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Abstract: Large meteorite impacts release kinetic energy that induces rock deformation, 
high temperatures and fluid circulation during the cratering process. To understand the 
correlation between rock deformation and fluid circulation, it is relevant to investigate 
post-impact hydrothermal flux and its relation to the local geology. The Cerro do Jarau 
impact structure is a ~13.5 km diameter impact structure located in southern Brazil 
and formed on Cretaceous continental flood basalts of the Serra Geral Formation and 
underlying sedimentary strata.  This study collected ground gamma-ray data over the 
structure and produced K, eTh and eU concentrations, eTh/K ratio and F-factor maps 
to characterize it in terms of its radiometric signatures and their respective spatial 
distribution. A general decrease in the concentration of the three elements was observed 
from the outer-rim towards the center of the crater. The central area is defined by very 
low radiometric values, with relatively high K values, thus indicating the occurrence of 
K-bearing rocks. Numerical simulations using the HYDROTHERM 3 code showed the fluid 
circulation pattern over the impact structure. Data interpretation resulted in a scenery 
consistent with potential fluid remobilization within the impact structure related to 
hydrothermal processes in the late stages of the crater formation process.

Key words: gamma ray spectrometry, hydrothermal alteration, impact crater, numerical 
modeling.

INTRODUCTION
Terrestrial impact structures formed in volcanic 
rocks of basaltic composition can provide 
important constraints to understand the effects 
of meteorite impacts on the surfaces of other 
planetary bodies (French 1998, Crósta 2008). 
The Cerro do Jarau structure (CJ) was formed in 
a Paleozoic predominantly volcanic sequence 
of the Paraná Basin, the Serra Geral Formation 
(Figure 1). CJ has a nearly circular shape with a 
diameter of ~13.5 km, and exhibits morphologic 
concentric rings characterized by topographic 
depressions in its outer and centermost portions 
(Crósta et al. 2010). Cerro do Jarau structure 

can be classified as a complex type crater, 
due to its circular feature and also due to the 
morphological set of concentric rings around a 
central uplifted core.

Crósta et al. (2010) identified the occurrence 
of parautochthonous monomict lithic impact 
breccia and polymict impact breccias, as well as 
striated joint surfaces resembling crude shatter 
cones in sandstones and basalts. They also 
reported the presence of rare planar fractures 
(PF) in quartz clasts in the polymict breccias. No 
occurrence of shatter cones has been reported 
yet on the CJ. Sanchez et al. (2014) related the 
occurrence of sandstones at the center of CJ to 
a possible local sedimentary basin model based 
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on the geometry of the observed geological 
structures, a structural model that is not 
compatible with an impact structure of such 
dimension as proposed by Crósta et al. (2010).

Bona-fide evidence for the impact origin 
of CJ was presented by Reimold et al. (2019), by 
means of sets of PF, PDF and FF (feather features) 
in quartz grains from the deformed sandstone 
from the center of the structure. The presence 
of these micro-deformation features is used as 
a robust demonstration of the impact origin of 
a potential crater and it is, therefore, conclusive 
(French 1998, French & Koeberl 2010, Poelchau & 
Kenkmann 2011).

As no underground data are available for 
CJ (i.e., no drill cores), an effort to conduct a 
comprehensive geophysical characterization of 
CJ was started a few years ago.  The first approach 
was carried out through a gravity survey that 
investigated the structural uplift based on the 
Bouguer anomaly (Giacomini et al. 2017). Their 
results overruled the bowl-shaped basin model 
proposed by Sanchez et al. (2014). 

In geophysics, the analysis of the spatial 
distribution of gamma-ray elements is 
employed to support geological mapping, and 
also to identify potential areas of hydrothermal 
activity. Galbraith & Saunders (1983) showed 
that gamma-ray measurements are capable 

Figure 1. Impact 
structures in the 
PB (extracted from 
Crósta et al. 2010). 
Red circle indicates 
the location of the 
CJS.
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of distinguishing different lithologies and the 
degree of regional U enrichment, or depletion. 
Pires (1995) used airbone gamma-ray data, 
especially the K channel, to identify areas that 
underwent hydrothermal alteration. Shives et al. 
(2000) used gamma-ray spectrometry to measure 
and map K enrichment related to hydrothermal 
alteration in volcanic-hosted massive sulfide, 
polymetallic and porphyry mineralization.

