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Reply/Action — The authors thank the reviewer for their time and help. All text were improved with a resize
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Comment 3 — “please improve the quality text of the legend in the Fig. 4 (better if the text is in vector mode,
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the quality of text and resized it to get better resolution for Fig. 4
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orthographic error in text of figure
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Reply/Action — The authors thank the reviewer for their time and help. A picture of equipment in area of
investigation was included inside the Fig. 5 (field data example) with the purpose of don’t make changes in
total number of figures.

Comment 7 — “About the importance of the in-situ test authors may evaluate to cite this work:
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Reply/Action — The authors thank the reviewer for their time and help. Included in bibliography first work
(from 2015) and comments inside text about it. Second one Castelli, F., Cavallaro, A., Ferraro, A., Grasso,
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Abstract

The use of a small set of boreholes, as fixed information of the basement, combined with the analysis
of microtremor surveys can provide a transversal detailed section of a valley. In this paper, the
horizontal to vertical spectral ratio (HVSR) technique was applied as a quick and economic method
to establish the thickness of the sediments existing over the rock basement in the San Marcos dam
area, located at the Azuela valley (Cayambe, Ecuador). Previous investigations conducted for the
construction of the dam, with a length of 700 m, did not reach the bottom of the valley; only the
abutments were properly defined, where the rock being close to the ground surface at those areas.
Involving a few boreholes as control points, a relation between the natural frequency of the ground
vibration and the sediment thickness was established. 20 HVSR single station points were measured

and analyzed in the three main directions (N-S, E-W and Z) of the components of the ground natural
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vibration (rumour) and using the natural vibration frequency at each point, a correlation was
established with the sediment thickness. From that point, the geological cross-section of the bottom
of the valley could be delineated, revealing some tectonic structures (faults) not defined in the
previous geotechnical investigations and whose evidence may be useful in further control dam
settlement studies. The proposed formulation can also be used as a quick tool to accurately investigate

the area around the dam and define other tectonic structures not previously evidenced.

Keywords: HVSR; Microtremor; H/V Spectral ratio; Depth of bedrock; Azuela valley

1. Introduction

Seismic vibrations that result from either anthropic or natural sources are called microtremors. They
can vary in energy daily or weekly, or in the position of sources, but they are still constant in
frequency over time (Asten 2004; Bonnefoy-Claudet et al. 2004; SESAME 2004). Nakamura (1989)
hypothesised that the vertical component of ambient noise has the characteristics of source to
sediments surface ground and is relatively influenced by Rayleigh waves on the sediments. Therefore,
the vertical component may be used to remove both the source and the Rayleigh wave effects from
the horizontal components. This technique is called HVSR (Horizontal to Vertical Spectral Ratio),
H/V, or the Nakamura technique, and it can be applied both in earthquake research (determination of
fundamental periods of vibration) and in geological logging (classification of geological materials
using Vs and Vi30) through the analysis of an ellipticity curve (Nakamura 1989; Delgado et al. 2015;
Pamuk et al. 2019; Jirasakjamroonsri et al. 2019). The HVSR technique can identify the fundamental
resonant frequency of a sedimentary layer and its implied amplification factors. This has been shown
by other researchers (Ohmachi et al. 1991; Lermo et al. 1992; Field and Jacob 1995; Kanli 2010) who
used the H/V ratio of noise to identify the fundamental resonant frequency of sediments. The

application of this technique only requires a high geophysical impedance (relationship between the
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bulk density of a medium and the velocity of the seismic wave propagating through it) contrast of
more than two times between existing media to obtain successful results (Nakamura 1998; Vella et

al. 2013; Hellel et al. 2019).

Since 2006, the Autonomous Decentralized Government of the Province of Pichincha (Ecuador),
hereafter GADPP, has been building an irrigation system. This system involves the construction of a
fine-grained core earth dam to the south of the San Marcos lagoon, in the Azuela River valley, which

serves as a reservoir for water distribution (www.pichincha.org.ec). The reservoir is expected to start

to being filled by the end of 2020, and the commissioner needs to control the responses of the dam’s
foundation and the ground until reaching the final capacity (13 m above the base level of the lagoon).
Knowledge about the geology and the structure of the bottom of the valley and the sediments’
thicknesses are both required for this process, but they are undetermined for now: the tests (boreholes)
and surveys (seismic refraction) conducted in the geological and geotechnical study (in 2009) did not
reach the level of the bedrock, especially in the central zone of the infrastructure where a greater

thickness of sediments exist (GADPP 2009).

