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Abstract

The Amer fault is a 30 km long normal fault, which generated the damaging earthquakes of March and May 1427. Iriangular
facets, wine glass drainage basins, alluvial fans and scarps along the Amer fault mountain front provide evidence of its recent
activity. Topographic profiling, electrical logging, tomographic and high-resolution seismic profiling along the northern seg-
ment of the Amer fault showed the following: i) no evidence of surface deformation in recent deposits; 1) fault scarps pro-
duced by the Amer fault located only on old alluvial fans, probably Pleistocene in age, and iii) Amer fault related detormation
reaching upper Quaternary levels, but not the uppermost horizons. The high sedimentation rate (nearly one order of magni-
tude greater than the fault slip rate) due to the filling of the lake, which resulted from the damming of the Fluvia river by the
Bosc de Tosca lava flow (17,000 yr BP), can account for the absence of surface deformation on Holocene sediments.
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Introduction

In the Amer area, a geological and geophysical study
of one fault showing geomorphologic evidence of ac-
tive tectonics was performed (Paleosis EC project) in
an attempt to improve our understanding of the dis-
tribution of present deformation in the eastern Pyre-
nees. The aim of this study was to provide evidence ot
Holocene surface ruptures caused by earthquakes,
similar to or greater than the earthquakes that oc-
curred during the seismic series of 1427. After a brief
description of the seismotectonics of the region and
of the vicinity of the Amer fault, the geomorphologic,
topographical, geological and geophysical results ob-
tained are presented. The relationship between sedi-
mentation and fault slip rates in detecting surface
ruptures 1s discussed.

Seismotectonic framework

Despite the moderate seismicity of the eastern Pyre-
nees, a destructive seismic crisis occurred in the Mid-
dle Ages (1427-1428), suggesting that periods of low
seismic activity are interrupted by destructive earth-
quakes, probably with long recurrence intervals. Mul-
tidisciplinary research is necessary to determine the
distribution and importance of the current tectonic
deformations. To this end, the Servei Geologic de
Catalunya (Institut Cartografic de Catalunya) 1n col-
laboration with different institutions commenced a
study in the eastern Pyrenees in 1990. Seismicity was
monitored by the Catalan seismic network (ICC,
1999a). An inventory of recent deformations was car-
ried out, showing a regional stress regime character-
ized by a N-S oriented maximum compression
(Goula et al., 1999). The analysis of ancient leveling
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surveys denotes the presence of anomalies of possible
tectonic origin (Gimenez et al., 1996). The present
deformation has been monitored by a number of
GPS measuring surveys since 1992 (Goula et al.,
1996;Talaya et al., 1999) and no significant deforma-
tion has been measured to date.

The Amer fault (Fig. 1) 1s over 30 km long but only
two small parts of the fault ruptured during the 1427
earthquakes. A 10 km long stretch of the fault rup-
tured close to Amer during the March sequence of
1427, and a ca 7 km long rupture in the vicinity of
Joanetes caused the May 15% earthquake (Olivera et
al., 1999, FAUST, 2001). No scarps in the known
historical primary sources are described. Neverthe-
less, some well-defined geomorphologic evidence of
recent activity has been found along both segments of
the fault (Briais et al., 1990, Ferrer et al., 1999).

Recently, field studies have focussed attention on
recent deformation of post-Miocene formations
across the Pyrenees (Goula et al., 1999), suggesting
the presence of faults with recent activity (Fig. 1).
Moreover, historical and modern high-precision lev-
eling data have been compared to quantify recent ver-
tical movements in NE Spain (Giménez et al., 1996).
The magnitude of the vertical movements has been

calculated by comparing the original height differ-
ences between points measured in the field in two
surveys carried out by the Instituto Geografico Na-
cional. Anomaly A (2.5 mm/yr) and anomaly B (3
mm/yr) located at the ends of the Amer fault
(Gimenez et al., 1996) are especially relevant (Fig. 1).
The Barcelona-Figueres line, which corresponds to
the railway line via Matard6, was leveled in 1914-1915,
1952 and 1964. The sinking of the Selva basin of 2.5
mm/yr (anomaly A) could be of tectonic origin. The
Vic-Figueres line, which runs along the road, was lev-
eled in 1891 and 1906; the profile shows an anomaly
of 3 mm/yr (B), which could be of tectonic origin.
This anomaly indicates the sinking of the eastern
block, and 1s placed at the northern end of the Amer
fault.

