
Abstract
Fascinating circular hydrothermal bowls 0.5 m in diameter occur in paleodunes of the 1.2 million km2 Botucatu paleoerg in the Fronteira 
Oeste of Brazil, Rio Grande do Sul, and were exposed upon erosion of presumed 2,000 m of basalt and rhyodacite cover of the Paraná Volca-
nic Province (1 million km2) since the Cretaceous (135 Ma). The tops of the paleodunes display low-temperature (150-50°C) hydrothermal 
structures comparable to those in basalts and rhyodacites. The source beds of sand injectites display evidence of sequential fault-valve action. 
The bowls represent a new structure in  continental paleodunes. They present circular rims sealed by quartz and a flat horizontal bottom with 
a central sealed vent. The inclined internal rims of the bowls exhibit a radial set of linear fractures filled with quartz, forming prominent, sharp, 
positive structures. Their origin is ascribed to the work of water vapor originated in the heated freshwater aquifer. The concave ceiling was lift-
ed a few millimeters along circular fractures long enough for quartz to be deposited.  Erosional exhumation of the buried Botucatu hyperdry 
sand sea has revealed the effects, including the new structures described here, of hydrothermalism associated with a major igneous province 
upon a giant paleoerg turned-aquifer.
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INTRODUCTION
The interplay of several processes resulted in the forma-

tion of a large variety of structures at the interface of heated 
freshwater (150°C) from the Guarani Aquifer with the host 
Botucatu paleoerg (1.2 million km2) and the overlying Paraná 
Volcanic Province (1.0 million km2). The basalts and rhyodac-
ites formed a large igneous province in Gondwana, extending 
from southeastern South America (Brazil, Uruguay, Argentina, 
Paraguay) to western Africa (Namibia, Congo, Angola).The heat-
ing of the underlying aquifer resulted in sand injection into 
many lava flows of the province culminating in effusion on 
top of flows in a continued hyperdry desert (Botucatu desert 
— Amarante et al. 2019, Serra Geral desert — Hartmann and 
Cerva-Alves 2021). In this paper we examine the bowls dis-
covered at the top of the paleodunes present amid the effusive 
Catalán andesite (Hartmann et al. 2010). Dunes were formed 
between 150-135 Ma (Hartmann et al. 2019, Hartmann and 
Cerva-Alves 2021). Intense hydrothermal injection and effu-
sion of loose sand and silt from the erg occurred throughout 
the basalt province (Hartmann et al. 2012a, 2012b). 

The bowls occur in paleodunes of the Botucatu Formation 
(Scherer 2000, Bertolini et al. 2020) from the Cretaceous 

(150-135 Ma; Hartmann and Cerva-Alves 2021), formed in a 
continental environment. The circular structures were exposed 
after the erosion of presumed 2,000 m of basalt and rhyodac-
ite cover since the Cretaceous (135 Ma). Field work allowed 
characterization of the bowls as a result of water vapor vent-
ing through silicified sandstone, likely below 0.5 m of andes-
ite and some sandstone.

MATERIAL AND METHODS
Regional geological surveys of the studied region (Silva 

et al. 2004) and its extension to the east (Bergmann et al. 2020) 
were revised, as well as the pioneering work of Hartmann and 
Cerva-Alves (2021) on the description of the Fronteira Oeste 
region. Satellite images yielded basic information regarding 
the distribution of paleodune tops and flooding basaltic rocks. 
The Santa Helena paleodune was selected for field observa-
tions. The authors described rocks and structures; hydrother-
mal bowls are currently reported. The bowls were not ham-
mered for the sake of preservation of this first find in a major 
paleoerg covered by a major basalt province.

RESULTS
The bowls were found (coordinates 29°41’47” S; 55°59’55” 

W) in the silicified and fractured Santa Helena paleodune in the 
Fronteira Oeste region (Hartmann and Cerva-Alves 2021) of 
southernmost Brazil (Figs. 1 and 2A). The 150 x 100 km studied 
region is flat-lying due to its NW-aligned arching of the conti-
nental crust across 50–100 km (Rio Grande arch), position-
ing the sedimentary and volcanic rocks nearly horizontal. As a 
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Figure 1. Geological map of Serra Geral Group (Hartmann and Cerva-Alves 2021), indicating location of Fronteira Oeste region.
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Figure 2. (A) Fronteira Oeste as a geographic subdivision of Brazil in Rio Grande do Sul state, marked with inclined white lines. This region 
is underlain by fault-block structures. Towns and rivers marked. Inset displays location of study area in the Paraná Volcanic Province in South 
America. Studied area indicated as Fig. 2B. (B) Studied Santa Helena compound paleodune drawn in yellow, displaying barchan and seif sand 
mounds; studied locations 1, 2, 3 indicated.

consequence, the first lava flow (Catalán andesite) is exposed 
at the contact with the top of the paleodunes (Hartmann and 
Cerva-Alves 2021).

