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Abstract

The Uruguayan onshore portion of the Pelotas Basin is the Laguna Merin Basin. Despite its interesting geological and geophysical features,
such as the highest Bouguer gravity anomaly and the youngest volcanic calderas in the country, it is the least known basin in Uruguay. In this
study, a stratigraphic chart is presented for the first time, and an integrated analysis of its sedimentary infill is performed through the acqui-
sition of horizontal-to-vertical spectral ratio data as well as geological and geophysical data available from previous studies. The Cretaceous
sedimentary infill was restricted to the rift phase, corresponding to alluvial and fluvial deposits. The Cenozoic sedimentary cover corresponds
to continental to marine sedimentary rocks and sediments deposited from the Oligocene to the present day in a drift tectonic framework.
It presents a regional areal extension that exceeds the structural rifting borders of the basin. The maximum Cretaceous/Cenozoic sedimen-
tary infill thickness is ~500 m. Cretaceous sedimentary units related to the rift and Oligocene drift phases are only present in the Uruguayan
portion of the onshore Pelotas Basin, and the thickness of the Cenozoic drift deposits (from the Miocene to modern deposits) in the Brazilian
region is at least twice that in the Uruguayan region.
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1 INTRODUCTION during the Late Jurassic-Early Cretaceous (Morales et al., 2022;

The Pelotas Basin, located between the Florianopolis High Rossello etal., 1999; Sprechmann et al., 1981), and it has been
(border with the Santos Basin offshore of Brazil) and the controlled by large crustal discontinuities (NNE-NE) formed
Polonio High (border with the Punta del Este Basin offshore during the Brazilian Cycle (Chang et al., 1992; Machado et al.,
of Uruguay), occupies onshore and offshore areas of southeast- 2021). The structural rifting borders of the basin are repre-
ern Brazil and Uruguay. It can be divided into two subbasins, sented to the north by the Cebollati-Merin Lineament (CML)
North and South, separated by the Porto Alegre Lineament, and to the south by the Aigui-India Muerta-Chuy Lineament
which constitutes a structural feature that continues offshore (AICL). The CML controls the NE inflection of the Merin
(Porto Alegre Fracture Zone) (Bueno, 2021; Martins Neto Lagoon along the border Uruguay-Brazil and continues into
etal, 2006) (Fig. 1). Brazilian territory, controlling the development of the Patos

The Uruguayan onshore portion of the Pelotas Basin Lagoon (Pelotas lineament; Rosa et al., 2009; Saadi, 1993;
is locally known as the Laguna Merin Basin (LMB; Bossi, Saadi et al,, 2002). In contrast, the AICL extends into the off-
1966) (Fig. 1). Its genesis is related to the breakup of Western shore (Chuy lineament; Bueno, 2021; Morales et al., 2022;
Gondwana and the later opening of the South Atlantic Ocean Rosa et al,, 2009) (Fig. 1).

The LMB has low relief with wetlands, flat topography,
and scarce outcrops. In this large region, three landscape units
Supplementary material have been recognized: sierras, small hills and hillock ridges,

Supplementary data associated with this article can be found in: terraces, and fluvial plains ( Achkar et al., 2012)_ High-relief
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areas are relegated to the structural borders of the basin where
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(Ellis & Turner, 2006; Reitmayr, 2001 ) and the youngest volca-
nic calderas (Cernuschi et al., 2015; Muzio et al., 2009; Rossello
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basin border; therefore, its depth, geometry, and infill remain
unknown (Morales et al., 2022; Veroslavsky et al,, 2004).

According to current knowledge, the igneous-sedimentary
infill of the LMB comprises Cretaceous-Cenozoic sedimentary
deposits located on top of thick Jurassic-Cretaceous igneous
rocks (up to 2,500 m-thick), which are probably interbedded
with sedimentary and/or volcanoclastic rocks in its lower half.
Sedimentary cover and acidic to basic igneous complex rocks
(including flows, sills, dykes, and calderas) have been identified
in outcrops along the basin borders and wells (Bossi, 1966;
Cernuschi et al., 2015; Morales et al., 2022; Muzio et al., 2009;
Veroslavsky et al., 2004).

This study aims to characterize the sedimentary infill of the
LMB through the acquisition of horizontal-to-vertical spectral
ratio (HVSR) data, its integration with geological data from
stratigraphic and groundwater wells, and geophysical data

El Cenozoic sedimentary rocks and sediments

- Mesozoic igneous rocks

l:l Paleozoic sedimentary rocks
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(magnetotelluric and long-range vertical electrical soundings)
available from previous studies. The HVSR method is a non-
invasive technique that uses a broadband, three-component
seismometer that registers ambient seismic noise. It can be
used in an effective way to estimate the depth and thickness of
different geological units when there is a significant acoustic
impedance contrast between them, for example, at the con-
tact between sedimentary rocks and igneous rocks (Agostini
etal.,2015; Lane et al., 2008), as such is the case of the LMB.