Preliminary studies for a paleoseismologic
analysis

Geologic, geomorphologic and geophysical studies
were undertaken to select the most suitable sites to
investigate the paleoseismology of the Amer fault.
These preliminary studies are part of the PALEOSIS
project (PALEOSIS, 1999), which deals with the ar-
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eas of Western Europe showing moderate seismicity
(Fleta and Goula, 1998; Fleta et al., 1999).

Geology and geomorphology

The Amer fault 1s a Late Neogene NW-SE trending
normal fault and is one of the westernmost faults in
the fault system related to the Emporda Neogene
basin (Fig. 1). The fault plane dips 60° to the east and
the average throw vary between 1,000 and 1,400 m
(Saula et al., 1996). The Amer fault 1s located in an
area where erosion has been dominant during its ac-
tivity. A number of small alluvial fans were formed at
the foot of the mountain front and covered the fault
trace. The geological field study enabled the i1dentifi-
cation of the fault trace on the Eocene outcrops, tacil-
itating information on its location under the Quater-
nary sediments.

Two arguments support the view that the Amer
fault shows more recent tectonic activity than the oth-
er parallel faults of the system: (1) the migration of
volcanism towards the west since the Late Miocene;
this volcanism 1s Late Miocene in the Emporda Neo-
gene basin, whereas the last lava flow, related to the
Amer fault i1n the west 1s dated to ca 10,000 yrs old
(Guerin et al., 1986); and (2) the analysis of topo-
graphic profiles showing that the distance between
the water divide and the fault trace across the Amer
fault (IT'1 profile in Fig. 1) 1s smaller than on T, and

T, profiles; this suggests a very young topography
controlled by the recent activity of the Amer fault
(Fig. 2) (Lewss et al., 2000).

The Amer fault consists of two segments with a
shightly different strike (Figs. 3 and 4). The northern
segment 1s 15 km long and the southern one 1s 17 km
long. Both segments show geomorphic features, sug-
gesting recent activity: triangular facets, wine glass
shaped drainage basins and alluvial fans with possible
fault scarps (Ferrer et al., 1999a).

There are at least two generations of triangular
facets, the slopes of the most recent facets ranging
from 17° to 31°. The comparison of these values with
those of the slopes of the triangular facets of Basin
and Range -USA- (Wallace, 1978) and, in particular,
with those of the Cerdanya basin -NE Spain- (Briais
et al., 1990) suggests a Plio-Quaternary age for the
triangular facets of the Amer fault.

The drainage pattern along the Amer fault moun-
tain front consists of an array of wine glass drainage
basins, a typical geometry related to active fronts
(Fig.4). The average spacing index of the drainage
basins ranges between 0.28 and 0.56 and is similar to
those found in the mountain fronts of the Basin and
Range (Wallace, 1978).

Along the mountain front recent small alluvial fans
have their apexes upstream in the mountain front
covering the Amer fault.

The southern segment runs parallel and close to
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Fig. 3. Geomorphologic sketch of the Amer fault. The fault pre-
sents two segments, the northern segment, 15 km in length and
NNW-SSE oriented, which 1s adjacent to the Bas Valley to the west,
and the southern segment, 17 km in length and NW-SE oriented,
which follows the western slope of the Brugent Valley. The location
of the Pinya borehole with an available dating of the recent lacus-
trine sediments 1s also indicated.
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the Brugent River, whereas the northern segment is
adjacent to the Plana d’en Bas (Bas Plain), which 1s
crossed by the Fluvia River, to the west. These two
valleys underwent a different geologic and geomor-
phic evolution in recent times.

During the Quaternary, the Brugent valley was
characterized by a continuous incision with the result
that terraced deposits (alluvial fans and river terraces)
formed along the valley. In this valley, Quaternary de-
posits of different ages can be observed, the oldest be-
ing located at higher topographic levels. Morphologi-
cal scarps are present, where the fault trace is overlain
by alluvial fans, e.g. in the vicinity of the Font Picant,
to the north of Amer.

