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Abstract

Structures formed by geological processes that occurred during the Early Cretaceous are
preserved in large areas of the Fronteira Oeste Rift in Rio Grande do Sul, Brazil. Among
these areas, the Inhandui Paleodune Field (IPDF), located in northeastern Alegrete, is
part of the Botucatu paleoerg, the largest paleodune field in Supercontinent Gondwana.
This area shows hundreds of circular and curvilinear dunes of silicified sandstone of
variable sizes, which were covered by intraplate Parana volcanic rocks. This field guide
provides the information for a field trip from Porto Alegre, Brazil to two hills (Cerros) in the
IPDF, Cerro Farrapo and Cerro Figueirinha. Important features formed by hot water,
volcanic rock and sediment interaction are preserved in large outcrops in these hills,
including extensive silicification and deformation of the buried dunes, injection of fluidized
sand and explosive hydrothermal activity. Hydrothermal structures include preservation
of subterranean conduits that emerged at the Earth’s surface to form surging hot pools,
geysers and spouts. These features are preserved as bowls, rounded to polygonal
cavities and prismatic and lozenge-shaped clasts and blocks. Access to the outcrops is
mostly via paved roads, with 40 km in unpaved roads.
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1. Introduction

The Fronteira Oeste Rift (15,000
km2), formed as a segment of the larger
fracturing that rifted South America and
Africa (e.g., Silva e al., 2004; Hartmann
et al, 2010), and is located in
southernmost Brazil (Figure 1). This rift

comprises 100-300 m of total vertical
displacement in some places (Hartmann
and Cerva Alves, 2021), and is part of the
Ordovician to Late Cretaceous Parana
Basin (Zalan et al., 1990). At ca. 135 Ma
(Hartmann et al., 2019), lavas from the
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intraplate Parana-Etendeka  Large
Igneous Province covered the Botucatu
paleoerg (Almeida, 1953; Scherer, 2000;
Bertolini et al., 2020). The buried sand
sea was filled with rain water (Guarani
Paleoaquifer) in a short time. During this
stage, silicification, fracturing and steam
venting occurred during heating of the
newly-formed aquifer. Heating of
groundwater to 100-250 °C by the mantle
plume (raised geothermal gradient)
developed a large (1.2 million km2)
composite hydrothermal cell in the basin
(Hartmann et al., 2022). Hot water and
vapor ascended into overlying rocks, and
each event of mantle partial melting and
magma injection into the crust and
effusion at the surface was followed by a
sequence of hydrothermal events. The
entire Parana Basin was affected by hot
fluid percolation (e.g., Hartmann et al.,
2012, 2021). This fluid formed amethyst
and agate geodes of economic
importance in lava flows that had
favorable internal structure (Duarte et al.,
2009). In addition to the formation of
geodes, it is likely that this event
mobilized elements of economic
importance, forming epithermal deposits
of Au, Ag, Cu and other metals.

Relics of structures formed by the
processes that occurred during the Early
Cretaceous are preserved in large areas
of the Fronteira Oeste Rift (e.g.,
Hartmann et al.,, 2023). One of these
areas is the Inhandui Paleodune Field -
IPDF (Figure 2a,b), named after the
Inhandui River that crosses the field to
the northeast of Alegrete town. The IPDF
is part of the Botucatu paleoerg, the
largest paleodune field in Supercontinent
Gondwana (Hartmann et al., 2021), with
hundreds of circular and curvilinear
dunes of silicified sandstone of variable
sizes, covered by intraplate Parana
volcanic rocks. Therefore, this field guide
provides the information for a fieldtrip to
the Cerros Farrapo and Figueirinha. In
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the IPDF, important features of hot water,
lava and sediment interaction can be
seen in outcrops, including extensive
silicification and deformation of the
buried dunes, injection of fluidized sand
and explosive hydrothermal activity
(breccias and mounds).