Thus, this paper shows the application of the HVSR technique to quantify the thickness of the
sedimentary materials overlying the basement of the San Marcos dam. The high contrast of
impedances that exists among the recent sediments (flow of pyroclasts, volcano sedimentary
materials, and alluvial and lacustrine sediments) and the compact basement formed by lavas
belonging to the Angochagua formation in the study area enabled the application of the HVSR
technique. Both bulk density and seismic velocity have a high difference in values that gives the
needed impedance contrast: previous studies (GADPP 2009) have shown that the velocity of the
primary waves (V;) was around 2000 m/s in the highly compacted sediments and over 4000 m/s in

the basement rock (lavas); this results in a ratio of 2 between them (also in impedance).

The identification of the position of the basement (bedrock) of the San Marcos dam was obtained
from the results of a Rayleigh wave analysis and the ratio of the H/V components, by using a

mathematical formulation that relates the fundamental frequency of vibration of the ground and the

3
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thickness of the sediments (Chang et al. 2015). This completely determined the east-west cross-
section of the basement, and the structure of the Azuela River was clearly defined. The established
relation may provide a quick and economical tool for prospecting bigger areas around the dam to
delineate a completely three-dimensional picture of the whole valley. It could be used to accurately

define the tectonic and structure of the basement around even the deepest areas.

2. Geographical setting and geological framework

The valley of Azuela River is located in the municipality of Cayambe, in the eastern part of the
province of Pichincha, in the north of Ecuador (Fig. 1). It was originally a valley embedded in a deep
V shape enhanced by the existence of north-south and northwest-southeast direction faults, which
have been covered by sediments from the Holocene to actual times (Torres 2018). The studied area
is geomorphologically characterised by the presence of a lagoon, San Marcos, which was formed
after a past eruption of the Cayambe volcano. This natural water reservoir is located to the north,
about 10 kilometres north of the crater (Fig. 2), in which a pyroclastic flow blocked the valley and

generated water and sediment retention (Samaniego et al. 1998).

The geology of the area is characterised by the presence of a Pleistocene basement formed by lavas
and compact volcanic products (cemented pyroclasts) belonging to the Angochagua formation. A
sequence of volcanic materials (flows, pyroclastic, and ash) and glacial, alluvial, and lacustrine

sediments have been deposited over them (Torres 2018).

The geological cartography (Fig. 2) was performed by GADPP (2009) and subsequently reviewed by
Torres (2018). It shows how the pyroclastic flowed from the Cayambe volcano (to the southwest,
outside the image) blocked the valley of the Azuela River. These materials have been dated to 4000
B.P., and came from a San Marcos type eruption, one of the strongest scenarios that could produce
this volcano. These pyroclastic sediments functioned as a natural dam that allowed the formation of
the San Marcos lagoon and the sedimentary series on which the constructed dam is currently located

(Samaniego et al. 2004).
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The geomorphology of the valley area presents an accentuated V shape which has been gently
softened by glaciers (the Ismuquiru river valley, just to the west of the Azuela valley, has a clear U-
shape typical of glacial events) with slopes at its flanks of 16° in the west and 20° in the east. The
eastern flank, over the dam crest, has flatter slopes and a plain area raised 100 m over the lagoon
water level. This could be due to the effects of glacial erosion. The slopes to the west keep the original
acute form of the valley, probably because they were formed by the action of the north-south direction
fault that would run through the centre of the current lagoon (Torres 2018). The actual level of the

land in this area is at an average of 3420 m above sea level.

The structural features of the area, like faults and folds, are not clearly defined. Most of them are
covered by the sediments, overburden, and alteration soils that hide the rock and faults. These features
are briefly delineated in Fig. 2. Faults that are drawn to the west of the lagoon, with an almost east-
west direction, could be observed in the field. The faults that cross from north to south and northwest
to southeast at the centre of the Azuela valley are supported by geological sections of the dam made

for its construction (Torres 2018).

