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The Azambuja fault is a NNE trending structure located 50 km north of Lisbon, the capital and most populous city
of Portugal. The fault has been considered as a possible source for the historical, large earthquakes. Under-
standing this fault is a priority in seismic hazard evaluation of this region. The fault has a clear morphological
signature. Miocene and Pliocene sediments are tilted eastward and cut by steeply dipping mesoscale fault seg-
ments, presenting reverse and normal offsets with a net downthrow to the east. Neotectonic studies indicate a
Quaternary slip on the fault of 0.05-0.06 mm/year. However, no direct evidence of the Azambuja fault affecting
the Pleistocene or Holocene sediments was found so far. Here, we present the findings from high-resolution
seismic reflection studies using both P- and S-waves over the Holocene deposits. The detection of small-throw
faulting in ductile sediments is a challenging task. We show that multiple signatures, like perturbations in the
reflection hyperbolae visible in shot and CMP gathers, interruptions of reflectors in stacked sections, lateral
seismic velocity variations obtained by horizon velocity analysis, all at coincident locations, strongly suggest that
the activity of the Azambuja fault has affected the Holocene sediments in the study area. The lateral velocity
variations are corroborated by wavepath eikonal traveltime tomography and velocity analysis supported by
seismic modeling. By means of 2D viscoelastic modeling, we explain the absence of fault-related diffractions and
negligible back-scattered energy from the fault. Using data from nearby boreholes, we find that the 15 ka old
alluvium cover has indeed been disturbed by the presence of shallow fault strands. Considering the estimated
vertical throws and the empirical relationships between fault length, co-seismic rupture and magnitude, a slip
rate of 0.07 mm/y, slightly larger than previously thought, is expected for this fault.

1. Introduction

The Lower Tagus Valley, located in the central mainland of Portugal,
includes the densely populated (>3.5 million) area of Lisbon. The region
has been affected in the past by multiple earthquakes causing loss of
lives and considerable material damages. It is, therefore, important to
correctly evaluate the seismic hazard of the region. In the last 800 years,
large plate-boundary earthquakes occurred in 1755 and 1969, whereas
local intraplate moderate-sized earthquakes occurred in this area at least
in 1344, 1531 and 1909 (Fig. 1). In this research, we study the Azambuja
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fault, an intraplate structure located about 50 km north of Lisbon
(Fig. 1). This fault presents one of the best evidence of neotectonic ac-
tivity in this area (Cabral et al., 2004).

The Azambuja fault is a NNE oriented structure located in the Lower
Tagus Cenozoic Basin. In the Azambuja village area, the published
geological maps (Zbyszewski and Veiga Ferreira, 1967; LNEG, 2010)
show a fault contact between the Miocene and the Pliocene sediments
along an extension of about 7 km. These sediments are located to the SE
of the fault trace, in a lower altimetric position. At the surface, the fault
manifests as a distributed deformation zone where Miocene and
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Pliocene sediments are tilted eastward and cut by steeply dipping
mesoscale sub-faults presenting reverse and normal offsets with a net
downthrow to the east, as observed in a few outcrops near Azambuja
(Cabral et al., 2004).

The fault has a clear morphological signature, represented by a 15
km long east-facing scarp with a maximum height of 80 m near Azam-
buja, where the fault presents a higher vertical offset (Cabral et al.,
2004). From the Tagus river alluvial plain at Azambuja to the Pontével
Creek in the NNE, the scarp is about 7 km long (Fig. 2a, see also Carvalho
et al., 2014). It is interrupted by a 3 km wide gap at the Pontével Creek,
continuing further NNE for about 5 km. According to Cabral et al.
(2004), the creek coincides with a 1 km left-lateral stepover, where the
fault may be segmented at the crustal level. The authors also suggest that
the Pontével Creek location is controlled by a pronounced active syn-
form, as suggested by the opposite tilting of the Miocene sediments on
both margins. To the NNE, the Azambuja fault probably extends until
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the NW-SE oriented Vale de Santarém fault zone (D’ Amato et al., 2009,
see Fig. 2b), which is part of a WNW-NW trending fault system that
affects the Lower Tagus Valley region (Carvalho et al., 2014; Carvalho
et al., 2017). The two deformation zones seem to control the disposition
of the Pliocene sediments on the downthrown block of the Azambuja
fault. Based on oil-industry (P-wave) seismic profiles, Cabral et al.
(2004) assumed the prolongation of the fault to the SSW, on the Tagus
alluvial plain, at least up to the S1 profile. The orientation of the primary
P-wave profile S1 was roughly E-W, and it was located approximately at
the same latitude as Benavente (Fig. 2a). P-wave reflection data also
allowed to characterize the fault as a high-angle thrust fault that caused
a vertical offset of about 200 m on the base of the Cenozoic sediments
located below the Holocene alluvial cover. Considering this prolonga-
tion, we estimate an extension of approximately 20 km for the southern
segment.