2. Geological Setting

The Fronteira Oeste Rift (15,000
km2), formed as a segment of the larger
fracturing that rifted South America and
Africa (e.g., Silva e al., 2004; Hartmann
et al, 2010), and is located in
southernmost Brazil (Figure 1). This rift
comprises 100-300 m of total vertical
displacement in some places (Hartmann
and Cerva Alves, 2021), and is part of the
Ordovician to Late Cretaceous Parana
Basin (Zalan et al., 1990). At ca. 135 Ma
(Hartmann et al., 2019), lavas from the
intraplate ~ Parana-Etendeka  Large
Igneous Province covered the Botucatu
paleoerg (Almeida, 1953; Scherer, 2000;
Bertolini et al., 2020). The buried sand
sea was filled with rain water (Guarani
Paleoaquifer) in a short time. During this
stage, silicification, fracturing and steam
venting occurred during heating of the
newly-formed aquifer. Heating of
groundwater to 100-250 °C by the mantle
plume (raised geothermal gradient)
developed a large (1.2 million km2)
composite hydrothermal cell in the basin
(Hartmann et al., 2022). Hot water and
vapor ascended into overlying rocks, and
each event of mantle partial melting and
magma injection into the crust and
effusion at the surface was followed by a
sequence of hydrothermal events. The
entire Parana Basin was affected by hot
fluid percolation (e.g., Hartmann et al.,
2012, 2021). This fluid formed amethyst
and agate geodes of economic
importance in lava flows that had
favorable internal structure (Duarte et al.,
2009). In addition to the formation of
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geodes, it is likely that this event
mobilized elements of economic
importance, forming epithermal deposits
of Au, Ag, Cu and other metals.

Relics of structures formed by the
processes that occurred during the Early
Cretaceous are preserved in large areas
of the Fronteira Oeste Rift (e.g.,
Hartmann et al., 2023). One of these
areas is the Inhandui Paleodune Field -
IPDF (Figure 2a,b), named after the
Inhandui River that crosses the field to
the northeast of Alegrete town. The IPDF
is part of the Botucatu paleoerg, the
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largest paleodune field in Supercontinent
Gondwana (Hartmann et al., 2021), with
hundreds of circular and curvilinear
dunes of silicified sandstone of variable
sizes, covered by intraplate Parana
volcanic rocks. Therefore, this field guide
provides the information for a fieldtrip to
the Cerros Farrapo and Figueirinha. In
the IPDF, important features of hot water,
lava and sediment interaction can be
seen in outcrops, including extensive
silicification and deformation of the
buried dunes, injection of fluidized sand
and explosive hydrothermal activity
(breccias and mounds).
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Figure 1: (a) Geological map of the Parana Basin, emphasis on Cretaceous units —
Botucatu Formation, Serra Geral Group, Bauru Group (Hartmann and Cerva-Alves,
2021a; Hartmann et al., 2022a). Geology of Corrientes, Argentina, from Locati et al.
(2022). (b) Geological map of the Fronteira Oeste Rift.
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Figure 2: (a) access to the Inhandui paleodune field from Alegrete and (b) location of the
suggested outcrops for the geotrip, being two giant paleohotsprings at Cerro Farrapo and

Cerro Figueirinha.

VOL. 33 (2) 2023 — pp. 35-54



https://periodicos.ufpe.br/revistas/estudosgeologicos

3. Field Trip Logistics

Ruben Berta Airport is the closest
to the Inhandui Paleodune Field and is
located in the town of Uruguaiana, with
direct flights to the cities of Sdo Paulo,
Porto Alegre and Florianopolis. However,
flights to Uruguaiana are sparse.
Therefore, a more appropriate option is
to fly to Porto Alegre (Salgado Filho
International Airport) and travel either by
bus or car to the town of Alegrete, which
is the closest urban area to the Inhandui
Paleodune Field. Buses run every day
from Porto Alegre to Alegrete
(approximately 495 km), with estimated
total trip duration between 6 h 30 min and
8 h. Tickets are available at the bus
company website
(https://planalto.com.br/). Either by bus
or car, the best route to Alegrete is via
BR-290, a paved highway. Gas stations
and stops for refreshment are widely
spaced along the road, but can be found
closer to some larger towns, such as
Pantano Grande, S&o Gabriel and
Rosério do Sul. In Alegrete, there are car
rental companies that enable a visit to the
outcrops (e.g.,
https://www.localiza.com/brasil/pt-
br/rede-de-agencias/alegrete).

The town of Alegrete is crossed by
the Ibirapuitd River. To the east of the
river, there is a mainly commerce and
services area, while to the west of the
river most of the area is residential.