The direction of these faults is consistent with the strain processes from the subduction zone at the
west coast of Ecuador. The Nazca plate is subducting South American plate and this is the first origin
of this dextral faulting, parallel to the coast, which is also the focus of seismicity and earthquakes.
Thus, the San Marcos dam area is located in a high seismic hazard zone as indicated by the Ecuadorian
Seismic Classification (Egiiez and Aspden 1993). The value of PGA calculated for rocks in this zone
is between 300 and 310 gal (1 gal equal to 0,01 m/s?), but it could reach between 400 and 500 gal if

local effects (amplification factors due to thick sedimentary cover) are considered (Torres 2018).
3. Construction project and previous surveys

The geological and geotechnical study for the construction of the San Marcos dam included boreholes
and geophysical researches conducted at the dam axis. The aim was to complement the data obtained

previously by GADPP (2009). Fig. 3 shows the construction cross section of the dam along with the
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five boreholes conducted. Perforations at or near the ends of the profile (P-7A, P-10A, PSM-3, and

P-9) cut the basement, while the one executed in the central zone (P8) did not reach it.

The geological profile showed that the basement of the valley at its central part is deeper than 75 m
(reached depth in P8 borehole), with the presence of several vertical faults accentuating this
deepening towards the centre and east (right edge, where the Azuela River is located). Measured
seismic velocities (7)) enable the interface between the recent sedimentary materials (7, = 1725 m/s)
and the pyroclastic flows (V, = 2210 m/s) to be located at depths of 34 m from the current topographic
surface. Thus, the stratigraphic sequence in the construction zone of the dam has more than 35 m (in
the central zone it exceeds 40 m) of alluvial and/or lacustrine sediments (distal or low intensity of
flow) which lay over volcanic sedimentary material of pyroclastic flow type. Auxiliary 22-m-depth
SPT surveys done before constructing the dam foundation, demonstrated an increase of compaction

values of the ground (GADPP 2009).

4. Experimental study

An experimental study was performed at the toe of the San Marcos dam, on the downwards side of
the water flow and over it, using the single station HVSR technique. Since the area was saturated, the
station points could not be placed continuous and equal spaced as desired. A total of 17 single station
points were investigated close to the dam toe and spaced over, selecting harder and unsaturated soils
(unequal distributed in distance). Additionally, three station points were located over the crest of the
dam. Fig. 3 and Fig. 4 show the location of the station points in section and plan view, respectively.
Some points were not along investigated cross-section (marked as purple line in Fig. 4). Points 18,
19, and 20 were measured on the top of the dam and points 1, 4, 7, 10, 12, 17, and 14 were also
extrapolated to the interpreted section. Some station points were taken at the same location where
boreholes were performed or close to them (the exact coordinates of the position of old boreholes
were not available) to allow the interpretation of the results. The frequency and period of each 20

points measured are listed in Table 1.
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The HVSR technique is based on the spectral analysis of the rumour collected on the surface of the
ground. The application of microtremor devices can be made through an array or alignment of
geophones, such as the ReMi technique or, as in this case, with the implantation of a single station
triaxial set of geophones that collect vibrations in three spatial directions (N-S, E-W, and vertically).
At each station point, the measuring device was implanted on the ground, as firmly as possible and
protected from the wind or external movements, with an orientation to the magnetic north of one of
the horizontal components, established with the support of a compass. The device was connected to
a computer to control the equipment and record the data. Since measurements of records need
sufficient time to obtain enough data information for further analysis, registration times of more than
20 minutes were performed, following the guidelines indicated for this type of measurements
(SESAME 2004). An example of this measured data is shown in Fig. 5-A, and so the used equipment

(Fig. 5-C).