2 GEOLOGICAL SETTING

Uruguayan geology consists of a Precambrian Shield that
includes Archean to Proterozoic rocks, outcropping mainly in the
country’s southern region, and three Phanerozoic sedimentary
basins named Norte, Santa Lucia, and Laguna Merin (Fig. 1).
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SYSZ: Sarandi del Yi Shear Zone; SBSZ: Sierra Ballena Shear Zone; MASZ: Mal Abrigo Shear Zone; PAL: Porto Alegre Lineament; AICL: Aigud-India
Muerta-Chuy Lineament; CML: Cebollati-Merin Lineament; PL: Pelotas Lineament; DFB: Dom Feliciano Belt; NPT: Nico Pérez Terrane; PAT: Piedra Alta

Terrane; SLB: Santa Lucia Basin; LMB: Laguna Merin Basin.

Figure 1. Simplified geological map of the southeast of Uruguay and Brazil (modified from Bossi et al., 2001; Rosa et al., 2009; Saadi et al.,
2002). The red rectangle indicates the studied area. The location of the wells in the Brazilian territory mentioned in this work is indicated: 1:

2-CA-1-RS; 2: 2-PJ-1-RS; 3: 2-CI-1-RS; 4: 2PN-1-RS.
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The Precambrian Shield consists of a collage of metamor-

phic and igneous rocks as well as various hypabyssal dyke
swarms. Although its division into several tectonostratigraphic
terranes is still a matter of debate, in general, it can be divided
into the following three main domains (Fig. 1):
* the Piedra Alta terrane, which includes Paleoproterozoic
rocks that were not tectonically reworked during the
Neoproterozoic (Bossi etal, 2001; Oyhantgabal etal., 2011);
the Nico Pérez terrane, consisting of Archean and
Paleoproterozoic rocks tectonically reworked during the
Neoproterozoic (Bossietal, 2001; Oyhantgabal etal,, 2011);
the Dom Feliciano belt, representing the Brasiliano/Pan-
African orogenic cycle (Bossi & Gaucher, 2004; Masquelin,
2006; Sanchez-Bettucci et al., 2021).

The DFB constitutes the basement of the LMB and is
represented by three outstanding constituents: the Lavalleja
Metamorphic Complex, the Punta Rasa-Campanero Complex,
and the Sierra Ballena Shear Zone (Masquelin, 2006). A tec-
tonic high in the DFB lies between the Uruguayan onshore and
offshore portions of the Pelotas Basin (Goscombe et al,, 2003).

The Norte Basin (the name given to the Uruguayan por-
tion of the Paran4 Basin) comprises Paleozoic to Mesozoic
sedimentary rocks and Mesozoic basaltic flows mainly related
to the evolution of Western Gondwana. Its infill is composed
of four volcano-sedimentary megasequences: Devonian,
Late Carboniferous-Permian, Jurassic—Cretaceous, and Late
Cretaceous, separated by regional unconformities (de Santa
Ana et al,, 2006).

The Santa Lucia and Laguna Merin basins constitute
rift structures that developed during the Late Jurassic—Early
Cretaceous (Morales et al., 2022; Nufiez Demarco et al., 2020;
Rossello et al., 1999; Veroslavsky et al., 2004). Rossello et al.
(1999,2000) state that both basins constitute the Santa Lucia—
Aigua-Merin (SaLAM), an E-NE extensive — dextral strike-
slip structural corridor.

The LMB is limited to the west by the N-S trending SBSZ,
north by the N60° CML, and south by the N85° AICL (Fig. 1)
(Morales et al., 2022; Nufiez Demarco et al., 2020; Rossello
et al., 1999, 2000; Veroslavsky et al., 2004). These structures
controlled the main area of crustal extension and magmatic
activity during the Jurassic—Early Cretaceous in southeast-
ern Uruguay. However, north of the CML, a set of regional
structures (e.g., Otazo Shear Zone, see Gomez-Rifas, 1995)
and some magmatic relicts (e.g., Yaguarén dacites, see Bossi,
1966; Vieira, 1985) associated with the rift phase provide
evidence that the geological units related to the initial rifting
had a greater extension than currently preserved. Likewise, in
the offshore portion of the basin, the rift phase magmatism
is represented mainly by more than 2,000 m thick of several
wedges of seaward dipping reflectors (SDR) (Chauvet et al,,
2021; Morales et al., 2017; Soto et al., 2011).