The Azambuja fault is considered to be an active fault (Cabral et al.,
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Fig. 1. (a) Seismotectonic setting of the mainland Portugal and the adjacent area (adapted from Custodio et al., 2015), illustrating also the location of the study
region (red rectangle) in relation to Eurasian (EU) and African (AF) plates. The yellow shade marks a zone of diffused deformation. (b) Historical (till 1910) and
instrumental earthquakes (source: Portuguese Institute for the Sea and Atmosphere [IPMA]) with M > 5 displayed as circles, where the radius correlates with the
earthquake magnitude. For M > 6 earthquakes, the dates and the respective magnitudes are given. “M?” means unknown magnitude. The black rectangle shows the
location of the present study area. (c) Potentially active regional faults. PT: Porto-Tomar fault; PRV: Penacova-Régua-Verin fault; MVB: Manteigas-Vilarica-Braganca
fault; SL: Seia-Lousa fault; Po: Ponsul fault; NCRV: Nazaré-Caldas da Rainha-Vimeiro fault; Ot: Ota fault; LTV: Lower Tagus Valley fault; PNS: Pinhal Novo-Settbal
fault; PA: Porto Alto fault; AP: Alentejo-Placencia (Messejana) fault; VM: Vidigueira-Moura fault; SE: S. Estevao fault; Qu: Quarteira fault; Po: Portimao fault; AST:
Azambuja-S. Teotonio fault; Go: Gorringe fault; MP: Marqués do Pombal fault; Ho: Horseshoe fault; CPR: Coral Patch Ridge fault; PB: Portimao Bank fault; CW: Cadiz
Wedge; SWIM-1/2: SouthWest Iberia Margin lineaments; Cad: Cadiz fault. (For colour representation in this figure, the reader is referred to the web version of
this article.)
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Fig. 2. (a) Location of the seismic reflection studies relative to the Azambuja
fault scarp. The blue line represents oil-industry P-wave seismic profile (ar8-
81), shown in Fig. 3; the red rectangle indicates the area of the shallow seismic
reflection profiling performed in the present research. The geology is adapted
after LNEG (2010); (b) Google Earth™ image showing the location of the P-
wave (continuous yellow line and marked AZA1) and S-wave (dashed blue
lines, marked as AZA1S and AZA2S) shallow reflection profiling performed in
this study, the possible southwards extension of the Azambuja fault (white
dashed line) and the nearby boreholes (numbered red circles) used in inter-
pretation; (c) cross-section derived from these borehole data, illustrating the
lateral correlation of the base of the Holocene. He - Holocene clay, silt and sand
layers; Hsp - Holocene sand and pebble layers; M - Miocene units. (For colour
representation in this figure, the reader is referred to the web version of
this article.)
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2003, 2004). Cabral et al. (2013) hypothesized that this fault could be
the seismogenic source for the 1909 Benavente earthquake. For the
characterization of its seismogenical potential, Cabral et al. (2004)
assumed two length values: 15 km, considering a southern sector in
which the fault segmentation near Pontével behaves as a barrier for
seismic rupture; and 25 km, assuming a whole-length rupture. Based on
this and on the vertical displacement of several Quaternary erosional
surfaces, they estimated a moment magnitude of 6.4-6.7 for maximum
earthquakes, with a recurrence period of 10,000-25,000 years. The
Quaternary slip of the fault was estimated to be in the range 0.05-0.06
mm/year. However, the activity of this fault in the Holocene was not
established so far.

Due to small slip-rates and a long recurrence time-interval in the area
(Cabral et al., 2004; Carvalho et al., 2006; Vilanova et al., 2014), the
surface ruptures are easily erased by erosion and/or are covered by the
river Tagus sedimentation. Dating of the alluvium cover in the nearby
area has established an age of 15 ka for the 50 m thick column of sed-
iments (Carvalho et al., 2006). These sediments are composed of sands
and clays with a layer of pebbly sands at the base. The Holocene sedi-
ments cover a Miocene sedimentary succession of clayey sandstones,
sandstones, clays, and fossiliferous marls and limestones (Zbyszewski
and Veiga Ferreira, 1968). In the alluvial plain south of Azambuja the
Pliocene formation is absent. The Pliocene sediments must have been
eroded by the Quaternary incision of the Tagus river.

The flat alluvial plain and the lack of outcrops also prevent the
detection of the fault trace in the Holocene sediments. For these reasons,
in order to study the fault activity in the Tagus alluvial plain, a careful
use of selected, high-resolution geophysical methods is needed. The
seismic reflection method is one of the most suitable exploration
methods in clayey and shallow-water-table environments, and has been
applied many times in the past to locate seismogenic faults (e.g., Shti-
velman et al., 1998; Floyd et al., 2001; Williams et al., 2001; Kaiser
et al.,, 2011; Ghose et al., 2013). In this type of environment, ground
penetrating radar often fails to produce useful results, and electrical and
electromagnetic methods, besides having generally a lower resolution
than seismic in a clayey environment, require a powerful electrical
source due to the presence of salty water and shallow water table.

In the present research, we have at first tested the shallow P-wave
seismic reflection method to investigate the possible presence of the
Azambuja fault below the Holocene sediments at the Tagus alluvial
plain, south of the known fault outcrops. The location of this profile is
shown in Fig. 2b. We have found indications of multiple shallow fault
strands in the P-wave reflection data, but the resolution was not suffi-
cient. Subsequently we have carried out high-resolution S-wave reflec-
tion surveys at the same site (see location in Fig. 2b), and have identified
a number of different signatures in the data that might indicate the
presence of deformation in the shallow soil layers due to synsedimentary
faulting (e.g., Sugiyama et al., 2003; Inazaki, 2004; Harris, 2009; Car-
valho et al., 2016, Onyebueke et al., 2018; Hunter et al., 2022). We have
checked the plausibility of these features in the S-wave reflection dataset
through forward modeling, mimicking the field condition and the
acquisition set up. To corroborate the results, we have also performed
continuous horizon velocity analysis (HOVA), velocity analysis sup-
ported by seismic modeling (VASSM), and first-arrival traveltime to-
mography (FATT) using wavepath eikonal traveltime (WET) inversion.

In the following sections, we present at first the different method-
ologies and the details of field data acquisition and data processing. We
then present the results and their interpretation. Based on our findings,
the characteristics of the Azambuja fault in terms of fault throw, fault
length, slip rate, and their seismogenic implications are discussed.
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2. Methodology

2.1. Fault trace identification in the alluvial plane: P-wave seismic
reflection

Fig. 2a shows the location of the nearest outcrop of the Azambuja
fault relative to the site of the present seismic reflection studies. Detailed
locations of the P-wave profile and 5 nearest boreholes are marked in
Fig. 2b. The profile locations were selected assuming a straight pro-
longation of the fault to the SSW from the outcrop. Prior to this study,
the only seismic profile to image the fault outcrop was acquired in 1981
by CGG for the oil industry. In this P-wave profile, which is shown in
Fig. 3, the fault is imaged as a steep, deep-rooted structure, but the
acquisition parameters of this seismic profile did not allow a proper
imaging of the shallow subsurface. Other regional faults such as the Ota
fault (Wilson et al., 1989; Carvalho et al., 2017) or the Lower Tagus
Valley Fault zone (see Canora et al., 2021 and the references therein) are
visible in the profile. The near-surface is poorly imaged in the
oil-industry profile due to the acquisition geometry. Such a
low-resolution image does not allow verifying if the fault affects the
near-surface where mostly the Neogene sediments outcrop. Therefore, it
was decided to try to locate the fault on the SSW of the known fault
outcrop, in the alluvial plain covered by the Holocene sediments
(Fig. 2a).