Raw data processing was carried out using the software GEOPSY v.2019 (SESAME 2004), and
consisted of the generation of a windowing from 20 to 25 seconds without overlapping (Fig. 5-B).
To obtain the final windows to be analysed, anti-triggering filters were applied to the raw signal and,
in certain cases, also to the filtered signal (low pass filter with a value of 5 Hz), cleaning the record
data from transients. Transients were defined as a comparison between the average signal amplitude
over a short time period of one second tsta, STA, and the average signal amplitude over a longer time
period of 30 seconds trta, LTA. Windows that meet with STA/LTA ratios between 0.05 and 0.5 may
be considered as stationary noise. In these spaces of the filtering window, the Fast Fourier Transform

(FFT) was applied to each delimited space or window (Bard 2004).

The curves of the horizontal components were combined squared average to obtain the relationship
against the vertical one (H/V), previously applying a Kono and Ohmachi (1998) smoothing filter type
of 30-40%, with cosine or triangular type windows to every component (H and V). The final HVSR
was obtained by averaging the H/V amplitudes from all selected windows (see selected examples of

this in Fig 6), drawing in colours calculations for every window. The average of them, as a black
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continuous curve, and the standard deviations values for each frequency were estimated from the H/'V
amplitude logarithm (dotted black lines in Fig. 6). The use of calculation parameters was selected

following the recommendations of the SESAME Project (Bard 2004; SESAME 2004).
S. Interpretation of the field data

Interpretation of the field data was done using the GEOPSY software. The relationship between the
dominant peak frequency (frequency of the fundamental mode of ground vibration) and the thickness
of sediments over the basement was quantitatively established. Nakamura (1989) and Albarello et al.
(2011) proposed the basis of this process considering that the Rayleigh waves, in fundamental mode,
dominate the environmental vibrations and these propagate in the sediments and soils that overlie a

basement in a homogeneous way.

Previous studies have shown that a large-amplitude HVSR peak can be associated to a high
impedance contrast between the sedimentary cover and the basement, while a low amplitude peak
relates to a lower contrast, indicating the presence of stiff soils (Bonnefoy-Claudet et al. 2006). In
1989, Nakamura suggested that the origin of the fundamental frequencies is related to the resonance
of the shear wave in a single layer of sediment and, therefore, the thickness of the layer (/) can be
related to the fundamental frequency (peak) of the H/V spectral relationship, f,, according to the

relationship:

n Vs

f, =25 (1)

Where n are the modes of vibration without attenuation or irregularities and V; is the velocity of the
shear wave in the sediments. However, the definition of this shear wave velocity in the first few
metres is difficult to obtain. Budny (1984), based on correlations with geotechnical surveys, indicated

that velocity Vs might be described as a function of depth (2) as:
Vs(2) = Vo (14 2)* (2)

Where V, is the average shear wave velocity and x is a constant (empirically obtained). Based on

Budny’s investigations, and using data from well logs (down-hole), Ibs von Seth and Wohlenberg

8
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(1999) determined a good correlation for the peak frequencies of the H/V ratios over a wide range of

thicknesses (from tens to thousands of metres), following the expression:

Z=af,"
€)

Where Z is the thickness of sediments over the basement and a and b are parameters related to the
ground. The obtained values of those two parameters over Tertiary and Quaternary sediments in
Aachen (western part of the Lower Rhin riverbank) are referred to in Table 2. Subsequently, Parolai
et al. (2002), Hinzen et al. (2004), Birgéren et al. (2009), and Khan and Khan (2016) made
adjustments in Eq. (3) according to different places tested, also obtaining different values for a and b
(Table 2). This means that in each ground (sedimentary basin) these parameters must be obtained
according to the conditions of the materials and their stratigraphic sequence. However, the values of
Ibs von Seth and Wohlenberg (1999) and Parolai et al. (2002) are generally used as a reference in

some publications (i.e., Khan and Khan 2016).

Table 3 shows the four boreholes available at the axis of the investigated dam where bedrock was
reached, and the corresponding results obtained at that location using the HVSR technique. From
these results, parameters a and b were obtained by adjusting Eq. (3) as seen in Fig. 7, yielding the

following expression:
7 = 58.746 f; 0247 4)

Adjustment achieved a good match, with a coefficient of determination R? of 0.98 (Fig. 7), although
the contrast points used in the definition of the adjusted curve were relatively few when compared
with those presented by other authors (four points here versus more than 30 in the study by Ibs von

Seth and Wohlenberg (1999), for example).
6. Analysis and discussion

The fundamental frequency of ground vibrations was found to be in the range of 0.12 Hz and 61.26
Hz (see Table 1). These limits are quite broad and generate a range of dispersion which is sufficiently

9
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varied to obtain good results in the analysis of the sedimentary basin because it has important

variations in depth throughout the investigated section.