An impact event can induce optimal 
conditions for the circulation of hydrothermal 
fluids. After an impact, part of the energy 
released is transformed into mechanical 
deformation and damage.  The remaining energy 
heats the rocks producing melt, especially in the 
central uplift region where previously deeper 
located rocks are brought closer to the surface 
(Melosh & Ivanov 1999). Such thermal effects 
result in hydrothermal fluid flows that form new 
mineral assemblages, resulting in hydrothermal 
alteration (Reimold et al. 2005, Pirajno 2005, 
2009). Examples of hydrothermal alteration 
associated with impact events can be found in 
Allen et al. (1982), Newsom et al. (1986), Ames 
et al. (1998), Osinski & Spray (2001), Naumov 
(2002), Hagerty & Newsom (2003), Osinski 
(2005), Schmieder & Kring (2020) and Kring et al. 
(2021). Thus, the interior of an impact structure, 
particularly its central area, usually exhibit 
more or less extensive changes that cause 
minerals and metals to dissolve and precipitate, 
depending on the local thermal gradients (Puura 
& Plado 2004). 

Vasconcelos et al. (2012) presented the 
gamma-ray signatures of the Serra da Cangalha 
impact structure, showing that K anomalies are 
likely related to hydrothermal alteration, and 
provide information that allow to distinguish 
zones within the structure and to understand 
the hydrothermal enrichment processes 
produced by the impact event. Recently, Lamali 
et al. (2020) applied gamma-ray spectrometry to 

map lithological units at the Maâdna potential 
impact structure in Algeria. Niang et al. (2021) 
employed gamma-spectrometry in Bosuntwi 
impact structure to state that the circular feature, 
forming a double ring with high K concentrations, 
coinciding with the crater rim and a distal ejecta 
ridge, is not related to hydrothermalism, but it is 
a function of bedrock lithology.

We present the results of a gamma-
ray spectrometric investigation of CJ and its 
correlation with the local geology. We associated 
the spatial distribution of K, eU and eTh, as well as 
the ratio eTh/K, with the local lithological units, 
and compared the anomalies of these elements 
with the mineralogy of bedrock lithotypes. 
Additionally, we developed numerical models to 
simulate the post-impact conditions within the 
crater from postulated initial thermodynamic 
conditions, such as temperature, pressure, 
and enthalpy distributions. The results of the 
simulation were post-processed, interpreted, 
and correlated with the gamma-ray results and 
with ancillary geological data available for CJ. 
These results were then employed to evaluate 
and determine reliable post-impact scenarios, 
and to establish the duration of hydrothermal 
circulation associated with the impact event. 
We produced several models, varying only the 
permeability of the target rocks. From these 
outcomes, we obtained the information to 
analyze whether the distribution of the gamma-
ray elements within CJ is lithologically-controled, 
or driven by the hydrothermal circulation.

GEOLOGICAL SETTING
Crósta et al. (2010) described the CJ as a near-
circular feature with a diameter of ~13.5 km, 
with subdued rim and an inner silicified collar 
of sandstone, forming annular ridges raising 
ca. 200 m above the outer plains (known as 
“pampa” landscape). The structure was formed 
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on two rock types (basalt and sandstone), 
both exhibiting some degree of deformation 
within CJ, in contrast with undeformed basalt 
flows  occurring outside of the outer rim of the 
structure. 

The first evidence to support the impact 
origin of CJ is the report of brecciation of 
sandstones and basalt, as well as deformation 
features in these two rock types (Crósta et 
al. 2010). The general deformation of local 
lithologies, combined with striated features 
resembling shatter cones, planar fractures in 
quartz grains and occurrence of non-volcanic 
clastic breccias, led the authors to propose that 
the CJ was formed by a meteorite impact in the 
Mesozoic, after the Cretaceous volcanic Serra 
Geral event (dated at ca. 134.6 ± 0.6 Ma, Thiele & 
Vasconcelos 2010). Within CJ, Crósta et al. (2010) 
identified six different lithotypes. Three of them 
are associated with stratigraphic units of the 
Paraná Basin: fluvial sandstones of the Guará 
Formation; aeolian sandstones of the Botucatu 
Formation; and basalts of the Serra Geral 
Formation. According to Scherer & Lavina (2005, 
2006), both, Guará Formation and sandstones 
of the Botucatu Formation, were formed from 
Late Jurassic to Early Cretaceous. The other three 
lithotypes are: monomict breccias in sandstones; 
monomict breccias in basalts; and polymict 
breccias with fragments of both lithologies.