After initial walkway noise tests, shallow P-wave reflection data
were acquired in this study using 48 active receiver channels, and 1.5 m
interval for both sources and receivers. During processing, in order to
homogenize the acquisition geometry along the entire profile length and
prevent appearance of acquisition footprints, we reduced the data to an
end-on geometry using 36 active channels. This resulted in a constant
CMP fold of 18 along the entire profile, and a source-to-the-nearest-
receiver distance of 4 m. An accelerated weight drop (250 kg) seismic
source was used to generate the P waves; the total trace length was 1 s,
with a time-sampling interval of 0.25 ms.

The data were acquired over a flat, hard, asphalt road; the receivers
were planted close to the edge of the road. The water table at the time of
data acquisition was approximately at 2 m. The compacted surface
condition was responsible for a frequent second hit of the source-plate
on the ground after the main hammer blow, which caused a second
arrival at a time of around 300 ms. These reverberations were difficult to
eliminate from the shot gathers through data processing. For this reason,
the noise-cone muting had to be performed. Data processing included
geometry installation, bandpass filtering, first-arrival muting, f-x
deconvolution, residual (surface consistent) static correction, velocity
analysis, and CMP stacking.

Mesozoic
outcrops

W

OF

Cenozoic
outcrops
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The data were migrated after stacking. This was followed by filtering
and amplitude enhancement. Unmigrated and migrated stacked sections
for the Azambuja P-wave reflection profile are shown in Fig. 4a and b.
Using an 1D velocity function obtained from the stacking velocity field,
we have depth-converted the time section. The tentative depth section is
shown in Fig. 4c.

2.2. Imaging shallow fault strands under Holocene sediments: S-wave
seismic reflection

The indications of faulting in the shallow sediments noticed in the P-
wave reflection data needed greater details of the fault strands, appro-
priate for the purpose of fault-throw quantification and deformation
assessment. For this reason, two shallow, S-wave seismic reflection
profiles were planned. In such unconsolidated soils, S-waves can provide
much superior resolution than P waves primarily because of the very low
S-wave velocity in soft soils, but also due to the good sensitivity of S-
wave to subtle changes in soil composition and texture (Ghose and
Goudswaard, 2004; Harris, 2010; Ghose et al., 2013). Considering the
typical values for P- and S-wave velocities in shallow soil layers in this
region, and the frequency of the observed P- and S-waves in our seismic
experiments, the vertical resolution in seismic trace data (assuming
Rayleigh criterion of one-quarter of the wavelength) is about 2-3 m for
P-waves and 0.3-0.5 m for S-waves (Carvalho et al., 2006, 2016; Ghose
et al., 2013).

S-wave reflection surveys were carried out at two closely located
sites with very different surface conditions. As the area was highly
cultivated, it was possible to carry out seismic investigations only at
these two sites. The first S-wave profile was 55 m long, and it overlapped
the first part of the shallow P-wave reflection profile (Fig. 2b). The
second S-wave profile, parallel to the first profile, was 90 m long, and
was located at 30 m distance from the first profile, along a pathway
made of compacted alluvium (Fig. 2b). The seismic source used for S-
wave generation was a wooden plank hit on its sides with a metal
hammer. The wooden plank was pressed with the wheels of a heavy car,
providing a good coupling with the ground. As in the previous case, 48
geophones were used in data acquisition, however during data pro-
cessing the number was reduced to 36 geophones per shot in order to
homogenize the acquisition geometry and the CMP fold along the entire
profile and prevent imaging artefacts. The shortest source-receiver offset
was 4 m. The receiver spacing was 0.75 m; it was carefully chosen such
that there was no spatial aliasing in the data. The seismic wavefield was
recorded for 1 s, with 0.25 ms data sampling interval.

As both sites were flat, no elevation static correction was necessary.
Also, little P-wave contamination was observed in the S-wave data, and

NNW

LTVFZ ? AF

Fig. 3. P-wave seismic reflection profile acquired for oil-industry by CGG, showing the Azambuja Fault (AF) as a steep-dipping structure. See similar interpretation in
Cabral et al. (2004) of the Azambuja fault along this same profile. Black continuous line - top of the Mesozoic; thick dashed line - top of the Palaeozoic; OF - Ota fault;

LTVFZ - Lower Tagus Valley Fault Zone. See Fig. 2 for the profile location.
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P-wave: reflection seismic
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Fig. 4. (a) Unmigrated, (b) post-stack time-migrated, and (c) depth-converted stacked sections for the shallow P-wave seismic reflection profile at Azambuja. Arrow
at the top margin indicates location of an important change found in the alluvial sediments. Vertical throws in the Holocene are not resolved in P-wave data (vertical
resolution 2-3 m), but the eastern part of the section suggests deformation of alluvial sediments. In the depth-converted section, the horizontal dashed line (in grey)
marks the interpreted base of the Holocene alluvium layers based on data from nearby boreholes, while the black vertical lines represent interpreted fault strands.

therefore left- and right-hitting of the source-plank and subsequent
subtraction of datasets were not necessary. Only one side of the source-
plank was hit. This reduced the possibility of loss of resolution, which
happens when the source wavelets from left and right hits are not suf-
ficiently similar. Surface (Love) waves were absent in the first profile
due to the hard asphalt road laid above the low-velocity alluvium. At the
second site too, the compaction of the top-soil due to the passage of
vehicles was responsible for the generation of little Love waves by the
sledge-hammer source.

