocity
curves consists of three layers: a surface of 30 m with an aver-
age S-wave velocity of about 400 m/s, a second of about 50 m
thickness and 800 m/s S-wave velocity, and a third with S-wave
velocities in the range 1300-1700 m/s.

Conclusions

Our aim was to reconstruct the damage field of the 1946
earthquake series in the middle Valais region and discover
whether site-effects had an evident impact on its characteris-
tics. The series started on January 25, 1946 with a main shock
(Mw = 6.1 according ECOS-02,Mw 5.8 according to Bernardi
et al.,2005) followed by several hundred aftershocks until the
end of the nineteen forties. Among them were three in the
range of Mw = 5.1-6 (ECOS-02,2002). In the first part of the
study, we considered the affected region without geographic
limits, but focused in the second part on the cities of Sion and
Sierre.

Since a contemporary damage assessment was not at hand
in its original form, our results concerning the first task rely
on unsystematic data. It is unlikely that further results can be
achieved as long as the original documents of the damage as-
sessment are untraceable. The few known key data from the
assessment allowed us to describe the damage field system-
atically at the level of the Valaisan districts. Comparison of the
average loss in CHF per district and the percentage of build-
ings located on deposit sites of the extensive Rhone Valley per
district showed some correlation between these two values.
Districts with heavy settlement on the bottom of the Rhone
Valley show a higher average loss per building. This is a strong
indication that the ground of the valley floor provoked site-
effects resulting in higher observed intensity. A further reason
for the increased intensity is the building stock of the valley
floor that tends to be more vulnerable when compared with
buildings common on the mountainside. We thus conclude that

the characteristics of the damage field are a consequence of a
combination of site-effects and building vulnerability.

Besides building damage we were able to locate a large
number of different secondary effects from rock falls, land-
slides, and avalanches to terrain changes and effects on water
springs. Most are related to the main shock of January 25; the
large rock fall of several millions m?at the Ravylhorn, however,
was triggered by the aftershock of May 30. Due to the fault lo-
cation, secondary effects were more frequent on the northern
slope of the Rhone valley. Not surprisingly many observations
concentrate in the immediate vicinity of the presumed epicen-
ter. However, many secondary effects of considerable extent
occurred at distances up to 40 km.

Proceeding to the second part of the study, we conclude that
the outcomes for the cities of Sion and Sierre differ in many
respects. For Sion we showed that intensity VII was clearly
not exceeded. Damage was substantial and omnipresent, but
structural failure was rare. Field experiments with respect to
the fundamental frequency of resonance showed that ground
amplification during an earthquake probably occurs in a fre-
quency range lower than the resonance frequencies of the city’s
buildings. According to the numerical simulation performed by
Roten et al. (2008), peak ground velocities obtained from the
simulation of the 1946 main shock yield no large amplification
in old Sion. This is specifically due to the position of the seismic
source of the 1947 event relative to the 3D basin in the histori-
cal city. For other source locations amplification effects can be
large.

In contrast, the Sierre site reached intensity VIII. Damage of
Grade 3 was frequent and damage of Grade 4 not rare. Our in-
vestigation has shown that in particular two areas showed con-
centrated, serious damage (Quarter of Beaulieu and the area of
Notre Dame de Marais). We have strong indications that dam-
age there is related to site conditions. One of the sites is former
swampland while an alluvial cone characterizes the other. For
both, field experiments have shown that the impedance contrast
seems to be stronger than for most other sites in Sierre. The fun-
damental frequency of resonance in the surface layer, however,
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varies considerably within the investigated area. It is within a
range of relevance for the building stock, not only for these two
areas of increased damage, but also for almost the whole city.
Further investigation based on ambient vibration array mea-
surements showed peculiar results that are likely due to local
2D or 3D resonance phenomena. At the same time, a 2D or 3D
resonance effect would reasonably explain the irregular distri-
bution of damage in Sierre. We conclude that ground conditions
there show characteristics that favor site amplification effects.
When compared with the old town of Sion, the building stock of
Sierre has changed more since the nineteen forties, especially in
the two areas with high loss. The influence of the building stock
on the loss is thus difficult to rate. More investigations toward
this topic would be desirable for the case that the missing dam-
age assessment someday reappears. Furthermore, the finding of
the latter would open completely new fields for additional site-
effect studies in the whole Valais region.
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