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a b s t r a c t

A shallow multichannel seismic survey reaching depths of 700/800 mwas performed for the first time in
the Llancanelo Lake region (Southern Mendoza Province, Argentina), in order to depict the major
Neogene sedimentary-volcanic sequences that form the final infilling of the tectonic-volcanic basin
where the lake is located. The seismic survey advances on the results of previous geoelectric and elec-
tromagnetic surveys carried out at early stages of the research that reached the uppermost 80e100 m of
the sequences (Quaternary), and therefore they go deeper in the subsoil. All the surveys were supported
by surface and subsoil geological observations. After explaining the details of the performed seismic
methodology, the obtained results are discussed, which indicate the presence of three major sedimentary
units with increasing volcanic (basaltic layers) intercalations with depth, that accommodate to the ge-
ometry of the depocenter. The entire sequence encompasses most of the Neogene. This research sets the
methodological basis for future, more detailed shallow seismic surveys in the region.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Llancanelo lake (35�e36�300S - 68�300-70�W, altitude 1376 m
a.s.l., Fig. 1a), in southern Mendoza Province, western Argentina, is
a wetland of high environmental sensitivity that constitutes a
Ramsar Site and a protected area (Ramsar Convention onWetlands,
Matthews, 1993, http://www.ramsar.org; Ramsar Convention
Secretariat, 2004). Because of its role in the support of biodiver-
sity it deserves efforts concerning environmental conservation. On
the other hand, the lake environment has particular geological and
environmental characteristics that make it suitable for paleocli-
matic reconstructions. On these bases, the knowledge of its evo-
lution and geological characteristics is essential for developing
future strategies of conservation.

The lake is an endorheic, extremely shallow and highly saline
water body that represents a relict of an ancient, larger-than-today
lacustrine environment located in a volcano-tectonic depression
extended longitudinally at the East side of the Andean cordillera.
The lake was dramatically reduced in size during the Quaternary as
a consequence of climatic variability and volcanism (Groeber, 1939;
Ruiz Huidrobro and Serrano,1987; Gil et al., 2005; De Francesco and
Dieguez, 2006; Violante et al., 2010; de la Vega et al., 2012). As the
main regional depocenter, the records of its evolution are preserved
in the stratigraphic sequence of the basin, which can be studied by
applying the adequate geophysical methods useful for surveying
the subsoil down to the desired depths.

A multidisciplinary study was initiated in 2006, whose
geophysical target was the characterization of the geometry of the
lake's substrate and its geological context, including the recognition
of buried structures like faults and volcanic features, as well as
obtaining details about the regional distribution and facies varia-
tions of the surface and near subsurface stratigraphic (sedimentary
and volcanic) sequences. Based on geoelectrical and electromag-
netic induction as well as surface and subsoil geological informa-
tion, the stratigraphic sequences up to 80e100 m depth were
characterized, providing information on various aspects of the
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Fig. 1. a) Geological map of the study area (after Nullo et al., 2005, later modified by de la Vega et al., 2012). The locations of the seismic reflection profiles as well as the previously
surveyed geoelectrical transects (GeoNS and GeoWE, respectively) are shown. b) Pseudo-3D geological map and stratigraphic scheme of the subsoil of Llancanelo Lake area, based
on the stratigraphic interpretation of Transects GeoNS and GeoWE (from de la Vega et al., 2012). The original map was extended to the north to show the location of the seismic
profiles. The recognized Quaternary units previously identified by geoelectrical methods (de la Vega et al., 2012) are indicated.
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morphological, structural, volcanic and sedimentary evolution of
the region during the Quaternary (Osella et al., 2007, 2011; Violante
et al., 2010; de la Vega et al., 2012; Rovere et al., 2010, 2012).

In order to advance in the regional study and to achieve greater
depths in the subsoil for a deeper knowledge of the geological
structure, a shallow multichannel seismic reflection survey was
performed, which enabled to reach depths of 700e800 m. After
briefly reviewing the geological setting and previous research, the
acquisition of the seismic reflection data is herein outlined, and the
difficulties associated to the recognition of events due to the large
attenuation of the signals are described. The processing flow
followed to overcome these difficulties is explained, and finally, an
interpretation of the subsurface geology is presented, based on the
obtained seismic images.