Figure 2 presents the first stratigraphic chart of LMB devel-
oped from the literature and the results achieved in this study.
Therift phase is represented mainly by igneous rocks throughout
the basin, such as the Puerto Gémez Formation and second-

arily by the Arequita Formation. The Puerto Gémez Formation
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(Bossi, 1966) comprises Jurassic to Early Cretaceous basicigne-
ous rocks, predominantly basalts, and subordinate andesites,
with a maximum drilled thickness of 1,138 m (Puerto Gémez
well, Figs. 3and 4). The Arequita Formation (Bossi, 1966) cor-
responds to Lower Cretaceous acidic igneous rocks, prominent
rhyolites, and subordinate dacites, trachytes, and pyroclastic
rocks (Muzio et al,, 2009). The remaining igneous units have
arestricted areal extension in the basin and constitute mainly
high topographic areas, such as the subcircular alkaline Macizo
Valle Chico complex, located at the west extreme of the basin
(Muzio, 2000) and San Miguel Hill, located at the east extreme
of the basin (Muzio et al., 2009). The rifting sedimentary infill
is represented by the Migues Formation (Bossi, 1966), corre-
sponding to Lower Cretaceous continental sandstones with
minor levels of conglomerates and shales and a maximum
drilled thickness of 64 m (Puerto Gémez well) (Veroslavsky
et al,, 2004; Vivanco et al., 2020).

The Cenozoic sedimentary cover (Oligocene to present,
drift phase) presents a regional areal extension that exceeds
the structural rifting borders of the basin (CML and AICL).
Itincludes the Fray Bentos, Camacho, Paso del Puerto, Libertad,
Chuy, Dolores, Villa Soriano formations, and modern sediments.
The Fray Bentos Formation consists mainly of continental
fine-grained sandstones and loess (Bossi, 1966; Ubilla, 2004).
The marine Camacho Formation consists of fine-grained sand-
stones, claystones, and coquinas (Goso, 1985; Perea & Martinez
2004; Preciozzi et al., 1985). The Paso del Puerto Formation
has a continental origin and consists mainly of interbedded
sandstones, conglomerates, and shales (Bossi & Navarro, 1991;
Preciozzi et al., 1985). The Libertad (continental) and Chuy
(marine) formations represent several Pleistocene transgres-
sive-regressive cycles (Goso, 1972, 1985; Martinez & Ubilla,
2004; Rojas, 2007). The Dolores formation is characterized
by continental clay-silt and silt-clay deposits with interbed-
ded sands and gravels (Goso, 1985; Martinez & Ubilla, 2004).
The marine Villa Soriano Formation includes deposits ranging
from clays to medium sands and subordinate gravels (Preciozzi
etal,, 1985; Ubilla & Martinez, 2016). Modern sediments are

associated with alluvial, fluvial, and coastal lagoon systems.

3 MATERIALS AND METHODS

To characterize the sedimentary cover and determine its
thickness in the study area, all available data from previous stud-
ies were collected, reviewed, and integrated into the analysis
(Bossi, 1966; Cernuschi et al., 2015; Medina & Pirelli, 1995;
Morales et al., 2022; Preciozzi et al., 1985; PRENADER 1993;
Umpiérrez, 2022; Veroslavsky et al,, 2004; Vivanco et al., 2020).
Wells located onshore in the Brazilian portion of the basin,
close to the border with Uruguay, were also included in this
study (Rosa et al., 2009; Sanguinetti, 1980). Additionally, the
HVSR method was applied mainly in the western sector of
the basin, where available data are scarce and mostly consist
of shallow groundwater wells (Fig. 3).

The HVSR method allows one to quickly determine the
fundamental resonance frequency of a “soft” shallow layer

(constituted by sediments or sedimentary rocks) that overlays


https://creativecommons.org/licenses/by/4.0/

Braz. J. Geol. (2024), 54(2): e20240017

> | Holocene F Soriano

@

= fa I’teDOIodrse Sl

g pragliep. soce. gmls |

S |Pleistocene Libertad sandsCf:aggs

@) loess, sands, mudstones, calcretes ol ay:s? s o
O T s ) e | e ] 8
AR i Paso del Puerto =

o Pliocene "~ "-----___ conglomerates, sandstones,
Bl O conglomerates, -~~~ subordinate silts and clays lenses =
% 8) sandstones resoo T Camacho 5
O 2 Mibeane —moe sandstones, claystones

iqoce Fray Bentos
Ollg e loess, fine-grained sandstones, siltstones

®
»
©
=
o
=
14

Figure 2. Stratigraphic chart of the LMB, including formal (bold) and unformal (italic) units.

a “hard” layer corresponding to the basement or its infill of
the basin (e.g, basalts) in a range between 0 and more than
500 m (Lane et al., 2008; Owers et al., 2016). This method is
a passive seismic technique that uses a three-component seis-
mometer to measure the vertical and horizontal components
(N-S, E-W) of ambient seismic noise generated by natural
(e.g., oceanic waves, winds) or artificial processes (machinery
and traffic) (Bard, 1998).