The data processing sequence consisted of geometry installation,
bandpass filtering, first-arrival muting, spectral whitening (25-70 Hz),
velocity analysis, and CMP stacking using an 1D velocity function.
Surface consistent statics were not applied to avoid possible cycle
skipping and prevent disturbing any subtle signature of faulting in the
soft sediments. As with the P-wave, data were afterwards DMO-
corrected and then post-stack migrated using a phase-shift algorithm
(Gazdag and Squazzero, 1984). This was followed by filtering and
amplitude enhancement. Unmigrated and migrated stacked sections for
the Azambuja S-wave reflection profiles are shown in Figs. 5 and 6. As
before, using an 1D velocity field derived from the stacking velocities for
each profile, tentative depth sections were obtained from the stacked
time sections (Fig. 7).

2.3. Evidence from the velocity field: HOVA, VASSM and FATT

To check the tectonic origin of these discontinuities/disturbances in
CMP, shot gathers and in the stacked sections, we examined the velocity
field at each CMP location (CMPs are spaced at 0.38 m) using automatic
horizon velocity analysis (HOVA), following the approach proposed by

Ghose et al. (2013). For this purpose, the most prominent seismic ho-
rizons were chosen in a stacked section, and a time window around the
automatically picked peak amplitude at these horizons was fixed. The
semblance value for the chosen reflection event in each CMP gather was
then estimated for various stacking velocities. The result is shown in
Figs. 9a and b for several reflection horizons in profile 1 and 2, between
100 and 600 ms two-way-time.

Next, we performed velocity analysis supported by seismic modeling
(VASSM), which can be described as follows. Velocity analysis per-
formed on CMP gathers from profile AZA1S provided the stacking ve-
locity for the S-wave reflections. From this stacking velocity, we
calculated the interval velocity in time (Dix, 1955). This velocity func-
tion was converted to depth to generate the initial model, Vsy. Common-
receiver-stacking was then performed to produce a brute-stack.
Although the acquisition design of AZA1S uses an end-on configura-
tion, the common-receiver brute-stack resembles that of the end-on
geometry (Fig. 9c1) and has the same characteristics of a plane-wave
survey, as if all the sources were turned on at the same (zero) time.

The thus-obtained brute-stack constituted a compacted version of the
dataset. Let us call this dyps. Aided by acoustic forward modeling, we
then generated a plane-wave synthetic seismic dataset dc,c. The objec-
tive of the forward modeling was to fit the kinematics of d,ps with that of
dcale- To perform acoustic wavefield modeling, we needed velocity and
density fields. For the velocity, we used Vs (S-wave interval velocity).
As we did not have the density field, we estimated it from the time-
migrated section using the following procedure. First, the time-
migrated section was depth-converted using Vsg. The resulting depth
section was normalized, multiplied by a scale factor, and a constant
value of 2.0 Kg/m® was added. Though the obtained density values are
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Fig. 5. Unmigrated (top) and post-stack time-migrated (bottom) stacked sections for the shallow S-wave reflection profile 1 (AZA1S), which is partially coincident
with the shallow P-wave reflection profile (Fig. 4).
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Fig. 6. Unmigrated (top) and post-stack time-migrated (bottom) stacked sections of the shallow S-wave reflection profile 2 (AZA2S), acquired 30 m north of and
parallel to the shallow P-wave profile and the S-wave profile 1 (Figs. 4 and 5, respectively). Arrows in the unmigrated stack indicate possible diffractions whose
locations match with the location of the interpreted fault strands shown in Figs. 7 to 10. Several other diffractions - not marked — can also be traced; they probably
originate at deeper fault strands which are not investigated in this research.
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S-wave: Depth section - profile AZA2S
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Fig. 7. Depth-converted S-wave reflection profiles 1 and 2 using an average 1D
velocity function obtained from the stacking velocity. The letters on the top and
the black vertical lines indicate locations of interpreted major fault strands at
places where anomalies are marked in Figs. 8 to 10. Downward-pointing thick
arrows indicate possible fluvial channels. Some of the upward-pointing, thin
arrows, located laterally away from the interpreted fault-strand locations,
might mark other geological discontinuities (lithological, grain size, fluid
content, etc.). Thickness of the alluvial cover is estimated at 20 m, based on the
seismic pattern observed in stacked sections and borehole data (see Fig. 2).

typical of sediments of the same age and lithological composition found
in Portugal (e.g., Carvalho et al., 2011), the value does not need to be
accurate. This is because the resulting density section (pg) has only the
purpose of adding contrasts to the model; its absolute value does not
matter, as the main objective of the modeling is to fit the kinematics of
the calculated data to that of the observed data.

The model zero, mg (Vsg, po), used for the first simulation delivers a
synthetic dataset dca1co that does not completely honor the main mapped
horizons. Using the misfit between events at dcaco and dops, we manually
updated the S-velocity model to Vs;. With Vs, another version of the
density field was calculated using the same procedure as described
above. The next round of modeling is then performed delivering the
synthetic data dcae1 (Fig. 9¢2) that fits the main events of the field
stacked data dops (Fig. 9c1). The obtained result lends credibility to the
Vs; field (Fig. 9¢3) as being representative of the subsurface below
profile AZA1S.

As in HOVA, VASSM velocity field shows horizontal changes that are
spatially correlated with the location of the interpreted fault strands. To
further corroborate these results, we picked first breaks in all shot
gathers in S-wave data and performed first-arrival traveltime tomogra-
phy (FATT) using wavepath eikonal traveltime (WET) inversion
(Schuster and Quintus-Bosz, 1993; Watanabe et al., 1999). An 1D
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velocity model with a vertical gradient was used as the initial model. The
result of tomography is shown in Fig. 9d for the profile AZA2S.

2.4. Viscoelastic forward modeling of observed S-wave reflections

In order to investigate the presence/absence of back-scattered en-
ergy in the shot and CMP gathers, and check other evidences of shallow
faulting detected in the S wavefield, we performed 2D viscoelastic
modeling for profile 1 (where no diffractions were observed) using a
finite difference code (Thorbecke and Dragannov, 2011) and a crossline
S-wave source. The frequency band (35-120 Hz) of synthetic data was
similar to that in field data. Noise was not added to synthetic shot
gathers. The velocity model was based on borehole data and the 1D
velocity field derived from the stacking velocities. We emplaced narrow
low-velocity zones at locations of the fault strands (Fig. 10a) as inter-
preted in this study with a velocity which is 10 m/s lower than that of
the surrounding sediments, as found in the results of HOVA, VASSM and
FATT.