2. Geological and environmental setting

Llancanelo lake is included in the Llancanelo half-graben
(Kozlowski et al. 1993), a subsiding depression that is part of the
Llancanelo sub-basin (Llambias et al., 2010), which is located in the
southernmost part of an extensive back-arc tectonic depression
running at the eastern foot of the Andes in the Province of Mendoza
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along hundreds of kilometers, known as Depresi�on de los Huarpes
(Polanski, 1954). The Llancanelo sub-basin is bounded at the
eastern side by a straight-line normal fault and includes extensive
back-arc volcanic fields (Kozlowski et al., 1993; Ramos and Kay,
2009), like Llancanelo and Payenia Volcanic Fields that belong to
the Provincia Bas�altica Andino Cuyana (Bermúdez and Delpino,
1989).

The sedimentary infilling of the basin contains up to 1275 m of
Cenozoic deposits (Polanski, 1954; Kozlowski et al. 1993; Llambias
et al., 2010). Three main stages of evolution have been described
according to the dominant conditioning factors (Rovere et al.,
2010): pre-Pliocene (tectonic-dominated), Pliocene-early Quater-
nary (volcanic-dominated) and late PleistoceneeHolocene (cli-
matic-dominated).

The lake was in the past (during Quaternary times) larger than
today probably covering an area of around 5000 km2 (Groeber,
1939; Ruiz Huidrobro and Serrano, 1987). The larger extension
was later confirmed by faunistic and archeological records (e.g.: Gil
et al., 2005; De Francesco and Dieguez, 2006). The present water
body represents the local base-level of the region, as it is an
endorheic, highly saline water body surrounded by mountains
(Fig. 1). It is fed by water flows entering the basin through surface
runoff, rivers and small creeks which carry water mainly derived
from snowmelting. Other sources are springs and precipitations, in
a context of high aridity and excessive evapotranspiration. The area
of the lacustrine basin is of around 10.600 km2. The lake is highly
sensitive to climatic shift, hydrological and anthropic influence, so
that its extension and depth change dramatically. At times when
the lake is at its maximum extension it reaches up to 50e60 km
long and 5e20 km wide with an area of 370 km2, a perimeter of
120 km and a mean water depth not higher than 1 m. During
extreme dry seasons it can be reduced to an area of only 70 km2

with 30 cm water depth. Lacustrine coastal plains are low and
subhorizontal, although some high-relief features are notorious,
like Trapal, Coral and Carapacho volcanoes. The western coastal
plain has a slope of ~1 m/km, and is represented by a beach-like
surface dominated by silty-sandy aeolian sediments with a high
evaporitic (mainly gypsum) content (Violante et al., 2010). The
eastern coastal plain has a very gentle sloping surface of
~0.2e0.3 m/km, formed by an extensive “salina” composed of
different types of salts, but mainly gypsum. Saline surfaces are
mainly the result of high evaporation and the capillary ascension of
highly saline (700e1400 mg/l) waters from phreatic levels located
between 1.30 and 9 m depth, as determined by measurements of
electric conductivity that yielded values of 1000e8700 mS/cm
(C�atedra de Obras Hidr�aulicas, 2005). At the eastern side of the
“salina”, at the foot of theMacizo del Nevado, large dunes with high
gypsum content develop as a result of aeolian accumulation due to
the predominant westerly winds.

3. Geophysical background

At the early stages of the research initiated in 2006, andwith the
aim of obtaining information about diverse aspects of the Quater-
nary morphological, structural, sedimentary and volcanic charac-
teristics and evolution of the lake and surroundings, shallow
geophysical methods based on geoelectric and electromagnetic
induction were performed. The obtained results were correlated
with surface and subsurface geological information (Osella et al.,
2007; Violante et al., 2010; de la Vega et al., 2012; Rovere et al.,
2012). Electrical resistivity tomographies enabled to depict the
subsurface stratigraphy down to 30 m depth, which is basically
constituted by lacustrine and aeolian volcaniclastic sedimentary
sequences including ash layers, evaporites and paleosoils (Violante
et al., 2010; Rovere et al., 2012). These levels generally show high
electrical conductivity although decreasing with depth. The very
high surface conductivity was associated to the presence of the
highly saline near-surface phreatic level, whereas deeper layers of
lower conductivity were assigned to relatively compact, volcani-
clastic sediments. No basaltic layers were found at this early stage
up to the surveyed depths, although basaltic outcrops constitute
the nearby surroundings of the lake.