In total, 58 HVSR stations were measured (Fig. 3; com-
plementary data) in the LMB. The recording time of each
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measurement (between 24 and 40 minutes) and a frequency
range (between 0.1 and 256 Hz) were defined according to
the local geology and the recommendations and guidelines
provided by SESAME (Site EffectS assessment using AMbient
Excitations 2004).

Grilla software was used to convert the three vibration
components generated by ambient noise from time to the fre-
quency domain and to visualize the combination of the spectral
amplitudes of the horizontal (H) and vertical (V) components
through H/V curves with distinct peaks. The different H/V
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Figure 3. Database used in this study. AICL, Aigud-India Muerta-Chuy Lineament; CML, Cebollati-Merin Lineament. The (A-E) HVSR
transect locations are indicated.

curves acquired along a section are displayed as contour graph- H/V curves fulfilled the SESAME guide (SESAME European

ics, in which the same color shades indicate equal H/V ratio Research Project, 2004) criteria of “reliable curve,” and the
amplitudes for generating 2D transects. The criteria for inter- criteria for “clear peak” is met for most cases.
preting the reliability and geological significance of the H/V A total of 15 stratigraphic or metallic mineral exploration

curves and their peaks are based on the SESAME (SESAME wells (total depth exceeding 100 m) were drilled into the LMB.
European Research Project, 2004) guide. Also, all the obtained Of these wells, five are referred to as “vintage” wells, drilled
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Source: modified from Cernuschi (2011), Cernuschi et al. (2015), Umpiérrez (2022), and Vivanco et al. (2020).
Figure 4. Lithostratigraphic profiles of selected wells of the LMB (see location in Figs. 3 and 9), including formal (bold) and unformal (italic)
units. C, Camacho Formation; PdP, Paso del Puerto Formation; EOH, end-of-hole. (*) undefined crystalline rock.
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between 1946 and 1978 by the National Agency of Mining
and Geology (DINAMIGE), named Rincén de Gabito, La
Catumbera, Chuy, 18 de Julio, and Puerto Gémez (Figs. 3 and
4). The Puerto Gémez well is the deepest well, with a total
depth of 1,360 m, ending in the Mesozoic basaltic rocks. All of
these “vintage” wells drilled the Mesozoic/Cenozoic sedimen-
tary deposits with variable thicknesses between 220 m (Puerto
Gomez well) and 18 m (18 de Julio well). Detailed litho-
stratigraphic descriptions of these wells are provided by Bossi
(1966), Montafia and Bossi (1995), Umpiérrez (2022), and
Vivanco et al. (2020). The 10 remaining deep wells were
drilled between 2002 and 2008, with metallic mineral explo-
ration purposes and variable depths between 450 and 1,040
m, ending in Mesozoic igneous rocks (basalts, gabbros, gran-
odiorites, and rhyolites). Detailed lithostratigraphic descrip-
tions can be found in Cernuschi (2011) and Cernuschi et al.
(2015). All of them (with only one exception) were drilled in
Mesozoic volcanic calderas, and no drillhole recovery of the
sedimentary cover deposits was performed (see Cernuschi
et al,, 2015). The only well not drilled in the volcanic calde-
ras is called LASDDH4 (Figs. 3 and 4), which was drilled
just north of the Lascano Este Caldera and recovered almost
400 m of sedimentary rocks interbedded with igneous rocks.

In the Brazilian onshore portion of the basin, close to the
border with Uruguay, four wells are located: 2-PJ-1-RS (Ponta
do Joncal), 2-CA-1-RS (Curral Alto), 2-CI-1-RS (Cassino),
and 2-PN-1-RS (Povo Novo) (see Fig. 1). Litho- and biostra-
tigraphic descriptions were provided by Rosa et al. (2009)
and Sanguinetti (1980).

A total of 49 groundwater wells (total depths less than
100 m) with available geological information were identified
in the LMB (Fig. 3). Lithological descriptions have been pro-
vided by Medina and Pirelli (1995) and PRENADER (1993)
(Fig. 3). These groundwater wells provide lithostratigraphic
information on the sedimentary cover and, in some cases, their
thickness, as many do not reach the underlying igneous rocks,
ending in sedimentary rocks.

The geophysical data available in the study area, which can
provide information about the sedimentary cover, include 13
long-range vertical electrical soundings (SEL) from Medina
and Pirelli (1995) and 41 magnetotelluric (MT) station data
from Morales et al. (2022) and Vivanco et al. (2020) (Fig. 3).
These geophysical data provide information about the thick-
ness of the sedimentary cover but do not allow discrimination
between the different lithostratigraphic units.