We did not incorporate complex fault-zone features that are often
observed in open trenches (e.g., Bonilla and Lienkaemper, 1990; Rock-
well et al., 2009; Figueiredo et al., 2011; Suter et al., 2011; Canora et al.,
2021), such as fault branching, dipping or curved faults, anisotropy, etc.
The effect of the surficial, highly compacted layer, likely to be causing
negligible Love waves in the field data in profile 1, was partially
reproduced in our modeling through introducing an 1 m thick surface
layer with high velocity. This high-velocity top layer indeed caused a
reduction of amplitude of the Love wave train.

Fig. 10b shows a synthetic shot gather (source located at 24 m)
corresponding to the layered model shown in Fig. 10a - which mimics
profile 1 but without the presence of any fault. The field shot gather with
the source at the same position (at 24 m) is shown in Fig. 10c. Fig. 10d
illustrates the same synthetic shot gather but for a model with several
faults (Fig. 10a), and no attenuation (Q = «). Very similar reflection
events (marked as r1-r4) and reflection moveouts are visible between
field and synthetic data. However, the amplitude of the first reflection
(r1) is much weaker in the synthetic gather due to the strong amplitude
of the Love wave train (sw in Fig. 10b). The Loves waves are negligible in
the field shot gather. However, strikingly, the undulations and discon-
tinuities in the S-wave reflection moveout that we observe in the field
shot gathers are marked, and they are very similar between synthetic
and field shot gathers. These locations also match well with the location
of the disturbances noticed in the stacked sections and the lateral ve-
locity changes observed in HOVA panels and in the results of VASSM and
FATT (Figs. 5, 6, 7 and 9).

3. Results
3.1. P-wave data

In the migrated and depth-converted shallow P-wave image (Fig. 4b
and c) we overlaid the interpreted fault strands and the base of the
Holocene alluvial cover. For this interpretation we have used data from
several boreholes located within 1 km distance, and geological infor-
mation (Zbyszewski and Torre de Assungao, 1965; Zbyszewski and
Veiga Ferreira, 1968). These boreholes, with simplified geological logs,
are shown in Fig. 2c; they were drilled earlier for water supply and
geotechnical investigation purposes. The borehole data provided a good
control on the depth of the Holocene alluvium in this area.

According to borehole data, the sandy and clayey alluvium is thicker
to the east of the profile (borehole 5 in Fig. 2¢), reaching a depth of about
33 m. To the west of the seismic reflection profile (boreholes 1-4,
Fig. 2¢), an average depth of 17 m is found for the base of the alluvium.
At this depth, a several-meters-thick pebble layer marks the transition to
Miocene sediments. The assemblage of the shallowest seismic reflectors
shows strong amplitude and a good lateral continuity (up to 80 ms two-
way-time, or approximately 38 m depth), and is in reasonable
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agreement with the depth of the alluvium sediments as observed in
boreholes.

The discontinuous nature of the reflection events in this section
suggests the possible presence of dipping fault strands with some splay
faults reaching close to the surface, in agreement with the geological
outcrop data (Cabral et al., 2004). We suspect discontinuities at several
locations along this seismic profile (Fig. 4b, c). The location at approx-
imately 38 m seems to mark a sudden change in the thickness or the
properties of the alluvium cover, suggesting the possible presence of a
major fault plane (Fig. 4b). This and other fault strands located in the
eastern part of the seismic section are approaching the surface. The
unmigrated image indicates that the impressions of faults are less
affected by the seismic data-processing steps. These fault strands
possibly disturb nearly the entire alluvium cover at this site (see
following section).

3.2. S-wave stacked sections

The stacked sections of both profiles (AZA1S and AZA2S) show
several discontinuities and amplitude changes along the reflectors that
are consistent across depth at lateral locations around 10, 15-20, 38-41
and 48 m in profile 1, and at around 10, 20, 30, 39, 50, 60 and 65-70 m
in profile 2 (Fig. 7). These discontinuities might represent locations of
fault strands (black lines in Fig. 7) that correspond to an extension of the
NNE-oriented Azambuja fault zone, which outcrops 1 km further north
of this site (see Fig. 3). Otherwise, these discontinuities could also be
caused by lateral lithological variations. However, lateral lithological
changes occur at a scale of several meters to tens of meters, and they do
not occur concentrated in time/depth at a fixed locality, as observed in
the seismic sections in Figs. 5 to 7. These lateral changes are also present
in the profile, and a few are indicated in Fig. 7. A tentative base of the
alluvium cover, based on borehole data (Fig. 3) and on the seismic
pattern observed in the stacked sections, is set to a depth of 20 m. Most
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of the interpreted fault strands (except at location 15 m in profile 1 and
locations 19 and 60 m in profile 2) approach the surface - at least till
horizon 1 (~150 ms two-way-time or about 7 m in depth).

To ensure the validity of such interpretation, it is useful to search for
multiple signatures of faulting in the seismic data at these locations
(Ghose et al., 2013; Carvalho et al., 2016). All shot and CMP gathers
were inspected in search of disturbances or discontinuities in the
reflection hyperbolae. Fig. 8 shows the representative field shot gathers
from profiles 1 and 2. For profile 1, the shot gathers have only been
bandpass-filtered because of the good data quality and the presence of
negligible noise and surface waves. For profile 2, the shot gathers have
been muted to remove the first arrivals and the surface waves, in order to
increase the visibility of the reflection events. A careful look at the shot
gathers in Fig. 8 reveals the presence of undulations and discontinuities
in the reflection moveout and a sudden change in reflection amplitudes
around the locations of the interpreted fault strands. These perturba-
tions are visible in S-wave shot gathers and CMP gathers, and are similar
to those found in other sites where faulting is known to be present and
seismic modeling was performed earlier (Ghose et al., 2013; Carvalho
et al., 2016). The lateral positions of these disturbances are close be-
tween the stacked sections and the shot gathers in both profiles. The
deformation that occurs in soft sediments is commonly ductile in nature.
This will be discussed further in a later section.