At a second stage, and in order to obtain a deeper image of the
subsoil, new geoelectrical measurements with different devices,
geometry and arrangements were deployed (de la Vega et al., 2012),
reaching depths up to 80e100m. Two transects were surveyed, one
(GeoWE) in aWest-East direction in themiddle part of the lake, and
another one (GeoNS) along most of the east side of the lake from
north to south (Fig. 1a). The geological model was obtained from
the inversion of geoelectric data along GeoNS and GeoWE and its
correlationwith surface and subsurface geological units recognized
in outcrops and short drillings, using as a background the geological
map by Nullo et al. (2005). In this way a sketch of a 3D stratigraphic
scheme was obtained (Fig. 1b). Four sediment packages were
described from top to bottom: a) an uppermost, low electrical re-
sistivity unit formed by lacustrine sediments (ULU); b) a low-
thickness, high electrical resistivity unit associated to basalts ac-
cording to correlation with surface basalts cropping out nearby to
the East (UBU); c) another low resistivity sedimentary layer con-
sisting of clays and sands with high salty water content (LSU); d) a
high resistivity unit located in the limit of detection of the geo-
electrical method, also correlated with basalts corresponding in
this case to the Chapúa Fm. deposited in the early Quaternary (LBU).
This lowermost unit appears approximately at 50e70 m depth in
the northern section of the GeoNS profile and deepens both toward
the West and South, what is in accordance with the regional stra-
tigraphy and agrees with the hypothesis that the lake was in
ancient times larger than today and that the present-day water
body occupies the deepest part of the basin.

In searching for new data that support and eventually confirm
the previously obtained information by geoelectrical methods, and
with the aim of extending the study deeper in the subsoil in order
to reach pre-Quaternary sequences, a shallow (up to 700e800 m)
seismic survey was programmed. Due to the fact that the major
geological structures are oriented North-South and that the lacus-
trine plain at the northern part of the lake is traversed by a tran-
sitable road along a relatively straight line in a West-East direction
across the sedimentary basin, it was considered that this transect
could be a good target for obtaining valuable seismic information.

4. Seismic data acquisition

Seven seismic profiles were surveyed along an approximately
WeE transect north of the lagoon (Fig. 1). Around two kilometers
were covered at the Western part (Sis1 and Sis2) and 5 km at the
Eastern part (Sis3, Sis4, Sis5, Sis6 and Sis7). The profiles follow the
pathway of the only accessible road in the region, where it has an
orientation closelyWeE. The gap of 8 km between both parts of the
transect was due to the fact that the sensors could not be deployed
following the required geometry along the road, and that it was not
possible to drive out the road because of the bad conditions of the
terrain.

The seismic survey was conducted with a Geode Geometrics DZ
device and the acquisition software was the Seismodule Controller
V9.1. The geometry adopted in each profile was the deployment of
96 Geophones with spacing of 10 m and georeferenced using dif-
ferential GPS (Promark 2). Two types of energizing sources were
used: one manual with a 10 kg-hammer hitting on a heavy steel
plate placed on the floor and stacking of 5 hits, and another one
with a seismic rifle Ambrogeo, in which case the explosive charges
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were detonated at approximately 10 cm depths. The shot-point
interval was 20 m, placed at the midpoint between two consecu-
tive geophones. There were around 40 common shot gathers per
line. The data were acquired in a window of 1 s with a sampling
interval of 0.00025 s.

5. Data processing

5.1. Characteristics of raw data

A visual inspection of the common shot gathers allows identi-
fying some common features. In all recorded signals, the ground
roll has large amplitudes and mostly coherent signals are restricted
to short times (~300 ms) and close offsets (~200m). This indicates a
high absorption of the shallow subsurface. In fact, this result had
been previously obtained when a preliminary analysis of Sis7 was
carried out (Carcione et al., 2013). The signal-to-noise relation is
generally better in the western lines, deteriorates eastward, and is
independent of the source used. Both best and worst signals (i.e., at
Sis2 and Sis7, respectively) were obtained using the rifle, so that
differences between the records are considered to result from dif-
ferences in the subsoil characteristics.

Typical examples are shown in Fig. 2. Fig. 2a shows a form of
noise present in about half of the records, correlated spatially
around offset �350 m. Fig. 2b shows a common shot gather, and
Fig. 2c a CMP gather, corresponding to positions separated by 2.5m.
It can be seen that the difficulty for recognizing useful signals from
raw data in common-shot gathers also extends to common mid-
point (CMP) gathers. In fact, events were more difficult to recog-
nize and interpret in the CMP records.