Several bowls occur in the studied paleodune, but most are 
poorly structured, leading us to focus on the main, complete 

bowl (Fig. 2B) in the Santa Helena paleodune. Bowls are out-
standing structures in the paleodunes (Figs. 3 and 4). Bowl 1 
is 50 x 40 cm across, 15 cm deep, developed on a substrate of 
silicified, fine to medium sandstone. The Botucatu Formation 
has (Bertolini et al. 2020) abundant quartz (89%), some 
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Figure 3. Field photos of paleodune Santa Helena, location 1. (A) View looking east to outcrop with bowls; (B) Bowl 1, showing circling, 
silicified fracture (white arrows), internal salient, radial fractures filled with quartz; white lichen on sandstone, dark lichen fragments with 
many oxide grains and calcite circling the bowl; (C) Drawing of bowl 1, displaying central and minor filled vents (red), radial fractures F1 
filled with quartz screens (black), and fractures F2 crossing the bowl (yellow); bowl rim is defined by the ending of F1 fractures; external 
circular fracture shown (black); ss = fresh red, silicified sandstone exposed by scaling-off of dark lichen fragments and mineral grains; (D) 
Close-up view of bowl 1, showing position of Fig. E; (E) Vent (dark) inside bowl 1; cross-section of vent is hexagonal; (F) Rim of bowl 1, 
showing quartz-filled fractures reaching the supporting silicified sandstone. Black fringe outside rim are dead lichen.

feldspar (8%) and lithic fragments (3%); mafic minerals pres-
ent in small amounts are zircon, tourmaline and rutile (mean 
ZTR = 0.84) with sporadic garnet and epidote. The bowl has 
a remarkable aspect and structure, particularly radiating frac-
tures (F1), each containing a knife-sharp quartz sheet in the 
middle. The flat bottom of the bowl is homogeneous except 
for a central, sealed vent and several smaller sealed vents, as 
well as a marked fracture that crosses the bowl (F2) from 
rim to rim and across the sealed central vent. A circular frac-
ture embraces the bowl at a horizontal distance of 10–15 cm 
from the rim.

Other bowls occur in the outcrop (Fig. 4), all in the top-
most position of rounded sandstone remnants. Erosion of the 
sandstone resulted in the preservation of silicified portions, 
preserving the bowls at the top due to the highest intensity 
of silicification. 

DISCUSSION
In order to form the bowls, we envisage a sequence of hydro-

thermal processes resulting from the heating of the Guarani 
Aquifer by a raised geothermal gradient and sill cooling. Heat was 
released from the upper mantle to warm up the aquifer and the 
crust (150°C) during the generation of the Paraná Volcanic 
Province. As observed regionally in the rift and the province, 
a sequence of hydrothermal events occurred. The first H1 
event sealed the basalts, followed by explosive injection and 
effusion (H2) of sand and silt (Duarte et al. 2020, Hartmann 
and Duarte 2020). After lava cooling to room temperature, a 
basaltic lava is porous (30%), requiring a geological process to 
seal the porosity for further hydrothermal evolution. The ini-
tial percolation of hot water and its vapor (H1) through the 
basalt leads to sealing (S1). As a consequence, the rock will 
sustain pressure from the heated aquifer until rupture of the 
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seal and sand injection (H2). Renewed sealing of the basalts led 
to slow percolation (H3) of water vapor, the alteration of the 
basalt and formation of amethyst geodes (Duarte et al. 2009). 

We currently interpret similar processes in the underlying 
sandstones, whereby the sealed sandstone (H2) was breached 
by ascending vapor (H3). As the force exerted by the vapor 
became equal to the weight of the overlying sand + basalt, the 
base of the bowl was fractured radially. Radial fractures were 
filled with hydrothermal quartz and the  top of the bowls was 
lifted along a circular fracture. Vapor pressure kept the silicified 
sandstone upper disc lifted until the vents were clogged with 
hydrothermal minerals. After sealing, continued vapor pres-
sure resulted in renewed fracturing across the bowls. 

Hydrothermal processes were overall comparable to the 
Yellowstone caldera (Kharaka et al. 2000, Morgan et al. 2009, 
Tan et al. 2020). In the Paraná Basin, siliceous hydrothermal 
cones (200–150°C) are encased in dolomites from the Permian 
Teresina Formation (Amaral 2016). 

Regional control of bowl occurrence was caused by the rifting 
of the continental crust of the region, related to the formation of 
the South Atlantic Ocean (Hartmann and Cerva-Alves 2021). 
This rifting extends along the coast to the north and south of the 

studied region. The rift also expands to the west into Argentina, 
where it merges with the back-arc fracturing of the Andes. 

The discovery and field characterization of hydrother-
mal bowls in paleodunes of a large paleoerg, covered in the 
Cretaceous by a major continental basaltic province adds to 
the geological understanding of processes in the continents. 
The presence of an active paleoerg covered by basaltic lavas 
from a large continental volcanic province resulted in a record 
of hydrothermal processes which are unique in the continents. 
The understanding of these processes may lead to clarification 
of geological relationships in other continental provinces that 
display similar features to the ones described here. 
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Figure 4. Field photos of paleodune Santa Helena, locations (A, B, C and D) 1 and (E, F and G) 2; (A) Bowl 2, displaying aligned quartz-filled 
fractures in (B); (C) bowl 3, and an unexposed bowl with three fractures; amoeboid fractures filled with silicified sandstone detailed in (D); 
(E) Field photo of location B, showing paleodune; (F) small bowl 4; (G) unexposed bowl 5.
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