The curves obtained have clear peaks in the positions 1, 5, 6, 9, and 10, without the appearance of
other dominant modes or peaks, being in the other position’s broad peaks, but clearly denote the
fundamental frequency in each case. At point 12 (area away from the dam) the test showed a complex
curve with several peaks at high frequencies, which would indicate high impedance contrasts in
shallow surfaces. Regarding the viability of the H/V curves obtained in the test points 1, 4, and 7,
located relatively close to one another, they do not have an amplification value (4,) in the H/V ratio
greater than two. So, this value exceeded those of the rest of the tests carried out (validation conditions

according to SESAME 2004). However, these three points were considered in the interpretation.

A comparison using the Eq. (3) for the different values of @ and b given in Table 2 was conducted. It
is interesting to note that coefficients were quite different from those obtained in studies made by
Parolai et al. (2002), Hinzen et al. (2004), Birgoren et al. (2009), and Khan and Khan (2016). The
values obtained for the thickness of the sediments is presented in Table 4. Results can also be seen
graphically in Fig. 8 (bi-logarithmic representation) where it may be observed that most of the fitting
lines are more tilted than the one reached in this study. This inclination is controlled by the exponent
of the formula, which in this case is between four and six times lower than the other proposed ones.
The observed numerical differences may be assigned to the nature of the materials: in all
investigations related to Table 2, the materials were composed of quartz grains and had a
homogeneous vertical distribution; in the present work, sediments came from an alteration of andesite
rocks with pyroclastic flows overlying the basement, i.e., which were all quartz poor. However,

further investigations are needed to confirm these differences.

Fig. 9 shows the San Marcos dam profile with the position of the bedrock drawn from the
interpretation of the data given by the old boreholes along with the bedrock prediction interface
obtained by applying Eq. (4) on the points surveyed in this study. The observations reveal that the

bedrock interface of both interpretations is very similar for points 2, 6, 17, and 19, surveyed points
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located used for calibrating Eq. (4) with a 4.1% of error between real depth (boreholes), and measured
ones (HVSR points). For the rest of the points, the results are consistent with the original drawing of
the basin, obtained by drilling and establishing a depth of 99.2 metres in its deepest part (supposedly
obtained by point 9). It should be mentioned that the values of points 1, 4, 7, 10, 14, and 17 were
extrapolated to the cross-section, as well as those of point 12, 175 m away from it. Nevertheless, the
value obtained for this one is consistent with the V-shape of the investigated valley and the closest-
lying ones. Although having obtained good results using Eq. (4), further research between various

points would be necessary to clearly define the interface of the basement in whole section.

Table 4 and Fig. 9 show the depth of the basement predicted based on the peak frequency (fo),
obtained on each surveyed point using the new formulation and the ones proposed other authors. The
irrationality of the results is clear for the relationships of Ibs von Seth and Wohlenberg (1999), Parolai
et al. (2002), and Hinzen et al. (2004), where values of sediment thicknesses of more than 1000 and
2000 m, and less than 1 m appeared. Moreover, comparing the parameters a and b of the new equation
with those obtained by other authors (see Table 2), only those obtained by Khan and Khan (2016),
were close to the values established in this study. However, the results of thicknesses calculated with
these factors greatly differ from those obtained in the adjustment made in this investigation, having
only the values between 0.9 and 3.4 Hz as opposed to those that had closer values (the intersection is
represented in Fig. 8). As the values of f, move away from this dimension, the results differ

exponentially.