5.2. Pre-stacking processing

The usual sequences for pre-stacking processing (see e.g.
Yilmaz, 2001) were applied. The main problem which appeared in
the processing was associated to the large attenuation of the elastic
waves due to highly saline soils, thus avoiding the application of
some of those techniques. For instance, the rapid attenuation of the
signals made it difficult to reliably determine the first arrival times.
Fig. 2. Typical raw data examples. (a) Common shot gather from Sis4, obtained using hamm
(c) Common midpoint gather from Sis1, obtained using hammer as source.
This precluded the application of refraction static corrections,
which require those times as input parameters. In the following it is
described the procedure to obtain reliable seismic images, espe-
cially at shallow depths.

5.2.1. Frequency analysis
In order to implement f-k filters, a characterization of the

spectrum of the signals was done. The behavior of common-shot
gathers when applying band-pass filters in different frequency
ranges was studied. Fig. 3 shows as an example a common-shot
gather (Fig. 3a) belonging to Sis5, along with the same record af-
ter applying filters in different frequency ranges. For frequencies
<30 Hz (Fig. 3b), the components are almost exclusively due to the
ground roll, which in addition dominates all the other frequency
ranges.

Most of the useful signals occupy the range from 30 to 90 Hz and
above 90 Hz are restricted to short times (Fig. 3c). Above 120 Hz
only signals corresponding to linear events can be observed
(Fig. 3d). These results imply that filtering in frequency is not a good
method to attenuate the ground roll because it dominates all bands,
but since useful signal are mostly inside the 30e90 Hz range, it is
feasible to remove it out of that band.

5.2.2. Gain
Different gain functions were tried without appreciable im-

provements. Then the effect of the automatic gain control (AGC) on
data was analyzed. A sweep in the size of the time-window be-
tween 10 and 400 ms was carried out. Small time-windows pro-
duced undesirable enhancements of the background noise. On the
other hand, for time-windows from 50 ms thereafter enhance-
ments of those events previously identified were obtained;
nevertheless, additional events could not be detected.

5.2.3. f-k filter
Given the impossibility of effectively attenuate the surface

waves by frequency filtering, efforts were made to eliminate them
through an f-k filter. It was applied on common-shot gathers to
minimize the effects of spatial aliasing. A common-shot gather
belonging to Sis5, and its corresponding f-k spectrum are shown in
er as source. (b) Common shot gather from Sis2, obtained using a seismic rifle as source.



Fig. 3. Common shot gather from line Sis5, after frequency filtering in different ranges. (a) Original shot record. (b) After applying a 30 Hz cutoff low-pass filter. (c) After applying a
30e90 Hz pass-band filter. (d) After applying a 90 Hz cutoff high-pass filter.
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Fig. 4. It corresponds to a shot at the beginning of the line, in which
linear events are propagated only in theWeE direction. The ground
roll observed is representative of the behavior in other records. The
lack of low frequency components (<15 Hz) is due to the charac-
teristics of the geophones. The diagonal stripes on the spectrum are
a manifestation of the spatial aliasing.

Linear events with wave numbers greater than the Nyquist
wavenumber contaminate the rest of the spectrum and prevent
suppressing part of the f-k spectrum without affecting the useful
signals. In the general case, there are also surface waves propa-
gating from West to East; so the f-k filtering as a method to reduce
the ground roll was dismissed.

5.3. Mute

As surface waves could not be attenuated with spectral criteria,
they were removed with an inside mute, defined in terms of
Fig. 4. (a) Common shot gather from line Sis5. (b) Its co
apparent velocity. A mute was applied for the section defined by
straight lines of a given apparent velocity. In order to determine this
velocity a common-offset stacking for each line separately was
performed; after doing this stacking, the boundaries of the region
affected by the ground roll are observed with much better defini-
tion. In this way, an apparent velocity of 320 m/s, common to all
lines, was determined as the optimum for the inside mutes. This
result does not imply that ground roll velocity is 320m/s or smaller,
but only that the largest amplitude portions of the noise cone are
properly removed when employing such linear bounds. The noise
cone is not only due to Rayleigh waves, nor do all events contained
in the cone depart from the origin of time. Lower amplitude surface
waves emerging at other times can have larger velocities (Carcione
et al., 2013).

In addition to the ground roll, there were other forms of large-
amplitude noise present in most of the records which were also
removed by mute, as can be seen in the example shown in Fig. 5a.
rresponding f-k spectrum up to frequency 150 Hz.