The Serra Geral Formation is mainly 
composed of horizontal layered basalt flows 
related to the Paraná-Etendeka Large Igneous 
Province (LIP) (Peate 1997). Within CJ, they 
exhibit textural variations that mark contacts 
among different basaltic lava flows. The contacts 
commonly exhibit non-horizontal altitudes 
due to deformation. They have an aphanitic 
to phaneritic matrix with phenocrystals of 
plagioclase and augite and rare crystals of 
magnetite and rutile (Sanchez et al. 2014).

Igneous breccias of varied textures, with 
clasts that can reach up to 30 cm in diameter, 
surround the center of CJ. Based on the lack 
of cataclastic features and on the geometry 
concordant with the basalts, Sánchez et al. (2014) 
interpreted them as the product of volcanic 
processes. On the other hand, due to its unusual 
angular pattern and its clastic matrix, Crósta et 
al. (2010) interpreted some of these breccias as 
possible impact breccias.

Sandstones of the Botucatu Formation 
(Crósta et al. 2010, Phillip et al. 2010) form the 
central uplift area of the impact structure, 
represented by annular ridges. In general, they 
are intensely silicified, forming the highest 
local elevations. Layers of plane-parallel 
stratification, ranging from decimeter to meter, 
and cross laminating layers of medium to large 
size, are found (Crósta et al. 2010, Sanchez et al. 
2014). Laminated deformed sandstones occur 
in the innermost area of the structure and they 
are characterized by laminations of 0.5 to 2.0 
cm marked by bands with predominance of 
quartz alternated by quartz and clay bands and 
clay bands. These alternating bands indicate 
oscillation in the sedimentation process 
deposition (Sanchez et al. 2014). According to 
Crósta et al. (2010), plane-parallel lamination is 
typical of fluvial environment and characteristic 
of the Guará Formation.

Shock microdeformation, including planar 
fractures (PF), feather features and, in four 
cases, planar deformation features (PDF), were 
found in about a dozen of sandstone samples 
from this part of the structure (Reimold et al. 
2019). According to these authors, PF occur in 
three sets of different orientations in selected 
quartz grains, FF occur in three orientations per 
host grain, and PDF were noted in two grains in 
two orientations each, whereas a dozen other 
grains showed only single sets of PDF.
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According to the stratigraphy proposed 
by Crósta et al. (2010), the exposure of the 
sedimentary strata related to the Guará and 
Botucatu formations, surrounded by the 
younger basalt of the Serra Geral Formation, 
indicates local occurrence of a structural uplift 
at the center of the CJ, differently from the basin 
model proposed by Sanchez et al. (2014).

DATA PROCESSING AND METHODOLOGY
Gamma-ray
Among the radioactive elements that are natural 
source of gamma-rays, there are: (i) potassium 
(K), which is monitored by gamma rays emitted 
by the isotope K40 with an energy peak at 1.46 
MeV; (ii) uranium (U), whose isotopes U238 and 
U235 do not emit gamma-rays, but the Bi214 isotope 
that is part of their radioactive decay series 
emits gamma-rays with an energy peak at 1.76 
MeV; (iii) thorium (Th), which occurs naturally in 
the form of the Th232 isotope, wherein the Tl208 
isotope that is part of its decay series emits 
gamma-ray with an energy peak at  2.62 MeV. 
Through the detection of gamma-rays emitted 
by the material after radioactive decay, gamma-
ray spectrometry provides estimates of the 
concentration of the elements K, eU and eTh. eU 
and eTh. Concentrations are estimated indirectly 
by counting gamma-rays emitted from isotopes 
of Bi and Tl, respectively (e.g. Telford et al. 1990).