Structural information of bedrock can be extracted from Fig. 9. The fault name number two, at the
left margin of the valley (east), has been recognised in previous studies and marked at the same place
as has been identified in this investigation (see Fig. 3 and Fig. 9). Both have a vertical scarp, dipping
gently toward the western side, but the difference between the two interpretations is the displacement,
which is currently more than ten metres against the five metres in old documents. The old
displacement was defined from data at borehole P-9 and helped infer this feature. In this study, data

measured around this place can delineate better this displacement and evaluate it more precisely.
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On the other hand, two new fault structures have been recognised in the centre of the valley, which
are responsible for the depth of it: faults 3 and 4. The former is located towards the eastern side of
valley (at the first third). The latter is close to the centre of it (300 m from the eastern side of valley)
just where an inferred fault was drawn on construction section (see Fig. 3 and Fig. 9). The drawing
of the bottom in all areas of the section had an inversed sawtooth appearance, so it was impossible to
define clearly a tectonic feature as faults at the western side (it could be that one was defined between
14 and 15 HVSR points, but not clearly). Across the publications of Alvarado (2012), the sismogenic
zone defined at this area is in general a strike-slip type of failure, but the oldest faults have an inversed
movement caused by the tension from the subduction zone. In addition, the repetition of outcrops on
both sides of the lagoon of lavas from the Angochagua formation leads to thinking about a system of
reverse faults that double the size on surface of these materials. No more detailed information can be
obtained about the area; the faults 3 and 4 appear shown in the cross section of Fig 9, laying towards
the western side at 65 and 70 degrees, as an interpretation (same as defined Fault 2 in previous
studies), and give the main idea that the main tectonic structure was closed to left margin of the

Azuela valley where the basement reached more than a 99 m depth.

No fault or special feature could be defined clearly on the western side of Azuela valley: only mention
that the inclination observed at the bottom of the valley, in cross-section, was similar to that of the
flanks of the valley in every margin. Thus, the eastern margin over the dam slopes inclined at 19.5°
and under it, 20.0° on the other hand, the western flank, on the other side of the main fault, sloped at

15.4°, as did the slope of its margin.

7. Conclusions

The application of passive seismic techniques such as the Nakamura or the H/V spectral ratio (HVSR)
allows large areas to be recognised without the need to distribute a longitudinal device with cables,
allowing the implementation of devices which are less expensive and more economical research

which are also faster than other ones, like boreholes. In this paper, the HVSR technique was used to
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predict the position of the basement (bedrock) of the San Marcos dam (Ecuador) and define the cross

section of the Azuela River valley identifying the sediment thickness too.

A total of 20 points were surveyed using the HVSR technique and the relationship between the
frequency of natural vibration of the ground (f,) and the thickness of the sediments (considering a
single layer of unconsolidated materials) was established. Following the equation type proposed by
Budny (1984) and developed by other authors, a power law relationship with two parameters of values
58.746 (scaling factor term) and -0.247 (power term) was set. When compared with data obtained
from performed boreholes, the new relationship proved to be capable of defining the bedrock interface
at San Marcos dam, achieving a coefficient of determination R? of 0.98 for those surveyed points
closer to the location of the boreholes. For the rest of the points, the results were consistent with the
original geological interpretation of the basin, which established a supposed depth of 95.5 to 110

metres in its deepest part.

The results obtained using the new relationship have also been compared with power relationships
available in the literature and which have been obtained by other authors for different materials and
their stratigraphic sequence. As expected, the predicted values yielded irrationality results in nearly
all cases, obtaining values of sediment thicknesses of more than 1000 and 2000 m, and less than 1 m
in shallow areas. In other cases (e.g., studies by Khan and Khan 2016), results were close to those

obtained with the new relationship, but only for a narrow value of /; (i.e., between 0.9 and 3.4 Hz).

Having a relationship between f, and the depth where the bedrock is expected to be found opens new
opportunities to enhance the knowledge of the Azuela River valley. First, an accurately cross section
of the Azuela valley basement could be drawn along the dam toe in order to locate and define its
structural features, like faults, that increased its depth. Once all the surveyed points where computed
and the bedrock was drawn, it could be concluded too that the inclination of the slopes of the rocky
substratum, at both sides of main fault, was shown to maintain the angle of the upper zone (margin

over the dam) with 15.4° in the western margin and in the eastern one; the slope was steeper at the
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east side, in keeping with the geomorphology of the area. This corroborates the position of the fault

generated in the centre of the Azuela River valley.