Fig. 5. (a) Common shot gather from line Sis4, showing ground roll at near offsets (<200 m) and noise of undetermined origin around 400e500 m. (b) The same record after
muting.
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Some traces contained large amplitude noise and a spectrum
dominated by high frequencies (>200 Hz), but with relevant
components in the range of useful signals which inhibited its
removal by frequency filtering. These traces were removed in its
entirety. The figure also illustrates another type of noise, present
in about half of the records. A large-amplitude disturbance can be
seen at some arbitrary time and offset whose effect extends to
neighboring traces in later times. This event appears before or
after the arrival of some other signal, so it seems not to be related
to the seismic experiment, and also it is not constrained to any
geophone in particular. In Fig. 5a it can be observed twice, for
offsets between 400 and 500 m. The spectrum of these events
also overlaps with the useful signals so it could not be discrimi-
nated by frequency. Due to its ubiquity, in this case it was not
convenient to remove the affected traces completely; therefore a
surgical mute was implemented to remove the noise while pre-
serving the non-affected intervals. The mute schedule was
determined in each case by means of a thorough inspection of the
records. Fig. 5b shows the effect of simultaneously muting three
different sets of noise.

Additional mute schedules were considered in order to suppress
direct and refracted waves, which constitute a form of linear noise.
But in general it was impossible to distinguish at early times
whether an event was hyperbolic or linear, since traces of small
offsets fromwhere the curvature could have been determinedwere
dominated by the ground roll. In traces of larger offset, the degra-
dation of all signals did not allow to determine clearly the first
arrivals. Thus, top mute schedules were not implemented.

5.4. Velocity analysis

5.4.1. Semblance analysis
The next goal was to obtain a velocity model for the normal

move-out (NMO) correction and obtain a stacked section of each
line. After performing a series of tests, it was found that the best
quality of the hyperbolic signals in those records where they were
recognizable, was obtained by applying the following sequence:
suppression of ground roll by inside mute (under 320 m/s), sup-
pression of other forms of noise by mute, filtering in frequency by a
band-pass between 30 and 90 Hz, and instant AGC with a time-
window of 200 ms. Fig. 6 shows the effect of this processing flow
on a common shot gather corresponding to Sis3. It was possible to
distinguish a hyperbolic event at early times (approximately
100 ms), and some spatially correlated events at later times
(400e600 ms). The effect of the same processing flow on a CMP
gather of the same line is shown in Fig. 7a. The event of greater
amplitude cannot be clearly identified as hyperbolic, and no other
correlated events can be observed.

Fig. 7b shows the semblance analysis of the CMP exemplified in
Fig. 7a. There are a number of closely spaced intense peaks in the
100e300 ms range, with nearly the same velocity, around 1700 m/
s. At longer times no clear peaks can be observed. Velocity picking is
made difficult because there are no clear hyperbolic events in the
CMP gather to correlate the semblance peaks with. Only one RMS
velocity can be derived from such analysis.

Same result was obtained after performing semblance analysis
on CMPs from the rest of the lines; since it is possible to select only
one RMS velocity at the best, an alternative method was
implemented.

5.4.2. Constant velocity stacks
For each profile an NMO correction and stacking was performed

over every CMP using a constant velocity function. Then, by doing a
sweep it was possible to identify the velocities and times which
provided the best alignment of the interfaces in the stacked section.
Fig. 8 illustrates the stacked section obtained using 12 NMO cor-
rections with constant velocities between 1500 and 2600 m/s,
corresponding to Sis4, processed as described above. The final ve-
locity sweep was done with a step of 20 m/s. For all lines at least
two velocities could be determined, one corresponding to an early
interface (~100 ms) and the other over larger times (~400 ms). On
some lines, it was possible to identify an additional velocity at an
intermediate time.

For each one of the seven profiles the velocity models obtained
in this way were used to perform the NMO corrections; a mute was
applied when the stretch factor was greater than 0.5. The stacked
section corresponding to Sis4 is shown in Fig. 9. The trapezoidal
shape is produced by the inside mute, and the degradation of the



Fig. 6. Common shot gather from line Sis3, before (a) and after (b) signal processing.
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signal at the ends of the line is due to lower coverage of the CMP as
moving away from the center of the line.

No differencewas noticeable when applied this procedure in the
first half CMP and second half CMP of each profile separately.
5.5. Analysis of the stacked sections

Once all stacked sections were obtained, their changes accord-
ing to variations in some parameters of the preprocessing were
analyzed. Different values of maximum stretch were evaluated
before applying the mute, what conduced to the fact that for most
of the lines, there were no differences when omitting it. The
exception was Sis2, which showed a very low frequency event
Fig. 7. The CMP gather shown in Fig. 2c after prestack signa
around 100 ms without mute. An inspection of the effect of the
NMO correction on CMP records showed that it was the stretch of
the direct wave.