The f ie ld data included  gamma-
ray spectrometric measurements at 438 
locations  within the inferred boundaries 
of the CJ (Garcia D.D., unpublished data, 
Garcia & Leite 2023). Measurements were 
made on outcrops along existing roads using 
a RS-230 portable gamma-ray spectrometer. The 
data acquistion and the equipment calibration 
followed the procedure described in Leite et al. 
(2022).The interpretation of gamma-ray data was 
carried out using false-color maps of K (Figure 

4a), eTh (Figure 4b), eU (Figure 4c), ratio eTh to K 
(Figure 4d), and ternary map, with K, eTh and eU 
represented in red, green and blue, respectively. 
(Figure 6).

Numerical modeling
The code HYDROTHERM (HYDROTHERM 
Interactive – Version 3.2.0 (ΗΤΙ); Hayba & 
Ingebritsen 1994), developed by the United States 
Geological Survey (USGS), was used to model 
the impact-induced hydrothermal activity in CJ 
structure. HYDROTHERM is a suitable code for 
modeling convective and conductive water and 
heat transport in terrestrial and Martian impact 
craters (e.g. Rathbun & Squyres 2002, Abramov 
& Kring 2004, 2005, 2007, Sanford 2005). It was 
employed to explore the hydrothermal fluid 
circulation in the CJ geological setting following 
the crater formation. 

The governing equations used in the 
current version of the HTI code are expressions 
of mass and energy conservation that are posed 
in terms of pressure and enthalpy (Ingebritsen 
& Hayba 1994, Hayba & Ingebritsen 1994). The 
code incorporates data from various sources 
to develop consistent equations of state (EoS) 
for conditions ranging from 0°C to 1200°C and 
from 0.5 to 10 kbar (50 KPa to 1 GPa). The EoS 
are formulated in HTI using a standard finite-
difference approach. The equations, however, 
are strongly coupled and highly nonlinear, 
because variables such as relative permeability, 
density, and viscosity vary widely with pressure 
and enthalpy (Hayba & Ingebritsen 1994). A 
three-dimensional iterative technique based 
on the general conjugate residuals (GMRES) 
method is a new functional characteristic of 
the HTI version 3 code, and this new solution 
is over 10 times faster for solving this problem 
than the original HT code. Further details on the 
EoS are provided in the HT v.3 user’s manual 
(USGS). The Fortran source code of HYDROTHERM 
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(HT) version 3 and its accompanying documents 
and files are publicly available and can be 
downloaded from https://volcanoes.usgs.gov/
software/hydrotherm/.

Our computational scenarios were based 
on prior work by Abramov & Kring (2004, 2005, 
2007), Sanford (2005), Borović et al. (2019).   
They have previously constrained the hydrous 
circulation in a variety of Martian and terrestrial 
impact-induced, volcanic and geothermal 
aquifers, therein deriving the lifetime of the 
fluid flows. The simulations focused primarily 
on determining the temperature distributions, 
water-, steam- and supercritical fluid- mass 
flux, heat flux, pressure and enthalpy in CJ. 
Fluid flows of T > 500 °C are characterized as 
super-critical mass fluxes and 2-phase (water-
steam) mass fluxes, and these flows commonly 
produce specific mineral assemblages. Such 
assemblages comprise pyrite, anhydrite, 
prehnite, pyrrhotite and zeolites that are often 
present in rocks retrieved from impact craters. 
Shocked quartz grains are also observed in some 
of the investigated samples (Reimold et al. 2019). 
Finally, the abundance of mineral assemblages 
and isotopic compositions observed in impact-
related rocks can approve or reject the computed 
distributions of temperature, pressure and fluid 
flows that the HTI code produces. 

Therefore, in this study, numerical modelling 
results were compared and coupled with 
previous stratigraphic, 3D gravitational models 
(Giacomini et al. 2017), and the gamma-ray 
spectrometric data here presented, to evaluate 
the robustness of the numerical simulations 
and to establish a holistic and vigorous model 
for the potential initiation and evolution of the 
hydrothermal circulation in CJ following the 
impact event.