The upper Fluvia valley has undergone a complex
geomorphic evolution since 700,000 yr BP (Guardia,
1964). Repeated eruptions dammed the valley giving
rise to lakes upstream. In different episodes the river
terraces were covered with lacustrine deposits and the
river profile was altered (Fayas and Doménech, 1974;
Cros, 1986). The last eruption damming the Fluvia
River, the Bosc de Tosca lava flow, occurred 17000
years ago (Guerin et al., 1986) and i1s responsible for
the present horizontal surface of the valley bottom,
the Plana d’en Bas. The lake filled up completely in
historical times and some residual marshes remained
until very recently. Therefore, the Bas Valley is charac-
terized by a very recent plain where the Fluvia River
1s just beginning to incise and where the lacustrine
deposits have buried the Fluvia terraces. The alluvial
fans formed along the northern segment of the Amer
fault, interfinger distally with the alluvial and lacus-
trine sediments of the Plana d’en Bas (Cros, 1986).

'In the Plana d’en Bas, continuous sedimentation
occurred 1n the last 17,000 years, whereas the Qua-
ternary deposits of the Brugent valley are character-
1zed by important erosional gaps. Consequently, we
focused our research on the Plana d’en Bas, where
the probability of detecting the most recent large
earthquakes generated by the Amer fault is greater
than in the Brugent Valley. Henceforth, we shall only
refer to the northern segment of the Amer fault.

The topography of the Quaternary deposits cover-
ing the two branches (F1 and F2) of the Amer fault
shows a number of steps (Fig. 5), most of them coin-
ciding with man-built terrace-walls. In an attempt to
ascertain whether these terrace walls correspond to
fault scarps reworked by man, a number of longitudi-
nal topographic profiles were performed on the Qua-
ternary alluvial fans using existing data and different
techniques: 1) analysis of the digital elevation model
of Catalunya (15x15m) (ICC, 1999b); ii) analysis of a
digital elevation model (10x10m), a specially ordered
topographic restoration of about 235 Ha (SYSIGSA,

1999); m1) profile leveling with total station (Ferrer et
al., 1999b), and 1v) two Differential Global Position-
ing System surveys (Estruch, 1999). Four sectors
were nvestigated (A, B, C and D in Fig. 5).

When presenting the results obtained, we shall only
report on five topographic profiles located at three
sites: Sant Privat (A8 profile), Joanetes (C5 and TS-
C) and els Hostalets (D1 and TS-D1). C5 and D1
profiles correspond to selected points of differential
GPS surveys. The A8 profile was drawn from the
available 10x10 m digital elevation model. TS-C and
TS-D1 profiles were leveled with a total station. The
longitudinal profile of the alluvial fans does not seem
to be offset by a recent slip of the two branches of the
fault, as demonstrated by the examples of the Els
Hostalets and Joanetes fans (Fig. 5b). Moreover, the
fan surfaces join the horizontal surface of the Bas val-
ley imperceptibly.

Only the A8 profile along the Sant Privat riverbed
(Fig. 5¢) shows a scarp with an offset of about 2.5 m,
which does not seem to have been altered by man.
The Sant Privat alluvial fan shows a number of a few
meter high terrace walls, displaying a complex geom-
etry. T'he scarp described on the riverbed roughly co-
incides with one of these walls on the northern side of
the river. On the southern side of the river, a traver-
tine formation seems to have formed on this scarp.
‘The anomalous slope of the riverbed is located on the
travertine formation, which probably hindered a rapid
incision of the river. If this interpretation was correct,
the scarp located on the riverbed would represent a
remnant of a scarp, probably a fault scarp, on which
the travertine was formed. The fan where the scarp is
located 1s considered to be old because the surface
that joins the plana d’en Bas valley (young alluvial
tan) i1s 1n a lower position.

Sedimentation and vertical fault slip rates

The lacustrine deposits of the Plana d’en Bas consist
of an alternating sequence of clay, fine sand and peat
levels overlying on fluvial gravel that corresponds to a
buried river terrace. The La Pinya borehole (location
in Fig. 3) drilled 10 m of lacustrine sediments before
reaching fluvial terrace deposits, and a peat sample
taken at a depth of 6 m yielded a Radiocarbon age of
7340x80 years (Mallarach et al., 1986). This means a
sedimentation rate of ca 0.8 mm/yr during the last
7,000 years.

We can also estimate the average Plio-Quaternary
rate of vertical slip of the Amer fault from the height
of the most recent triangular facets. The offset of the
facets 1s approx 250 m (Ferrer et al., 1999), and as-
suming 5-2 My for this period we can estimate a ver-
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tical slip-rate ranging between 0.05 and 0.125 mm/yr.
The sedimentation rate 1s nearly one order of magni-
tude greater than the fault slip rate. This could ac-
count for the absence of morphological scarps pro-
duced by fault activity on the most recent sediments.