Thus, through the application of the methodology developed in this study, geological and
geotechnical investigations of the position of the bedrock could be made with the application of
microtremors measurements in areas with direct information (boreholes as control points) as a quick
tool of exploration, even without a lot of boreholes. The formulations obtained could then be used in
all measurements of microtremor that occurred within them to obtaining coating thicknesses with an
accuracy of less than 4.5% (difference between depth to bedrock in boreholes and HVSR measured
points). This can be later extended to larger spaces with the consequent economic savings and can be
used in further and deeper investigations about geotechnical parameters and site response, out of the
scope of this work but as a new line of investigation (Ferraro et al. 2015; Kanli et al. 2006; Kanli et

al. 2008). Also, if the density of points suffice, tectonic structures can be defined too, like in this case.
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List of Figures

Fig. 1 Location of San Marcos dam area (adapted from Torres 2008).

Fig. 2 San Marcos dam area geological map (adapted from Torres 2018).

Fig. 3 San Marcos dam longitudinal profile. Geological interpretation in preliminary studies for its
construction with the position of the HVSR surveys (blue triangles) and the used contrast boreholes
(bold red lines). A simplified representation of the materials defined in the geotechnical studies of the
dam is included: fine alluvial and lacustrine sediments (1), coarse and gravel sediments of alluvial
origin (2), coarse sediments and intercalations of volcanic materials (3), Cayambe pyroclastic flows
(4), basaltic basement composed by volcanic lava of the Angochagua Formation (5), and colluvial
sediments (6). Orientation east-west at scale 1H:2V. Adapted from original with permission of
GADPP (2009).

Fig. 4 Surveyed points location around San Marcos dam, in the Azuela valley. Points 18,19, and 20
were performed over the dam. Points 1, 4, 7, 10, 12, 14, and 17 were considered as a projection in
delineated cross section of valley (dashed purple line).

Fig. 5 (A) Raw data example from Point 1. In order, N-S, E-W and Z components. (B) Windowing
example from raw data applied at Point 2 record with 48 windows selected (20 s). Anti-triggering
filters were applied to raw data and filtered data. Components N-S, E-W an Z in order from up to
down. (C) Equipment used in this investigation at point 19

Fig. 6 Final results from H/V analysis on selected surveyed points from total performed. Grey bands
show the fundamental frequency of vibration and its standard deviation.

Fig. 7 Adjusted curve Z=a f,® for data given in Table 3.

Fig. 8 1, versus sediment thickness curves in the different investigations related in Table 2.

Fig. 9 Geological cross section of Azuela valley obtained after the application of passive techniques
of the seismic method (HVSR). Basement (lavas from Angochagua Formation) position obtained in
this study is delineated in bold dashed black line. It can be compared with old construction

interpretation section of basement represented in solid color. Vertical blue line represent depth at
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Fig. 3. San Marcos dam longitudinal profile. Geological interpretation in preliminary studies for
its construction with the position of the HVSR surveys (blue triangles) and the used contrast
boreholes (bold red lines). A simplified representation of the materials defined in the geotechnical
studies of the dam is included: fine alluvial and lacustrine sediments (1), coarse and gravel
sediments of alluvial origin (2), coarse sediments and intercalations of volcanic materials (3),
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Formation (5), and colluvial sediments (6). Orientation east-west at scale 1H:2V. Adapted from
original with permission of GADPP (2009)
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Fig. 6. Final results from H/V analysis on selected surveyed points from total performed. Grey
bands show the fundamental frequency of vibration and its standard deviation
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Fig. 9. Geological cross section of Azuela valley obtained after the application of passive
techniques of the seismic method (HVSR). Basement (lavas from Angochagua Formation)
position obtained in this study is delineated in bold dashed black line. It can be compared with old
construction interpretation section of basement represented in solid color. Vertical blue line
represent depth at every surveyed point and dot and dash blue lines are projected HVSR surveys
over the section. Boreholes used are drawn in red line (depth to basement). Scale 1H:2V



Table

Table 1. Results obtained in present investigation with fundamental frequency (f,), amplification
(4,) and period (75) of the 20 measured points.