All data were incorporated into a georeferenced project in
the IHS Kingdom software to analyze the sedimentary cover
and its isopach map.

4 SEDIMENTARY COVER THICKNESS

4.1 H/V Curves

The H/V curves obtained for the HVSR stations in this
study were grouped into five types (Fig. 5).
* Typel: The H/V curvesare characterized by low H/V ampli-

tudes (less than or equal to 2), except at low frequencies
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(near 1 Hz), where the ratio is higher. At all frequencies, no
clear peak was identified, developing a curve that tended to
be flat, probably because there was no strong impedance
acoustic contrast between the basin layers. Station FC_11
(Fig. Sa) is an example of this type of curve. It is in an area
of the Arequita Formation outcrop with acidic rhyolites
and ignimbrites;

Type 2: The H/V curves are characterized by a unique,
clear peak of high H/V amplitudes (near 8) at frequen-
cies near 3 Hz, corresponding to the fundamental reso-
nance frequency of the surface layer. This peak is easily
identifiable, as the H/V amplitudes for all the other fre-
quencies are low (< a 2). An example of this type of H/V
curve corresponds to station FC_12 (Fig. 5b),located on
recent sediments, showing a high-impedance acoustic con-
trast between the sediment layers over the igneous rocks;
Type 3: The H/V curves have similar characteristics to
the previous one, consisting of a unique clear peak at
frequencies near 3 Hz, but in this case, with an inter-
mediate H/V amplitude (near 5), which also represents
a significant contrast in acoustic impedance between
the layers in the basin. An example of this type of H/V
curve is station FC_13 (Fig. Sc). The acoustic imped-
ance contrast was greater at station FC_12 than at sta-
tion FC_13, which is consistent with the geology. While
the FC 12 station shows the contrast between “softer”
recent sediments and the igneous rocks, the FC_13
shows an impedance acoustic contrast between “harder”
Late Pleistocene sediments (Dolores Formation) than
modern sediments and the igneous rocks, thus devel-
oping a smaller peak;

Type 4: The H/V curves are characterized by a mostly flat
curve without a clear peak. It islike the first type described,
but in this case, with low H/V amplitudes (< a 1) for the
entire frequency range without evidencing a marked acous-
ticimpedance contrast between the basin layers. An exam-
ple of this type of curve corresponds to the FC_ 34 station
(Fig. 5d),located on Pliocene-Pleistocene sediments (Paso
del Puerto Formation). However, according to groundwa-
ter well data from the area, igneous rocks are present at
very shallow depths. The absence of acoustic impedance
contrast in this area may be associated with the very thin
sediment layer (only 4 m of sediment in the groundwater
well #2172 from Medina & Pirelli, 1995);

Type S: The H/V curves are characterized by the pres-
ence of two peaks, a wide peakin frequencies near 0.1 Hz
and a clear peak located in frequencies near 3 Hz, both
with high H/V amplitudes (near 8) and easily iden-
tifiable given that the H/V amplitudes are low for all
the other frequencies (< a 2). An example of this H/V
curve corresponds to station FC_3S (Fig. Se). The two
peaks corresponded to at least three layers with differ-
ent mechanical behaviors, two existing interfaces with
ahigh acoustic impedance contrast, and deeper contact
corresponding to lower frequencies. Long-range verti-
cal electrical sounding (SEL #10 from Medina & Pirell,

1995) revealed the presence of several layers with different
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Figure 5. Type H/V curves for HVSR stations: (a) FC_11; (b) FC_12; (c) FC_13; (d) FC_34; (e) FC_35.
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resistivities. This could explain the development of more
than one H-V curve peak. Station FC_35 was located
in the Dolores Formation sediments, consistent with
at least one peak corresponding to the sediment/hard
rock interface.

4.2 HVSR 2D transects
(frequency and depth)

From the 58 HVSR-acquired stations, five 2D transects
(A-E; Fig. 3) were selected and processed in terms of frequency
(Fig. 6) and depth (Fig. 7). Transects A and C SW-NE are 53
and 30 km long, respectively. Transects B, D, and E NW-SE
transects had 64, 62, and 30 km lengths, respectively. Figures 6
and 7 also indicate the locations of the available geological
and geophysical data along each or very close to the transects,
with which the interpretation of the base of the sedimentary
cover was contrasted.

The boundary between the soil and sedimentary cover
(sediments/sedimentary rocks) of the basin was identified
in the HVSR transects processed in frequency (blue horizon
in Fig. 6). This boundary is located at frequencies near 10
Hz and is represented by a reflector with low to intermediate
amplitudes (2-4). The soil layer was homogeneous and had
an amplitude near zero. This layer was also identified in all
groundwater wells of the study area, as described by Medina
and Pirelli (1995) and PRENADER (1993). It has a maximum
thickness of 1 m and is composed mainly of silt and clay grains
with a high organic matter content.