4. Qutcrops

The main outcrops to be visited in
this field trip are located in two hills,
named Cerro Farrapo and Cerro
Figueirinha (Figure 2b). An additional
stop is on the road to the hills, to observe
the Catalan andesite lava flow (stop 1)
and the interaction of fluidized sand with
the rock (Figure 2b and 3). Table 1 shows
the planned stops, with outcrop
coordinates and a short description of
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Alegrete has excellent options for
accommodation and restaurants. For
example, among the accommodation
options: Hotel Alegrete (Av. Liberdade,
268) and Hotel Caverd (Rua Bento
Manoel, 839). Hotel Alegrete has a
restaurant within the hotel (Bistrd
Alegrete), which opens for dinner daily
except Sunday. Other options of good
quality restaurants include the
Restaurante Tradicéo, a steak house that
opens for lunch and dinner with self-
service option. Two restaurants with that
branded are located downtown (Rua
Vasco Alves, 74) and by the highway
(Rua Eleodoro-Prates Garcia, 1035). For
evening dinner, Pizzaria Ricci is a good
option. This pizzaria hosts a small pub,
located at Rua Republica Riograndense,
1044; it is open every evening except
Monday.

From Alegrete, the access to the
Inhandui Paleodune Field (Figure 2a) is
an unpaved road (approximately 40 km),
and 3 km inside private property. Finally,
to reach the outcrops, 400 m walks are
required, mostly on plane pampa.
Permission from landowners must be
sought before entering the properties.
There are no service stops along the
unpaved road, so it is mandatory to pack
water, lunch and any other items that will
be required for the day.

each point. The main features to be seen
in this geotrip are related to the pre-rift
(Atlantic Ocean opening) hydrothermal
activity in the Botucatu paleoerg.
Hartmann et al. (2021) summarized eight
evidence of intense interaction of hot
water, vapor, volcanic rocks and
sediments in the Fronteira Oeste region:

1) Silicification of dunes within and
volcanic rocks above the Guarani
Paleoaquifer;
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2) Intense fragmentation of
silicified dune sandstones by hot water
jetting;

3) Lozenge fracturing of silicified
paleodunes and volcanic rocks;

4)  Injection, effusion and
silicification of liquefied sand into the
lozenge fractures and into the overlying
volcanic column;

5) Collapse of overlying sand by
seismic shaking and also into the voids
left by extraction of injected sand from
parent beds in Botucatu paleoerg;

6) Confinement of hot water within
sealed volcanic rocks (and locally
sandstones) to form amethyst and agate
geodes in the upper part of the core of
the flow and below the cap seal of
extrudites;

7) Formation of a myriad of
circular, elliptical and curvilinear
structures (10m — 50km) in volcanic
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rocks, upper amygdaloidal crust of the
Catalan flow;

8) Formation of an extensive
paleohot spring field possibly containing
low-sulphidation Au-Ag-Cu epithermal
deposits.

The sedimentary rocks in the area
are fine to medium grained sandstones
with  trough cross-bed sets. The
stratifications are less than 2-3 m thick,
but were blurred by intense disruption
and silicification of the rock. In general,
the paleocurrent data at the visited
outcrops indicate dominant paleowind
orientation towards the northeast

(sourced from SW), but also from other
directions. Sedimentary structures were
not preserved in the collapsed silicified
paleodunes in the core of the cerros; but
were preserved a few hundred meters
from the cerro.

\ 2
\ ) .
b 15 . 2
| L7 8
o 3

Figure 3: (a) overview of an unaltered outcrop (29°43'14.72" S; 56° 5'29.50" W) of the
Catalan lava flow showing (b) sand-lava interaction, with injectites of sand in the volcanic
rock. The unaltered Catalan flow gives a response of 130 total counts per second (cps)
using the gamma spectrometer and usually occurs in creeks, where the erosion has
reached its level, or as loose blocks among the paleodunes. Since the volcanic rocks
alters much more easily than the silificified sandstone, it is common to see only
sandstones preserved in the area, and heavily altered red clay soil in the areas originally
composed of volcanic rocks.
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Table 1. Summary of planned stops, geographical coordinates and brief geological

description of what to see.