When the time window used in the AGC gain was modified,
similar results were obtained for windows between 50 and 400 ms.
Different widths of the filter were also tested. In this case it was
determined that reducing the extent of the allowed frequency
window produced artificial interfaces, either if only the lowest
(30e60 Hz) or the highest (60e90 Hz) was preserved in the original
window. On the other hand, increasing the window length pro-
duced a loss of sharpness and continuity in the late interface. These
results indicate that the parameters previously chosen were
appropriate.
l processing (a), along with its semblance analysis (b).



Fig. 8. Series of constant velocity stacks of line Sis4. The yellow dashed line singles out
the events picked for the 1D velocity model. Actual picks were determined using a
20 m/s step sweep. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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5.6. Unified stacked section

The constant velocity stack (CVS) method only enabled deter-
mining a 1D velocity model for each line. To consider lateral vari-
ations, a model was built in the following manner: the 1D model
obtained by CVS method for each line was assigned as the velocity
function of a central CMP for each line. In the intermediate CMPs,
the value was obtained by interpolation. With the velocity function
thus obtained for all CMPs, the data of all lines were unified and
processed jointly. It should be noted that there is an overlap of up to
30 m between neighboring lines, whereupon some CMP positions
had coverage of two different lines. The interpolation scheme was
not applied between Sis2 and Sis3 due to the gap of 8 km between
them.

With the 2Dmodel thus built, the NMO corrections and stacking
were performed and a fx-deconvolution filter was applied. Only
CMP with 12-fold coverage were included. Fig. 10a, shows the
stacked section composed of Sis1 and Sis2. There are several nearly
horizontal interfaces with good lateral continuity between the two
profiles. Fig. 10b shows profiles Sis3 to Sis7. The continuity of two
interfaces, located at increasing times to the West, is clearly
recognized.

Fig.10c shows the 1D RMS velocity profiles for each of line. It can
be seen that at the West values are lower than at the East, but in
each region values do not experience large variations.
Fig. 9. Stacked section of line Sis4, obtained using a 1D velocity model constructed
with constant velocity stacks.
6. Discussion

The results obtained from the application of shallow multi-
channel seismic enabled considering different aspects of the
seismic response of the subsoil as well as how it depends on the
implemented acquisition methodology.

Raw data show that the expected signals have very low intensity
with regard to what can be defined as noise or unwanted signals,
primarily the ground roll. The main feature found was the presence
of surface waves of large amplitude, which completely masked any
signal that could correspond to reflections on the traces of near-
offset. At the same time, it was detected that the rest of the sig-
nals were weak, not only compared with the ground roll but also
with background noise.

The large amplitude of the ground roll was mainly due to high
absorption of the signal by the near surface layers. This is evident
particularly in the records of lines Sis4 and Sis5, where the direct
wave disappears completely at small offsets (less than 100 m);
nevertheless, the rapid attenuation of signals can be observed in all
the lines. Under this consideration, the large relative amplitude of
the ground roll seems more related to the rapid attenuation of
other signals rather than an exceptional increase of the ground roll
itself. This could be improved by increasing the intensity of the
seismic source. Though it would also increase the amplitude of the
ground roll, for larger offsets the signals would have greater in-
tensity and improve the signal to noise ratio.

In addition, the ground roll presents a strong aliasing which
avoids its attenuation by spectral methods. A possible solution for
improving the method in future surveys would be to reduce the
distance between geophones. If, as stated above, the components of
the ground roll have an apparent velocity of 320 m/s and the
requirement is to retain up to 80 Hz frequencies, smaller wave-
length to be preserved is 4 m. Therefore, to avoid aliasing, geo-
phones should have a maximum separation of 2 m. This is a main
restriction for the used equipment, for this should imply common
shot gathers containing traces of offset less than 100 m.

Another important restriction resulted from not being able to
reliably determine the time of the first arrivals, nor discriminate the
nature of early arrivals in general. This had implications for the
analysis of the records. Firstly, consistent criteria (top mutes) could
not be implemented with refractions and direct wave suppression
schemes. The relative attenuation of linear events with respect to
the hyperbolic after NMO correction and stacking processes may
not be sufficient to remove the first, and its persistence in the
stacked section can degrade the quality of the stacked section, and
even produce dummy interfaces. For that reason, the portions of
section stacked above the first interface are diffuse, and the few
coherent sections that can be observed should be considered
unreliable.