3.3. HOVA, VASSM and FATT of S-wave data

The WET tomogram for the AZA2S profile shows, in the first 2 m
below the surface, horizontal velocity variations similar to and spatially
correlated with those obtained from HOVA and VASSM. Major lateral
velocity changes are found at approximately 20 m and 40 m lateral
distances (Fig. 9). These variations extend from the surface till the
investigation depth (about 15 m), and are in agreement with the loca-
tions of the interpreted fault strands in the stacked sections. Considering
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Fig. 9. (a) Results of HOVA for chosen seismic horizons (indicated by numbers)
in S-wave profile 2 (AZA2S); (b) results of HOVA for selected horizons in S-
wave profile 1 (AZA1S). Letters at the top margin indicate locations of sharp
velocity changes that coincide with the locations of interruptions and changes
in the amplitude/phase of the reflection events observed in stacked sections and
shot gathers (Figs. 5 to 8). Yellow shaded zones show position of the interpreted
fault strands; (c) VASSM in the central part of profile AZA1S: c1) brute stack of
a part of the profile AZA1S, where the arrows mark the same events 1, 2 and 3
shown in c¢2; ¢2) synthetic brute stack of AZA1S profile; c3) S-wave velocity
model (Vs;) used to calculate the synthetic brute stack shown in c2; (d) FATT
for profile AZA2S. A, B, C, D are plotted in the same horizontal scale and po-
sition as in (a). (For colour representation in this figure, the reader is referred to
the web version of this article.)
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the observed changes in the nature/continuity of the reflectors in the
stacked sections, the detected velocity changes also occur nearly at the
same lateral positions and over similar two-way-time or depth ranges.
These matching observations support strongly the possibility of local-
ized presence of shallow fault strands as opposed to lateral lithological
changes. At the AZA1S profile site, the first arrivals are weak, probably
due to the presence of the compacted top layer. As a result, first arrivals
could not be picked with confidence, and hence the tomogram is not
calculated.

Fault zones/strands have typically a lower seismic velocity relative
to the adjacent sediments (e.g., Mooney and Ginzburg, 1986; Hough
etal., 1994; Mamada et al., 2002; Nielsen et al., 2008; Yang et al., 2011).
We observe that in both AZA1S ad AZA2S datasets, there are clear ve-
locity changes in the main reflection horizons at the locations of the
interpreted fault strands (Fig. 9). The magnitude of these velocity
changes increases with depth and sediment age. At many of these lo-
cations, step-like velocity changes can be observed, which are indicative
of synsedimentary faulting in soft sediments (Vanneste et al., 1999;
Neuwerth et al., 2006; Ghose et al., 2013; Carvalho et al., 2016). These
faults, which develop during or soon after deposition of sediments, are
aided by over-pressured, under-compacted conditions typically present
in buried muds (Elliot and Ladio, 1981). Such conditions are likely to
have been present during the sedimentation of the Holocene soil layers
in the Lower Tagus Valley, made of water saturated sands, clays and
silts.

Simultaneous observation of discontinuities in the main reflectors in
S-wave stacked sections, disturbances and amplitude changes in shot
and CMP gathers, lateral velocity changes along the prominent re-
flectors, all approximately at the same lateral and vertical locations,
point to the presence of shallow fault strands in the seismic lines. The
lateral positions of the observed disturbances can be slightly deviated
from the linear geometry assumed in Figs. 7 to 9, as fault strands are
often curved or branched in a complex manner. Other disturbances
caused by lateral geological changes (lithological, grain size, fluid con-
tent, etc. changes) add to the perturbations caused by fault strands.
According to nearby borehole data (Fig. 3), the depths at which most of
these fault strands are observed correspond to Holocene sediments.

Such sharp changes at the location of a fault strand should, however,
produce also diffractions and/or back-scattered energy from the fault
plane or the fault-damaged zone (e.g. Kawahara and Yamashita, 1992;
Chavez-Pérez et al., 1998; Nielsen et al., 1998; Ghose et al., 2013), even
in soft soils where the deformation is plastic and the velocity changes
relative to the adjacent sediments can be small (Ghose et al., 2013;
Carvalho et al.,, 2016). Seismic diffractions are caused by localized
structures and discontinuities. For the S-wave profile 1 (Figs. 5 and 8a),
we did not trace such diffracted events at the interpreted fault locations.
However, for S-wave profile 2, it was possible to identify indication of
diffractions and back-scattered energy mostly in the unmigrated stacks
(Figs. 6 and 8b).

3.4. Viscoelastic modeling of S-wave data

The apparent mismatch between field and synthetic shot gathers
regarding the presence of backscattered energy (bs in Fig. 10e and f) was
difficult to explain in the first instance. We found such backscattered
energy in synthetic shot gathers (Figs. 10d to f) but not in field data
(Figs. 5, 6, 7, 8 and 10c). To investigate this, we performed viscoelastic
forward modeling. When we introduced attenuation (Qs = 60) in our
model, we noticed that the backscattered reflections became signifi-
cantly weak, compared to the model with no attenuation (Fig. 10d).

This value of the quality factor for S wave (Qs = 60) is higher (i.e.,
lower attenuation) than that generally found in soft sediments at
shallow depths and at the frequency range of our data. Kudo and Shima
(1970) found Qg ranging 5-20 in unconsolidated sediments, while Jeng
et al. (1999) measured Qg values between 4 and 34 in one of their
studied sites using a frequency dependent Qg estimate. For the first 6 m
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of soil, Jongmans (1990) reported Qg of 1.2 to 2.8. Wang and Li (2018)
reported a Qg value varying between 16 and 100 in the first 1 km of a
sedimentary sequence. The Qg values in the range of 40 to 60 as used in
our modeling are higher than many earlier reported values, but such
lower attenuation might be caused by the shallow water table at this site
and the stress accumulation in the fault zone.