Stop nr. S W What to see
1 20°4314.72'S  56°529.50"w  volcanic rocks of the Catalan
andesite; sand injectites
2 29°39'54.69" S 56° 4'23.82" W Silicified andesite and
paleodune structure
3 29°39'56.43" S 56° 4'21.41" W Silicified andesite and
paleodune structure
Main hydrothermal structures,
4 29°40'00.5" S 56°04'36.7" W  vents and bowls preserved in
sandstone
5 29°39'54.4" S 56°04'26.1" W Eucalyptus Grove - Lunch
break
6 29°39'00.6" S 56°03'41.4" W Different fracture patterns
7 29°39'26.8"S 56°03'27.1"W Circular structures of different
sizes among the paleodunes
8 29°39'31.46" S 56° 3'27.07" W Altered volcanic rock with
sand interaction
The slightly elliptical, weathered volcanic rocks also covered

southwestern larger Cerro Farrapo is 320
m in the east-west direction and 360 m
from north to south. Figure 2b shows that
it is composed of concentric, aligned,
silicified, light colored, collapsed
paleodunes surrounded by smaller
similar circular structures. The smaller
mounds occur especially towards SE,
associated with sand sheets and
weathered volcanic rocks covered by
green grass. The rock occurring below
the grasslands is the Catalan Flow, as
indicated by gamma spectrometry
measurements (120 cps). Cerro
Figueirinha is the larger, elliptical
northeastern structure, roughly 420 m
east-west and 560 m from north to south.
Similar to Cerro Farrapo, it has aligned
light colors of silicified paleodunes
composing a main oval structure. The
ellipse is surrounded towards the north
and the east by several smaller elliptically
linked paleodune structures, mounds,
sand sheet deposits and flows of

by green grass of the Catalan Flow
(Figure 2 and Figure 11 a, b). In both
cerros, there is an association between
circular shapes and the silicified
paleodune.

In the Inhandui Paleodune Field,
there are several hydrothermal structures
preserved in the sandstones, namely: (1)
Circular and elongated bowls, (2)
Rounded cavities 1 to 5 cm large, (3).
Small (<1cm) vesicular-like cavities, and
(4) Radial prismatic and lozenge-shaped
fracturing.

The circular and elongated bowls
(Figure 8a, b) with diameters between 10
to 50 cm and vertical extent ranging from
1 to 10 cm are characterized by a
clogged central vent. Also, lateral vertical
fractures 1 to 4 cm long form dissolution
grooves in the bowl borders. These
structures are cut by two to five
irregularly distributed rounded cavities
ranging in size from 1 to 5 c¢cm, and
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dozens of <1 cm vesicular-like cavities
radially concentrated in the bowl center
(Figure 9a). Some of the bowls show a
spout-like projecting structure with
triangular opening, narrowing at the end,
suggesting water flowing over loose
sediment (Figure 9b). Several pillow-like
structures are found throughout the
surface area as a result of recent
erosional processes. The removal of
some of these pillows reveals a circular
or elongated cavity similar to the bowils,
including the central fracture, but without
the radial fractures, the small spotted
circular cavities and the spout-like
structure. In sequence, we list the
structures present in the outcrops:

a) The 1-5 cm circular cavities
can be isolated or scattered in small
groups; they are found locally
concentrated in random clusters in some
outcrops, eventually parallel to cross
stratification (Figure 7c). One cavity
shows a neck (Figure 8c) suggesting that
it was the end of a small conduit. The
cavities are locally linked forming 3 or 4
cm-long, continuous cavities suggesting
fluid flow parallel to void elongation.

b) The <1 cm circular cavities
usually occur agglomerated and radially
concentrated in the bowl center (Figure
9a) or in random clusters in some
outcrops.

C) Sub-rounded to angular
clasts and blocks of triangular prism and
lozenge-shape range in size from <10 cm
to >30 cm. They were formed by shallow
surficial fractures in random directions in
some cases radiating from the bowls
(Figure 10a,b) or even from some of the
5 cm- large isolated circular cavities
(Figure 8d). Their shape is similar to
sinter clast breccia consisting of angular,
broken blocks.

Below, we describe the planned
stops at Cerro Farrapo and Cerro
Figueirinha to see the evidence of

42

volcanic rock, hot water and sand
interaction, in order of distance from the
town of Alegrete. A summary of the stops
is given in Table 1.