Geophysical studies

We used geophysical techniques to 1) 1nvestigate
whether the scarp detected in the vicinity of Sant Pri-
vat could be caused by the Amer fault, and 1)
whether this fault cuts through Quaternary sediments
where scarps are absent as in the Joanetes valley.

The geophysical survey was carried out 1n two ar-
eas of the western slope of the Bas valley where the
northern segment of the Amer fault crosses two Qua-
ternary alluvial fans (sectors of Sant Privat, A, and
Joanetes, C in Fig. 5). Two earlier geophysical surveys
(Cros, 1986; SGC, 1998) were considered. Three
geophysical devices were used to characterize the
shallow Quaternary levels: 1) electric logs (a symmet-
ric Schlumberger device); i1) a dipole-dipole method
(an AB and MN device of 4 m on the ground and a 2
m spacing grid in cross section), and 111) a seismic sur-
vey (1 m of spacing and 45 sensor stations by shot).
The works performed are fully described in ICC
(1999¢) and Martinez et al. (2000). The GPR profiles
carried out in these sectors did not yield usetul results
because of to the high water content and the coarse
size of the materials (Gourgot and Molas, 1999).

On the Sant Privat Quaternary alluvial fan (Fig. 5,
sector A, geo-electric profile I-I’) electrical logging
(12 electrical logs) provided evidence of some resis-
tivity anomalies by a high lateral contrast (Fig. 6a).
The trace of fault F2 deduced from the outcrops on
the nearby bedrock is located between el-17 and el-16
(Fig. 6a). The high lateral contrast of resistivity de-
tected could, therefore, be produced by fault F2. len
tomography sections of approx 100 m in length and
12 m in depth have been performed (ICC, 1999c¢) to
verify this anomaly and to investigate the structure
beneath the scarp detected by topographic leveling
(Fig. 5¢). We obtained the best results at Mas Soques
(A6 in Fig. 5). The profile obtained at this site shows
a relatively high electric contrast of the apparent resis-
tivity values following an east-dipping line (letter G in
Fig. 7). This anomaly roughly coincides with the
topographic scarp and the trace of fault F1 deduced
from bedrock outcrops (F1 in Fig. 5, and s and G 1n
Fig. 6a). On the right side of the profile, a gently dip-
ping electric contrast (non labeled arrow) could cor-
respond to a stratigraphical discontinuity such as the
erosion surface overlain by coarse conglomarates ob-
served in the neighboring outcrops. However, the

steep dipping electrical contrast, G, (Fig.7) may cor-
respond to a fault, indicating that faulting affects
shallow Quaternary beds.

‘This suggests that in the Sant Privat valley, fault F1
reaches the topographic surface through the Quater-
nary deposits. The scarp south of Mas Soques, which
1s modified by agriculture, could correspond to a fault
scarp, and the morphological scarp on the Sant Privat
riverbed to a remnant of this scarp.

‘Ten electrical logs, 5 tomography sections and 2
seismic reflection profiles were carried out on the
Joanetes Quaternary alluvial fan (zone C, Fig. 5), ex-
actly on the prolongation of the faults observed in the
bedrock (Fig. 6b, see profile location in II-II’ profile
in Fig. 5). Tomography and seismic reflection profiles
at the Fusteria and Estrucos sites (S1 and S2 in Fig. 5)
yield some information on the deformation affecting
Upper Quaternary levels. The high-resolution seismic
reflection profiles measured at Fusteria and Estrucos
were 72 m and 140 m long, respectively. The energy
source was provided by a 8 kg mass hammer and the
data recorder was a long 32-bit seismograph with geo-
phones of 40 Hz resonant frequency spaced at intervals
of 1 m along the profiles. Processing included walk-
away test, static corrections, FK filtering, normal
moveout corrections, band-pass frequency filtering,
CDP/ensemble stack, automatic gain control, coheren-
cy filter and trace mixing (Martinez et al., 2000).

At Fusteria (Fig. 8), the tomography profile shows
three east-dipping anomalies (G1, G2 and G3), which
seem to correlate with some distortions (gl, g2 and g3)
of the horizontal reflectors of the seismic profile at
depth. These distortions do not seem to cut the upper-
most Quaternary levels. The three described anomalies
are distributed along a 30 m stretch of the profile.