Secondly, static corrections by refraction could not be per-
formed. These are time corrections, different for each trace, but
equal for all data of the same trace, which are calculated from the
time of arrival of the direct wave and the first refractions. These
corrections try to give account of the delay experienced by the
signals on their journey through theweathered layer. Speeds in this
layer can be very low and lateral variations very large, therefore the
delay of the signal between two arbitrary traces can be very
different. This does not allow the NMO correction to properly
synchronize signals, and in general can distort the consistency of
hyperbolic events both in common shot gathers as in CMP records.

Even with these characteristics, the processing methodology
applied could overcome part of the difficulties and therefore a first
stacked section could be achieved. In this preliminary analysis, two
interfaces can be clearly distinguished, with very good correlation
among the profiles.



Fig. 10. Final combined stack section of the 7 seismic lines. (a) Sis1 and Sis2. (b) Sis3-Sis7. An 8 km gap separates Sis2 from Sis3. (c) 1D RMS velocity functions employed in the 2D
velocity function construction.
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7. Interpretation

Fig. 11 shows the unified stacked section along the entire sur-
veyed transect north of the lake (Sis1-Sis7), where a time-to-depth
conversion has been performed using the 2D velocity model pre-
viously described. Two well-defined reflectors were recognized at
Fig. 11. Interpretation of the seismic images obtained after performing a time-to-depth con
USR and LSR, as well as the three units, UU, MU and LU, are indicated.
the eastern part (Sis 3 to Sis 7), which are herein considered as
“major seismic reflectors”: upper (USR) and lower (LSR) reflectors.
USR has associated RMS speeds in the range of 1500e1700m/s, and
LSR in the range 2400e2600 m/s. Less conspicuous reflectors were
also observed in between but resolved with less sharpness, whose
continuity cannot be established with precision. As previously
version on the final combined stack section shown in Fig. 10. The two main reflectors,
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stated, a preliminary analysis of Sis 7 was performed using a
different processing sequence (Carcione et al., 2013). At that time,
velocities were obtained from the analysis of a single shot gather;
then, by performing forward modeling simulations a reliable
interpretation was reached, which provided a geological model
consisting of two main layers with an interface between 50 and
60 m overlying a basalt bedrock at ~190 m. The new results ob-
tained in the present contribution for Sis 7 coincide with those
previously obtained, and thus provide reliability to the performed
processing.

At the western part, the upper reflector found at Sis1 and Sis2 is
consistent with the upper one defined at the eastern part; therefore
it is considered that this reflector (USR) extends along the entire
seismic section. On the other hand, it was not possible to find a
correlation of the lowermost reflector (LSR) between the two parts
of the seismic section, since it was clearly identified only in the
eastern part. Additionally, other interfaces whose associated RMS
speeds are contained within a smaller range, between 1600 and
1840 m/s, can be distinguished.

In order to make an interpretation, the relevant velocity is not
the RMS corresponding to the reflectors identified in the analysis,
but the internal velocity of the media. For the unit below USR, the
RMS and layer velocities coincide. For the following unit, an
approximate velocity model was obtained using the Dix expression
(see e.g., Yilmaz, 2001).

At Sis3-Sis7, the velocity for the media between USR and LSR
varies from 2630 to 2940 m/s, with a single value for each line but
different between them. At Sis1 and Sis2 values in the range 1740
and 2100 m/s were obtained, in this case within the same layer
since it was not possible to recognize intermediate interfaces. In all
cases the seismic velocity increases with travel time, and hence
with depth.

Seismic reflectors USR and LSR separate three major seismic
units (Fig. 11).

The Upper Unit (UU) presents a layered structure with its bot-
tom at 40 m at the East, deepening up to reach 100m to theWest at
Sis3 and continues in Sis1 and Sis2, despite the gap of 8 km. UU has
a velocity between 1500 and 1700 m/s and presents a laminated
structure with inner interfaces, which although well defined, show
less intensity. The easternmost extreme of the seismic transect
nearly join the northernmost extreme of the geoelectrical transect
GeoNS surveyed in previous works (de la Vega et al., 2012) (Fig. 1b).
From the correlation between the two sources of information it
becomes clear that unit UU defined in the present contribution
corresponds to the entire sequence previously defined by de la
Vega et al. (2012), that contains, from top to bottom, the units
ULU elacustrine-, UBU ebasaltic-, LSU esedimentary- and LBU
ebasaltic-. In this way, it can be interpreted that UU represents an
alternation of sedimentary and basaltic units, which however could
not be clearly defined by the seismic method since the larger
penetration of the seismic signal in the subsoil prevents a higher
resolution in the surface layers and hence a good definition of the
alternating beds. Therefore, the interpretation of the basal reflector
USR defined in this contribution is consistent with the presence of
basaltic layers probably associated to Chapúa Fm.