Stop 1(29°43'14.72" S 56° 5'29.50" W).
Volcanic rocks in the creek on the road to
the cerros. This is an outcrop of the
Catalan quartz andesite (Hartmann et al.,
2010), the first flow to cover the Inhandui
paleodunes in the area. Note the
rhombohedral pattern of fractures and
the presence of sand injectites (Figure
3b), indicating the hydrothermal activity
and heating of the water present in the
Guarani paleoaquifer up to 250 °C (e.g.,
Hartmann et al., 2021b).

Stop 2 (29°39'564.69" S 56° 4'23.82" W).
On the edges and outside of Cerro
Farrapo, there are pink and silicified fine
to medium grained sandstones,
composed mainly of quartz. Cross
bedding is marked (Figure 5a) showing
associated rounded cavities >1 cm in
size aligned in the paleocurrent direction.
Where cavities are aligned in the
paleocurrent direction (e.g., Figure 5b),
the rock presents millimetric circular
structures similar to small channels filled
with silica.

Stop 3 (29°39'56.43" S 56° 4'21.41" W).
Inner portion of Cerro Farrapo, pink and
silicified fine to medium grained
sandstones, composed mainly of quartz.
These rocks are similar to the edges, but
with a higher frequency of fractures
obliterating the original structure. Note
the lozenge pattern of fractures,
indicating a vertical [J1 stress force, as
well as the conchoidal fracture of the
silicified sandstone.

Stop 4 (29°40'00.5" S 56°04'36.7" W).
Cerro Farrapo. There is a continuous
exposure of the four main hydrothermal
structures in five outcrops (Figure 6).
These structures are widespread
throughout Cerro Farrapo, but they
predominate in the upper portion of the
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structure. Each of the points in this stop
Is described:

Outcrop 1: Sub-rounded to angular
clasts and blocks of triangular prismatic
and lozenge shape either with or without
1-5 cm circular cavities (Figures 7a, b).

Outcrop 2: Circular cavities >1cm
parallel to the cross stratification as
indicated by arrows (Figure 7c).

Outcrop 3: Associated, nearly coalescent
circular and elongated bowls (Figure 8a).
Circular bowl! with grooves and dozens of
<1 cm vesicular-like cavities radially
concentrated in the bowl borders (Figure
8b).

Outcrop 4: Circular cavity showing a
neck, diameter 3 cm (Figure 8c). Main
circular cavity, diameter 5 cm, associated
to several other smaller -cavities,
including those that are <1 cm (Figure
8d). Observe the radial fractures.

Outcrop 5: Three bowls, one with a
spout-like structure and dozens of <1 cm
vesicular-like cavities radially distributed
and concentrated in the bowl center,
different from Figure 8b. Two coalescent
bowls on the right side. Arrows point to
some the radial fractures outside the
bowl (Figure 9a). Detail of the spout-like
structure, grooves, vesicle-like cavities
and ripple mark-like structure (Figure 9b).
Group of bowls converging to a spout-like

43

structure indicated by an arrow (Figure
9c¢).

Stop 5 (29°39'54.4"S 56°04'26.1"W).
Eucalyptus grove, a shaded site for
refreshment or lunch, given the lack of
trees in most of the area.

Stop 6 (29°39'00.6" S 56°03'41.4" W).
Cerro Figueirinha. In this outcrop
(Figures 10 a, b), there is a difference
between the sub-rounded to angular
clasts and blocks of triangular prism and
lozenge shape of hydrothermal origin
from the rectangular blocks formed by
NE regional fractures.

Stop 7 (29°39'26.8" S 56°03'27.1" W).
Cerro Figueirinha. Bowls with spout-like
structure, grooves and a fracture on the
right border (Figure 10c) and a narrow
bowl also with spout-like projecting
structure (Figure 10d). Outcrop view of a
rounded mound (Figure 11a) depicted in
Figure 10c and 10d. View of a circular
structure (Figure 11b) from the mound in
Figure 1la.

Stop 8 (29°39'31.46" S 56° 3'27.07" W).
Cerro Figueirinha. In this stop, sand
shows interaction with a heavily altered
vesicular volcanic rock; small agate
geodes are present. (Figure 12). This is
probably the altered portion of the
Cataldn quartz andesite, given its
gammaspectrometric response.
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Figure 4: Overview of the stops (a) and panoramic views of Cerro Farrapo (b) and Cerro
Figueirinha (c). Note that stop 1 is not plotted because it is outside the field of view.
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Figure 5: Silicified sanstones at Cerro Farrapo (a) cross-bedding structure and (b)
hydrothermal cavities aligned in the paleocurrent direction.