POINT (g’z) A, (TS ‘
1 61.26 1.90 0.02
2 33.05 3.45 0.03
3 10.01 4.94 0.10
4 7.36 1.58 0.14
5 1.51 4.92 0.66
6 1.61 3.70 0.62
7 0.32 1.65 3.13
8 0.29 3.36 3.45
9 0.12 3.10 8.33
10 0.14 331 7.14
1 0.18 2.14 5.56
12 0.38 2.81 2.63
13 0.67 8.74 1.49
14 0.27 9.33 3.70
15 1.21 5.35 0.83
16 1.36 5.17 0.74
17 12.58 4.49 0.08
18 17.11 7.42 0.06
19 0.36 237 2.78

20 0.19 3.61 5.26



Table

Table 2. Value of a and b coefficients to the equation defined by Bundy (1984) given by different
authors, also including the present investigation. R2 obtained and materials where were performed
are also indicated.

INVESTIGATION a b R? MATERIALS
Ibs von Seth and Wohlenberg Sedimentary covers of Tertiary
96.000 -1.388 0.981 and Quaternary ages (Rhin
(1999) River)
Parolai et al. (2002) 108.000 -1.551 Gravel, sand, and clays mainly
Hinzen et al. (2004) 137.000 | -1.190 Well-sorted marine sand and

consolidated clay (Rhin River)

Birgéren et al. (2009) 150.990 | -1.153 | 0.995 | Densesand,siltysand, clayey

sand, gravel and clay

Interbedded sandy silt and
limestone gravel, acolian loess

Khan and Khan (2016) 63.680 -1.090 0.990

Alluvial and lacustrine

PRESENT STUDY 58746 | -0.247 098  Scdiments, volcanoclastic

sediments and pyroclastic
flows



Table

Table 3. Refered boreholes with depth data of basement (in metres) and HVSR surveys
performed as control correlation with fundamental frequency (fo)

BOREHOLE BASEMENT @ POINT Jo
P-9 23.20 2 33.05
PSM -3 52.27 6 1.61
P-7A 34.05 17 12.58

P-10A 74.29 19 0.36



Table

Table 4. Depth of basement (bedrock) predicted by different authors equations (in metres)
compared to the present investigation (third column) based on fundamental frequency f,

THIS Ibs von

rony f STUDY San Tand M B e
1 61.26 21.3 0.3 0.2 1.0 1.3 0.7
2 33.05 24.8 0.7 0.5 2.1 2.7 1.4
3 10.01 333 3.9 3.0 8.8 10.6 5.2
4 7.36 35.9 6.0 4.9 12.7 15.1 7.2
5 1.51 53.1 54.2 57.0 83.9 93.9 40.6
6 1.61 52.2 49.6 51.6 77.7 87.2 379
7 0.32 77.8 466.8 632.3 531.6 561.8 220.5
8 0.29 79.8 535.1 736.6 597.7 629.3 245.5
9 0.12 99.2 1821.2 2894.8 1708.0 1740.8 642.2
10 0.14 95.5 1470.4 2279.2 1421.8 1457.3 542.9
11 0.18 89.7 1037.4 1543.5 1054.3 1090.7 412.8
12 0.38 74.6 367.7 484.4 433.3 460.8 182.8
13 0.67 64.9 167.4 201.0 220.6 239.6 98.5
14 0.27 81.2 590.9 823.0 650.7 683.3 265.3
15 1.21 56.0 73.7 80.4 109.2 121.2 51.7
16 1.36 54.4 62.6 67.0 95.0 105.9 45.5
17 12.58 314 2.9 2.1 6.7 8.1 4.0
18 17.11 29.1 1.9 1.3 4.7 5.7 2.9
19 0.36 75.6 396.4 526.7 462.1 490.4 193.9

20 0.19 88.5 962.4 1419.3 988.6 1024.7 389.2



Supplementary Material

Click here to access/download
Supplementary Material
Certificate_202105-25165823.pdf



Supplementary Material

Click here to access/download
Supplementary Material
Cover letter Review.docx



Jover letter to editors

Click here to access/download
Supplementary Material
Cover letter Editors.docx



itle Page

Click here to access/download
Supplementary Material
Title Page.docx



{ighligths

Click here to access/download
Supplementary Material
Highligths.docx