Crane (2013) and others have indeed reported that seismic attenu-
ation varied not only with frequency but also with water saturation and
stress. Quality factor was found to increase with stress and water satu-
ration, though a local minimum for the quality factor was observed at
partial saturation, and a higher value corresponded to total saturation.
The sandy nature of some sediment layers in the study area, the prox-
imity of the Tagus river potentially causing total water saturation in
many layers, and the stress built up in the close vicinity of the Azambuja
fault - all together may have contributed to the higher value for Qg that
we find through forward modeling explaining our observation. The
present-day stress-field, as obtained from borehole breakouts (Ribeiro
et al., 1996) and from earthquake mechanisms (Borges et al., 2001; de
Vicente et al., 2018), is NNW to NW oriented. This stress orientation is in
agreement with the orientation of the strain field derived from plate
velocity measurements using data from the Global Navigation Satellite
Systems (GNSS) stations (e.g., Neves et al., 2014), and has presumably
led to the stress accumulation at the NNE-SSW oriented structures, such
as the Azambuja fault.

As mentioned above, the back-scattered energy is nearly absent in
stacked sections and shot gathers, especially in the profile AZA1S. In this
context, we notice in the borehole data from Azambuja site the consis-
tent presence of a pebble layer at the base of the alluvium. S-wave

reflections from the top of this layer constitute the first primary reflec-
tion event that we observe in the AZA1S shot gathers at about 160 ms
two-way-time (rl in Fig. 10). This pebble layer is not present at this
depth at several other earlier-investigated sites in the Tagus river delta,
e.g., Vila Franca de Xira or Castanheira do Ribatejo sites (Carvalho et al.,
2016; 2020). The attenuation of seismic waves is expected to be high (i.
e., low Qg values) in such pebble layers and also in the first (top) layer
where the sediments are less compacted and more disturbed by human
activities. In our modeling, if we assign a higher attenuation than before
(Qs = 40 instead of 60) to this pebble and surface layers, and unchanged
attenuation in other layers, then we notice slightly less back-scattered
energy in the synthetic shot gather (Fig. 10e). The highly attenuating
top layer and the layer with pebbles at the bottom might indeed have
contributed to the occurrence of little or no back-scattering in the data of
profile AZA1S. In Fig. 10f we show the same model with faults as in
Figs. 10d to e, the same attenuation properties as in Fig. 10e but without
layers 2 and 4. The presence of back-scattered energy is now enhanced.
Apparently, the lack of back-scattered energy in the field data of AZA1S
profile might have an additional contribution from the presence of
multiple reflection horizons. Similarly, the existence of multiple thin
layers of sand, clay and silt, and the softness of the Holocene alluvial
sediments might be responsible for the relatively few diffractions that
we observe in the AZA2S field data.

3.5. Discussion: Implication on seismic potential of the Azambuja fault

In the two S-wave stacked sections AZAS1 and AZAS2 (Figs. 5to 7), a
number of shallow fault strands seem to approach the surface, reaching
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as shallow as 3.5 + 0.5 m (see Figs. 7 and 9d). Since the alluvium
sedimentation rate in this region is highly variable (Ramos et al., 2002),
the age of the deformed, most-surficial sediments cannot be estimated.
We have shown that the above-mentioned possible fault strands corre-
spond to velocity changes at lateral locations where discontinuities and
perturbations are noticeable in the reflection hyperbolae in shot gathers
(Fig. 8), as well as diffractions in the stacked section of AZA2S (Fig. 6).
Viscoelastic forward modeling shows that those observed perturbations
in shot gathers can be explained by the presence of slightly lower-
velocity, sub-vertical fault strands within the sediment layers
(Fig. 10). Impression of such localized, low-velocity zones appears in the
results of FATT and VASSM (Fig. 9). All these signatures are very
different from the signs of lateral lithological changes in the soil. Lateral
lithological changes such as channel structures, sediment truncations
and interfingering associated with fluvial regimes, and grain-size
changes can be visible in high-resolution seismic data, including the
data in this research. However, lithological changes are generally not as
vertically continuous as we observe in our data. The apparent continuity
of some of the reflectors across the interpreted fault strands is probably
due to the small fault-throw relative to vertical resolvability of our
seismic data (which is ~0.4 m) and the size of the Fresnel zone.

The data shows the existence of a broad deformation area with
multiple fault-dislocation planes similar to the diffused deformation
zone identified in the outcrop by Cabral et al. (2004). The existence of
this deformation zone at a location which lies on the extension of the
surface-mapped Azambuja fault suggests, together with borehole data, a
strong likelihood that the deformation correspond to the Holocene ac-
tivity of the fault. We do not have borehole data on our seismic lines to
directly decipher the vertical offset of a particular geological/seismic
horizon. From P- and S-wave stacked sections it is difficult to infer the
vertical throw for the interpreted fault strands with accuracy. A mini-
mum vertical offset of about 1 m can be inferred from the stacked
sections.

The stacked sections presented in this article (Figs. 5 to 7) suggests
sharp disruptions of a few seismic horizons, which can only be caused by
large fault movements. This change of seismic character and of reflector
continuity from one site to the other, as found in our study, might
indicate strike-slip motion on the fault (e.g. Bally, 2002; Tiin et al., 2010;
Gold et al., 2013), although the Azambuja fault was characterized by
Cabral et al. (2004) as a thrust fault, with no mention of strike-slip
movement. Ignoring the strike-slip component of faulting in our anal-
ysis might have caused under-estimation of slip rate and coseismic
displacement to some extent. Taking into account a vertical offset
(above an assumed minimum) of 1 m in the last 15 ka, we obtain a 0,066
mm/y slip rate - which is in the same order as the one estimated by
Cabral et al. (2004) based on displaced Pleistocene geomorphic features.

In this work we consider a total length of about 30 km for the
Azambuja fault, assuming that its northern sector extends until the NW-
SE Vale de Santarém fault zone, as both structures seem to control the
deposition of Pliocene sediments in this region. This means that the fault
trace might extend 2-3 km further to the NNE than the fault scarp. Its
total prolongation in the SSW direction in the Tagus alluvial plain is not
known, although compatible deformation was identified on the S1
profile located 11 km SSW of the Azambuja village (Cabral et al., 2004).
As for the maximum and minimum possible rupture lengths of the
Azambuja fault, we propose about 30 km to be the entire length, while
18 km if we consider the rupture along the segment that extends from
the Pontével Creek to the Tagus alluvial plain, where the vertical offset is
greater.