At Estrucos (Fig. 9), three anomalies are also
found, but in this case these are distributed along a
100 m stretch of the profile. The comparison of the
tomography and seismic profiles suggests a correla-
tion between the distortions of the seismic reflectors
and the weak anomalies of the tomograpphy profile.
As at Fusteria, the uppermost levels of the Quater-
nary deposits do not seem to be deformed.

‘The uppermost Quaternary deposits do not seem
to be deformed in the Sant Privat valley by fault F1
which 1s probably sealed by these deposits.

Conclusions and discussion
The following conclusions can be drawn
No evidence of surface deformation was found at

sites where the topographic surface is formed by very
recent deposits (Holocene). This 1s the case of the
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Joanetes and the Els Hostalets alluvial fans whose
surfaces imperceptibly join the horizontal Plana d’en
Bas topographic surface.

Scarps interpreted as fault scarps produced by the
Amer fault were only observed on old alluvial fans,
probably Pleistocene in age. The scarp in the Sant
Privat valley constitutes such an example.

‘Tomography and seismic profiles suggest that de-
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formation related to the Amer fault reaches Quater-
nary levels, although this does not affect the upper-
most horizons. The profiles performed at Fusteria
and Estrucos illustrate this feature.

Discussion

Since the Amer fault provides geomorphologic evi-
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Fig. 6. Geo-¢lectric profiles of the Bas Valley. a) Sant Privat area (sector A in Fig. 5). The measured apparent resistivity in depth indicates two
major anomalies between el-22 and el-16 logs that might be related to faults F1 and F2 indicated by ?’, whose location 1s shown in Fig. 5. b)
Geo-electric profile of the Joanetes area (zone B in Fig. 5). From the measured apparent resistivity in depth we can deduce two major anom-
alies between el-40 and el-32 logs that might be related to faults F1 and F2 indicated by ‘?’whose location is shown in Fig. 5.

dence of homogeneous behavior along 1ts entire
length, 1t 1s reasonable to assume that the maximum
expected earthquakes could be caused by the rupture
of each of the segments (approx 15 km), or by the
rupture of the entire fault (approx 30 km). These
earthquakes would be larger than the historical ones,
and, in accordance with the data published by Wells
and Coppersmith (1994), would have magnitudes of
ca 6.5 and between 6.5-7 respectively. Earthquakes of
such magnitudes would form scarps of 0.5 m and 1 m
in height, and could be investigated by means of pale-
oseismological techniques in trenches. However no
scarps are present at sites with recent continuous sed-
imentation.

‘The absence of scarps can be explained by consid-
ering the magnitude of the different parameters in-
volved. Scarps of 0.5 m to 1 m 1n height would be to-
tally buried after 625 to 1250 years of deposition giv-

en a sedimentation rate of 0.8 mm/yr. The average re-
currence interval for events producing scarps of 0.5 m
would range between 4,000 and 10,000 years if we
consider vertical slip-rates varying between 0.05 and
0.125 mm/yr as previously estimated. With the same
slip-rates, the average recurrence intervals for the for-
mation of 1 m high scarps would range between
8,000 and 20,000 years. Thus, the estimated recur-
rence intervals are 4 to 20 tumes greater than the time
required for burying the scarps.

A near fault paleoseismic investigation requires
trenching across the fault and to detect and analyze
the geological record (buried scarp associated with
colluvial wedge, for ex.) of past large earthquakes,
preferably the most recent ones. The record of the
14277 earthquakes on the surface must have been very
weak because of its magnitude. If this record had ex-
isted it would probably have been destroyed by farm-
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Fig. 7. Tomography profile at Mas Soques. High electric contrasts shown by arrow G can be related to the presence of surface ruptures. The
arrow without label can be related to a stratigraphic discontinuity. This profile 1s not topographically corrected.
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Fig. 8. Geophysical prospecting
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ing, which has taken place since the Middle Ages. The
geological record of the most recent large earth-
quakes should be found along the northern segment
of the fault, where the damming of the Fluvia valley
by a lava flow 17,000 years ago led to a continuous
sedimentation. However, the maximum depth of a
trench is an important limitation given the sedimen-
tation rates involved. It is probable that a trench
reaches only the sediments deposited after the last
large earthquake, and does not reach the fault.
Trenching across scarps on old alluvial fans (southern
segment and the Sant Privat valley in the northern
segment) can yield insights into the previous activity
of the fault.
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10 m are clearly distorted (1.e.
gl case, in b), but uppermost
Quaternary levels are not.
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