A Middle Unit (MU) is identified below UU, also with a layered
structure, the base of which is found at about 400 m to the East
deepening up to 600 m to the West. The velocity is higher
(1500e3560 m/s) for Sis3 to Sis7 and minor (1600e2180 m/s) at
Sis1 and Sis2. The increasing velocities with depth may indicate
that the sedimentary sequence below USR is continuous, although
as it goes deeper a progressively larger basaltic influence is inter-
preted. Despite the fact that at Sis1 and Sis2 a larger number of well
defined interfaces is evident, velocities are there lower, the atten-
uation of the signals is greater and therefore we fail to detect the
high impedance interface at the unit bottom (LSR). This has im-
plications in terms of the structure of the basin, since the evidence
of thicker layers towards theWest, keeping the regional slope of the
basin, along with velocity values typical of sediments with higher
absorption, is coherent with the expected location of the basin
depocenter towards the West.

The Lower unit (LU) was detected between Sis3 and Sis 7; it is
separated from MU by the strong seismic reflector LSR. As stated
previously, this high-impedance interface is not detected to the
West, probably due to the fact that it should be deeper than the
reach of the seismic images. This interface suggests a great reflec-
tion index and therefore a contrast of impedances, what could be
preliminary interpreted as resulting from a higher basaltic content
in this unit.

MU and LU considered together, represent a seismic sequence
with increasing resistivities in depths, still in the range of relatively
soft sediments although with probable downward increasing of
basaltic intercalations. Based on the proposed age for USR (corre-
lated with Chapúa Fm.), and considering the stratigraphy of the
basin (Nullo et al., 2005) and the expected thickness (averaging
1000 m) of the Cenozoic sequences according to Polanski (1954),
Kozlowski et al. (1993) and Llambias et al. (2010), those units can
be considered as of Tertiary age (at least Neogene) composed of
alternating sedimentary and volcanic units, which include the first
major volcanic events occurred in the basin in the Miocene.

In this way, the entire studied sequence (UU, MU and LU) in-
cludes the evolutionary stages defined as climatic-dominated and
volcanic-dominated in the scheme of Rovere et al. (2010).

8. Conclusions

The seismic survey revealed that a Neogene stratigraphic
sequence composed of sedimentary deposits with intercalation of
basaltic units up to depths of at least 700 or 800 m, characterizes
the basinwhere Llancanelo Lake is located. The geological structure
evidenced by the seismic records reveals a deepening of the basin
to the west, what agrees with the regional knowledge of Llancanelo
basin, although the deeper part of the depocenter, located to the
west of Sis 1, has not been yet defined. Two major seismic reflectors
were recognized. The uppermost one (USR), at 40e100 m depth, is
considered as located close to the base of the Quaternary and
represents the lower boundary of sequences ULU, UBU, LSU and
LBU defined by geoelectrical methods in previous works (de la Vega
et al., 2012). The lowermost reflector (LSR) is included in a sequence
of possible Neogene age separating an upper predominantly sedi-
mentary layer from a lower also sedimentary layer although with
higher number of basaltic intercalations.

In this way, the multichannel seismic survey enabled to depict
stratigraphic sequences at depths up to 700e800 m, what repre-
sents a significant advance in the knowledge of the shallow stra-
tigraphy of the region since the application of geoelectrical
methods in early stages of the research only reached depths less
than 100 m (de la Vega et al., 2012). However, the deeper pene-
tration of the seismic signals did not allowed good resolution for
the layers in the uppermost part of the sequences, as is the case of
the geoelectrical method. This demonstrates that complementation
of diverse geophysical methods is needed for obtaining a complete
picture of the regional stratigraphy and basin evolution.

The processing of the reflection seismic data enabled to obtain a
stacked section useful for a preliminary geological interpretation.
This would allow defining future strategies for obtaining a better
constrained geological model. In this context, the presently ach-
ieved results are considered satisfactory since new insights have
been defined about the features of the subsoil as well as some hints
for improving the quality of data acquisition.
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One of the next targets should be to complete the seismic
transect, mainly to cover the 8 km gap between Sis2 and Sis3.

On the other hand, adding data from additional geophysical
surveys, basically geoelectrics and magnetic, will help to improve
the velocity models and will provide new data for the reprocessing
of the lines. As mentioned above, having a better model will help
refine migrated sections, which ultimately is what allows to inter-
pret the resulting subsurface model.
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