We use the above values for the fault length (L) and a co-seismic
vertical throw (D) of 1 m in the following empirical relationships
(Stirling et al., 2002):

Mw =a-+bLog (L), @

Log (D) =a+bLog (L), (2)
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Table 1

Moment magnitude (Mw) for the of maximum expected earthquake and the
average surface displacement (D) estimated using the regression equations of
Stirling et al. (2002). a and b are the regression parameters, L the fault length.
We used i) a minimum fault length of 18 km considering the Azambuja Fault
segmentation by the Pontével Creek, and ii) a 30 km long fault in case of no
segmentation.

Formula L a b Mw or D (¥, m)
(km)

(€] 18 5.88 0.80 6.9

@ 18 0.06 0.18 1.93(%)

(€)) 30 5.88 0.80 7.1

@ 30 0.06 0.18 2.12(%)

where Mw is the moment magnitude of an earthquake, a and b are
the regression parameters. We obtain the results that are summarized in
Table 1.

The Azambuja fault can produce My > 6 earthquakes with a surface
displacement of about 2 m, even if we consider the segmentation of the
fault at the Pontével. Secondly, we are only considering here the vertical
displacement and ignoring the strike-slip component, as implied by the
seismic reflection data. The significance of the strike-slip component is,
however, not known. Therefore, the values presented in Table 1 are
underestimates.

Important information like recurrence and slip rates, coseismic
displacement, time of the most recent (unrecorded) large earthquake,
etc. might be obtained in the future from trenching. However, the
opening of a trench and obtaining reliable ground-truthing data in an
area where the water table is very shallow (about 1 m) might prove
difficult. Trenching may also provide inconclusive results, as the nearby
trench data (at Vila Franca de Xira, see Fig. 3) indeed show that the top
3-4 m of the near-surface is composed of homogeneous dark clays,
where the fault strands are locked (Carvalho et al., 2020).

Another option could be drilling boreholes across the expected fault
strands. This may not only confirm the presence or absence of fault
strands, but also may provide insights into the fault activities over time.
The methodology presented here can be a powerful tool to unravel the
earthquake/fault activities and to provide useful information prior to
opening a trench or drilling. When trenching or drilling boreholes is not
a viable option, shallow, high-resolution seismic studies as reported here
might be crucial and the only means to reach the goal and improve the
quality of seismic hazard assessments.

4. Conclusions

The Azambuja fault is known to have deformed the Miocene-to-
Pliocene sediments. Post-Pliocene (Pleistocene) deformation has
earlier been speculated, but so far it was not possible to directly establish
its effect on the Holocene sediments. In this article, we have presented
the first evidence that this fault might have affected the alluvial sedi-
ments deposited over a time period of about 15 ka. The last time the fault
ruptured at this site is earlier than this time, given the shallow location
of the deformed sediments. However, considering the irregular sedi-
mentation rates well-known for this area, the time of the most recent
rupture cannot be estimated with certainty.

We acquired P- and S-wave shallow seismic reflection datasets over
the Holocene alluvial sediments at about 1 km SW of the Azambuja fault
outcrop - which is visible in the Neogene terrains. Shallow P-wave
reflection data and borehole data indicated that a steeply dipping fault
affected the Neogene sediments and possibly also the alluvial cover at
the location of our experiments. However, P-wave data lacked sufficient
resolution.

Analyses of high-resolution S-wave reflection data could detect
multiple signatures of soft sediment deformations and shallow faulting.
Such faulting has probably affected the shallow alluvium layers at the
location of our seismic experiments. The evidences are visible on S-wave



R. Ghose et al.

stacked sections, in velocity fields extracted automatically using horizon
velocity analysis (HOVA), first-arrival traveltime (FATT) tomograms,
and velocity analysis supported by seismic modeling (VASSM), on CMP
and shot gathers, and supported by synthetic shot gathers obtained from
viscoelastic forward modeling with realistic geometry. We have found at
the same locations interruptions in the reflection horizons in stacked
sections, undulations, and discontinuities in the reflection moveout in
shot and CMP gathers, and sharp lateral velocity changes in the results of
HOVA. These detected changes have been further corroborated by the
results of wavepath eikonal traveltime (WET) inversion and VASSM. The
results of viscoelastic forward modeling incorporating shallow steeply
dipping fault strands emplaced in the Holocene layers further supported
the interpretation. The modelled synthetic shot gathers are remarkably
similar to field shot gathers. The little presence of back-scattered and
diffracted energy in the field shot gathers might be due to the presence of
an attenuating surface layer of pebbles at this site. This pebble layer is
observed in the nearby boreholes. Our modeling, however, suggests that
the absence of back-scattered energy is primarily due to the presence of
several alternating layers of sands and clays that produce multiple re-
flections, which camouflage the relatively small-amplitude back-scat-
tered reflections.

Some of the fault strands are found to approach the very near-surface
region - to as shallow as 3-4 m depth. A minimum vertical throw of 1 m
is estimated (on S-wave stacked section and shot gathers) for the allu-
vium layer, related to the last seismogenic surface rupture that occurred
in this area. The estimated minimum and maximum fault lengths vary
between 18 km and 30 km. Using empirical relationships, we obtain a
maximum expected My of 7.1, with a coseismic surface displacement of
approximately 2 m for a rupture length of 30 km, and an expected
maximum magnitude of 6.9 with a coseismic displacement of 1.93 m.
The slip rate was estimated to be ~0.07 mm/y for the last 15 ka. These
obtained values will be very useful to improve the assessment of seismic
hazard potential in the region of Lower Tagus Valley and the metro-
politan Lisbon. Trenching is difficult to carry out in the study area. The
methodology presented here, together with borehole data, can be a
powerful tool to help identifying the recent deformation affecting the
alluvium cover in this region and deducing seismic hazard-assessment
parameters.
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