The boundary between “soft” (sediments/sedimen-
tary rocks) and “hard” rocks (igneous rocks) corresponds
to the pink horizon in Fig. 6. It is also recognized in all
HVSR frequency transects and is represented by a sub-
horizontal reflector with intermediate to high amplitudes
(4-6). This horizon is absent where igneous rock outcrops,
as it occurs in the central segment of transects A, B, and C.
This horizon is recognized along Transect E, located entirely
on Cenozoic sedimentary cover. The presence of isolated
reflectors inside the sedimentary cover, with amplitude val-
ues between 2 and 4, could represent the interfaces between
different sedimentary layers, which have been identified in
the sedimentary cover of the “vintage” wells described by
Umpiérrez (2022) and Vivanco et al. (2020) and ground-
water wells described by Medina and Pirelli (1995) and
PRENADER (1993).

The soil-sedimentary cover (sediments/sedimentary rocks)
boundary was not distinguished in the HVSR transects pro-
cessed at depth (Fig. 7) because of the very low thickness of
the soil layer. At the same time, the boundary between “soft”
(sediments/sedimentary rocks) and “hard” rocks (igneous
rocks), corresponding to the pink horizon in Fig. 7, is inter-
preted with typically 0.4-0.8 H/V log values and variable
depths between 20 m and more than 100 m. It is absent where
igneous rocks outcrop.

The boundary between “soft” (sediments/sedimentary
rocks) and “hard” rocks (igneous of the infill basin or igne-
ous/metamorphic basement rocks) was also recognized in all
the stratigraphic wells (Sanguinetti, 1980; Umpiérrez, 2022;
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Vivanco et al., 2020), all the MT data (Morales et al., 2022;
Vivanco et al., 2020), all the SEL data (Medina & Pirelli,
1995), and some groundwater wells (Medina & Pirelli, 1995;
PRENADER, 1993).

Anomalies (white ovals in dotted lines in Figs. 6 and 7)
were observed in the frequency and depth of HVSR transects
in the layer corresponding to igneous rocks. These anomalies
appear at frequencies < 100 Hz and depths between 200 m
and 400 m, with high amplitude values around 7 and high log
H/Vvalues (between 0.6 and 1), respectively. They could have
different explanations, such as 2D or 3D structural behaviors
in zones with high slopes in the subsurface due to the prox-
imity of complex structures such as volcanic calderas and/or
regional lineaments (Agostini et al,, 2015; Lane et al.,, 2008),
both of which are features present in the LMB.

4.3 Isopach map

The top of the sedimentary cover in the LMB is represented
by Cenozoic units deposited from the Pliocene to modern flu-
vial and alluvial deposits. It is characterized by a flat topogra-
phy with elevations predominantly between S and 10 m above
sea level (msl), with the Merin Lagoon being the current base
level of the basin. In the western region of the basin, the top of
the sedimentary cover is situated at higher elevations, ranging
from approximately 40 to 80 msl (Paso del Puerto and Libertad
Formations outcrops).

The base of the sedimentary infill is located at its greatest
depth in the central region of the basin, between the CML and
AICL, and is generally between 190 and 290 mbsl. Its maxi-
mum depth (490 mbsl) is in the basin depocenter to the east,
near the Merin Lagoon. In the remaining sectors of the LMB,
the base of the sedimentary cover was located near 30 mbsl.
Exceptionally, the base of the sedimentary cover reaches higher
altitudes, such as to the west, next to Mesozoic volcanic rock
outcrops or basin borders.

Figure 8 presents an isopach map of the sedimentary
infill of the LMB, whose thickness increases eastward along
the structural boundaries of the basin. The greatest sedimen-
tary thickness was identified in the eastern sector of the basin
between the CML and AICL, north of the San Luis River and
the Pelotas Stream lineaments. In this region, the sedimentary
cover thickness varies mostly between 150 and 300 m, reach-
ing a maximum value of 500 m. Between the CML and the
Olimar-Tacuari lineament, the sedimentary cover thickness
has a mean value of 150 m. Toward the borders of the LMB,
the sedimentary thickness is lesser (between 50 and 100 m),
with the smallest thicknesses (less than 50 m) in the LMB’s
western area, next to basement outcrops and on the edges of
volcanic hills.