Figure 6: Zoom at the Cerro Farrapo Stop 4, showing the location of outcrops 1 to 5
(Source: Google Earth).
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Figure 7: Hydrothermal structures at Cerro Farrapo, Stop 4, Outcrops 1 and 2. (a)
Outcrop 1 - Sub-rounded to angular clasts and blocks of triangular prismatic and lozenge-
shape. (b) Outcrop 1 — Clasts and blocks with 1-5 cm circular cavities. (c) Outcrop 2 -
circular cavities paralleling the cross stratification as indicated by the arrows. (d) Typical
silicified sandstone with rounded cavity structure filled with quartz.
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Figure 8: Hydrothermal structures at Cerro Farrapo, Stop 4. (a) Outcrop 3. Associated
almost coalescent circular and elongated bowls. (b) Circular bowl with grooves and
dozens of <lcm vesicular-like cavities radially concentrated in the bowls center. (c)
Outcrop 4. Circular cavity showing a neck, diameter 3cm. (d) Outcrop 4. Main circular
cavity, diameter 5 cm, associated to several other smaller cavities, including those <lcm.
See the radial fractures indicated by arrows.
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Figure 9: Hydrothermal structures at Cerro Farrapo, Stop 4, Outcrop 5. (a) Three bowls,
one with the spout-like projecting structure and dozens of <lcm vesicular-like cavities
radially concentrated in the bowl center. The two bowls at the right side are coalescent.
Arrows indicate some the radial fractures outside the bowl. (b) Detail of the spout-like
structure, grooves, vesicula-like cavities and supposed ripple marks. (c) Group of bowls
converging to a spout-like structure indicated by one arrow.
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Figure 10: Hydrothermal structures at Cerro Figueirinha, Stop 6. (a). Sub-rounded to
angular clasts and blocks of triangular prism and lozenge-shape. (b). Rectangular blocks
cut by NE fractures. Stop 7. (c) Bowl with spout-like projecting structure, grooves and a
fracture on the right border. (d). Typical silicified sandstone with rounded cavity structure
filled with quartz and conchoidal fracture, similar to figure 7d.
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Figure 12: General views of circular structures from Cerro Figueirinha. Stop 7. (a)
Outcrop view of a rounded mound were the structures depicted in figure 10 ¢ and d can
be found. (b) View of a circular structure from the mount in figure 11a.
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Figure 12: Altered vesicular volcanic rock probably originally from the Catalan andesite
with sand interaction. At this stop, there is presence of agate geodes.

5. Final Comments

The Fronteira Oeste Rift is unique
in the geology of continents, because
intraplate volcanism erupted over loose
sand of a paleoerg during the Early
Cretaceous. This field guide leads to
places with evidence of hydrothermal
fluid circulation linked to this event. Four
main, smaller described hydrothermal
structures predominate among larger
structure tops, suggesting that hot water
passed through subterranean conduits,
debouched at the Earth’s surface to form
surging hot pools, geysers and spouters
preserved as bowls, rounded cavities
and prismatic and lozenge-shaped clasts
and blocks. We found no spring sinter,
but fluids similar to sinter were
responsible for  the paleodune
silicification over extensive areas.

Intensely silicified sediments may display
the same outcrop morphology as sinters
forming erosion-resistant mounds and
sheet deposits (Hamilton et al. 2019).
The lozenge shape is known to occur in
sinter around active hot springs in
Iceland and Yellowstone, for example.
According to Hamilton et al. (2019),
“hydrothermal eruptions may occur prior
to sinter formation, generating craters
that fill  with ambient-temperature
meteoric waters to form lakes and ponds,
or the craters may serve as conduits for
thermal fluid outflow, initiating hot pool
development. Hydrothermal eruptions
may occur pre-, Syn- oOr post-
depositionally with respect to sinter
formation.” Cerro Farrapo and Cerro
Figueirinha are the main local
hydrothermal structures. The other four
smaller structures that occur in the upper
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part of the oval craters evolved
synchronously with the two cerros.

Finally, the route suggested here
can be coupled with the field trip
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