The greatest sedimentary infill thickness is located north
of the Lascano West and Lascano East volcanic complexes
and over the San Luis volcanic caldera, as characterized by
Cernuschi et al. (2015). Unlike the Lascano East and Lascano
West volcanic calderas (Cernuschi et al., 2015), the San Luis
volcanic caldera has no outcropping areas, has been identified
using geophysical data (gravimetry and magnetometry), and

constitutes a mostly floodable area.
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Figure 6. HVSR transects in frequency (Hz): (a) transect A; (b) transect B; (c) transect C; (d) transect D; (e) transect E. Blue arrow, intersection
with transect A location; purple arrow, intersection with transect B location; sky blue arrow, intersection with transect C location; orange arrow,
intersection with transect D location; pink arrow, intersection with transect E location. See the location and symbology of geological and
geophysical data in Fig. 3. White ovals in the dotted line indicate anomalies in the layer of igneous rocks.
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Figure 7. HVSR transects in depth (m): (a) transect A; (b) transect B; (c) transect C; (d) transect D; (e) transect E. See the location and
symbology of geological and geophysical data in Fig. 3. White ovals in the dotted line indicate anomalies in the layer of igneous rocks.
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AICL: Aigué-India Muerta-Chuy Lineament; CML: Cebollati-Merin Lineament.

Figure 8. Isopach map (m) of the Laguna Merin Basin sedimentary infill. The main lineaments are indicated.

5 GEOLOGICAL EVOLUTION
OF THE SEDIMENTARY INFILL

The sedimentary infill of the LMB is represented by
Mesozoic/Cenozoic sedimentary rocks and sediments
deposited during the rift and drift tectonic phases of evolu-
tion (Figs. 2 and 9).

The rift sedimentary facies of the LMB are recognized in
very few outcrops (represented by alluvial deposits) located
in the western sector of the basin, close to the basement highs
of the basin s border. They were only identified in the Puerto
Goémez well (represented by fluvial deposits), covering the
basalts of the Puerto Gomez Formation. Cernuschi et al.
(2015) identified in the LASDDH4 well conglomerates
with a thickness of slightly less than 400 m (defined by these

authors as the Quebracho Formation). These conglomerates

are interbedded with basalts of the rift phase; therefore, a
Barremian-Aptian age is proposed for them. Also, Morales
et al. (2022) interpreted sedimentary or volcano-sedimen-
tary deposits as conductive layers interbedded with more
resistive layers (basalts) that could correspond to sedimen-
tary rift phase deposits.

The end of the rift phase in the Pelotas Basin occurred
around 110 Ma, evolving to a passive margin basin type up to
the present day, exhibiting a gradual decrease in the subsid-
ence rate for the offshore region from the Early Cretaceous
and reaching a minimum during the Cretaceous-Paleogene
(Contreras et al., 2010; Fontana, 1996). From the Early
Cretaceous to the Oligocene, there were no sedimentary
deposits in the LMB, probably due to the absence of accom-

modation space. Although very little thermochronological
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data are available for Uruguay, they show a complex history
with a slow and continuous cooling episode in the eastern
region (DFB) starting in the Cretaceous (Machado et al,,
2021; Gomes & Almeida, 2019).

During the Eocene (~ 40 Ma), a denudation episode is
characterized for southeast Uruguay and Brazil (Gomes &
Almeida, 2019), which may be correlated to the formation
of the Rio Grande Cone in the Brazilian offshore Pelotas

(Fontana, 1996). During this period, there was a substantial
increase in detrital input to the continental margin (Barboza
etal. 2011; Morales et al., 2017), with the consequent progra-
dation of several deltaic systems over time (Conti et al., 2017;
Morales et al., 2017).

The oldest Cenozoic deposits in the LMB correspond to
the Oligocene Fray Bentos Formation (Figs. 2 and 10), which
is composed of continental fine and very fine-grained clastic
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Figure 9. (2) Geological cross-section of the Laguna Merin Basin until 500 m depth (blue line in b and c) (see lithostratigraphic profiles in Fig. 4);
(b) aero-magnetometry (DINAMIGE, 2018), showing the Lascano West, Lascano East, and San Luis volcanic calderas locations; (c) satellite
image from Google Earth, showing the Lascano West, Lascano East, and San Luis volcanic calderas locations and main structural lineaments.
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rocks and loess with paleo-soils and caliche beds. This unit
is absent in the Chuy and 18 de Julio wells, located at the
southeastern border of the basin, and in the wells located in
the onshore Brazilian portion of the basin close to Uruguay.
This sedimentation developed over most of the LMB (Figs. 9
and 10) with a mean thickness of 90 m, likewise through-
out Uruguay. The absence of this unit toward the southeast
could be due to the presence of an N-S structure (Fig. 9),
coinciding with the N-S segment of the Merin Lagoon.
The difference in the thickness of the sedimentary cover
in the 18 de Julio (18 m) and Chuy (140 m) wells (Figs. 3
and 4), separated by only 8 km, also suggests the presence
of this N-§ structure.

During the Miocene, in the context of the greater sta-
bility of southern Uruguay (Gomes & Almeida, 2019;
Machado et al., 2021), a marine transgression from the
east was recorded and documented by the presence of
fossiliferous (including gastropods, clams, bivalves, fora-
minifera, and ostracods) fine-grained siliciclastic deposits
(Sprechmann et al., 2000). Sanguinetti (1980) described
Miocene deposits directly over the basement in the 2-PJ-1-RS,
2-CI-1-RS, and 2-PN-1-RS wells located in Rio Grande
do Sul (Brazil) with a thickness between 156 and 522 m.
The 2-CA-1-RS well drilled 320 m of Miocene sediments,
but it did not reach the basement. In the LMB, Miocene
sediments with a mean thickness of 60, increasing to the
east, were drilled in the La Catumbera, Rincén de Gabito,
Puerto Gomez, and Chuy wells, and groundwater wells
located in the eastern sectors of the basin. The paleoshore-
line would be close to the longitude of the Puerto Gémez
well because the wells located in the WNW have no drilled
marine Miocene deposits.

The thick layers identified in the geophysical data (mainly
MT from Morales et al., 2022; and Vivanco et al., 2020), with
high conductivity and thickness greater than 100 m, located
between the CML and Olimar-Tacuari lineament, could be
interpreted as coarse-grained proximal alluvial and fluvial
deposits (referred to as Paso del Puerto Formation in outcrops
or shallow depths) interdigitated with the marine strata of
the Camacho Formation (Figs. 9 and 10). According to their
location, continuity, and stratigraphic position, they can be
correlated with the alluvial fan systems developed along the
basement structural highs in the southeast of Rio Grande do
Sul, as described by Tomazelli and Villwock (2000) for the
Brazilian Pelotas onshore. The Paso del Puerto Formation
has a maximum drilled thickness of 40 m, recognized in
several groundwater wells by Medina and Pirelli (1995)
and PRENADER (1993), with a mean thickness of 20 m.
Thus, the thickness of these layers identified from the geo-
physical data is twice or three times the drilled thickness and
probably the result of the structural control of the Olimar-
Tacuari lineament associated with the basement heights at
the basin border.

During the Quaternary, sedimentation in the LMB was
controlled by the current geographical framework, very slow
subsidence, and sea level oscillations, with the alternation

of continental systems represented by fluvial deposits and

coastal to marine systems. The Quaternary Libertad (Lower
Pleistocene) and Dolores (Upper Pleistocene) formations
represent the most important continental deposits, with a
maximum thickness of 40 m. In contrast, the Chuy (Upper
Pleistocene) and Villa Soriano (Holocene) formations repre-
sent transitional to marine deposits, with a maximum thick-
ness of 20 m. Finally, modern sediments are associated with
the most important alluvial and fluvial system-built terrace

levels and plains.

6 CONCLUSIONS

The results obtained in this study contribute to improving
regional geological knowledge of the Uruguayan onshore region
of the Pelotas Basin. The characteristics, areal extension, and
thickness of the sedimentary infill of the Uruguayan onshore
portion were established to better understand the structural
controls and spatial distribution of the magmatic-sedimen-
tary infill of the basin.

The scarcity of outcrops and well data in the LMB,
together with the strong impedance contrast of the rock
sequences in its infill, make the use of the HVSR geophys-
ical method a valuable tool for defining the distribution of
different groups of rocks (e.g., igneous and sedimentary)
and their thickness.

The Cretaceous rift sedimentary deposits (alluvial and flu-
vial) are restricted between the rifting structural borders (CML
and AICL). Besides, the drift deposits present a regional areal
extension that exceeds the structural rifting borders of the
basin, although the Olimar-Tacuari lineament has exerted an
important control over the Cenozoic sedimentation. A dep-
ocenter with the greatest thickness of approximately 500 m
was identified between the CML and AICL, close to Merin
Lagoon and to the north of the Lascano East and Lascano
West volcanic calderas.

Defining the spatial distribution of Cretaceous and
Cenozoic sedimentation in the LMB could contribute to
establishing future groundwater research guidelines to sup-
port the various economic activities carried out in the basin
(mainly rice cultivation).

The Brazilian and Uruguayan onshore regions of the Pelotas
Basin exhibited significant differences. Cretaceous magmatic
and sedimentary units related to the rift and Oligocene drift
phases are present in the Uruguayan onshore portion of the
basin and are absent in the Brazilian portion. The thickness
of the Cenozoic drift deposits (from the Miocene to modern
deposits) in the Brazilian region is at least twice that in the
Uruguayan onshore region.
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