To compare and examine the hydrothermal 
response in CJ using a variety of thermodynamic 
scenarios, eight simulations were conducted 

using different petrophysical parameters for 
the local lithologies. Starting from the boundary 
conditions of the simulations (Figure 3), the input 
parameters were defined by the HTI interactive 
programming environment. A geological setting 
of a 13.8 km horizontal distance and a maximum 
depth of 3.5 km from the surface were designed 
in 2D using the HTI interface on a grid of 150 
× 40 cells. This parameterization was applied 
according to the geological map suggested by 
Crósta et al. 2010 (Figures 2 of this work). The 3.5 
km depth of the grid in our numerical models 
was based on iSALE simulations performed for 
small impact-cratering systems, as described in 
Jõeleht et al. (2005), and references therein. The 
grid resolution was determined by trial-and-
error, in order to reach the maximum possible 
resolution for this simulation environment, 
and was achieved after several computational 
experiments with different resolutions. 

The chosen resolution of the grid (6000 
cells) in the numerical models of this work is 
the maximum resolution that could have been 
achieved according to the processing capacity 
of the computational facilities at the University 
of Glasgow, and represents very high detail of 
geophysical modelling. For comparison, Abramov 
& Kring (2007) used a very high resolution of 9900 
cells in HT simulations for the Chicxulub crater, 
which is a 160 km in diameter crater (2D grid: 
160 km horizontal distance, and 7 km vertical 
distance; in Abramov & Kring (2007)). In this 
work, we introduced the maximum achievable 
resolution of 6000 cells for CJ which is an impact 
structure of just 13.8 km (2D grid: 13.8 km distance 
and 3.5 km depth). Conclusively, by ‘’trial and 
error’, we mean that simulation experiments 
were performed by testing lower resolutions 
initially, and by then gradually increasing the 
resolution of the grid to achieve the highest 
possible resolution, accuracy and detail for our 
hydrothermal models. Hence, the threshold of 
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6000 blocks is the maximum possible resolution 
that could have been used for the HT simulation 
grid of CJ. 

Two different lithostratigraphic settings 
were used for the boundary conditions 
(Supplementary Materials – Fig. S1 and S10) 
to account for the observed differences in 
rock distributions between the N-S and W-E 
geological sections suggested by Giacomini 
et al. (2017) (see figures S2, S3 and S4 therein 
indicating the asymmetry of CJ). All the modeled 
physical properties of the lithological units 
that comprise CJ are shown in Table I. The 
initial thermodynamic conditions (temperature, 
pressure, and enthalpy distributions) after 
the bolide’s impact were programmed in the 
grid according to experiments and previously 
published work on the shock physics of small 
impact-craters (Jõeleht et al. 2005, Timms et al. 
2017, and references therein). The temperature 
contours were designed by the HTI pre-processor, 
and the input of their spatial distributions and 

values was established after experimental trials 
through the HTI post-processor (Fig. S1 - S10).       

We primarily examined two different 
hypotheses for the permeability of the rocks. 
Since permeability dictates the hydrothermal 
flow in a geological setting, we first run our 
simulations considering high-permeability 
versus low-permeability rock units. Furthermore, 
as the available geological and geophysical 
data (Giacomini et al. 2017, and references 
therein) indicate two different lithostratigraphic 
distributions and thus, an asymmetry between 
the N-S and W-E orientation of the brecciated 
basaltic units in their reconstructed geological 
cross-sections, two additional hypotheses for 
the dissimilar lithological distributions were 
examined in our computations (Fig. S1 and S10). 

Finally, due to the fluvial sedimentary 
lithology present in CJ, we investigated the 
induced hydrothermal system in the presence 
and absence of stream flows at the surface 
of the crater floor, as well as in the outer-rim 

Figure 2. Geological map of the CJS showing the distribution of the gamma-ray data points acquired in this study. 
(Modified from Crósta et al. 2010). 
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and inner-rim fluvial and aeolian sediments. 
Conclusively, the permeability of the rocks, 
lithostratigraphic distributions and the presence 
or absence of stream flows at the surface 
boundary of the simulation grid resulted in 
the definition of eight sets of computational 
scenarios. Of these, all the potential 
combinations of initial conditions have been 
tested (see Supplementary Materials, scenarios 
1 to 4). 

In all simulations, we adjusted a basal 
heat flux to a value of 60 mW/m² to the 
bottom boundary of our grid. The top boundary 
represents aeolian and fluvial sedimentary 
layers on the surface of which a pressure of 
1.01 bar and a temperature of 30°C have been 
assigned as constant values for initial conditions 
(Figures S1 and S10). Half the scenarios (4 and 7; 
in Supplementary Materials) consider a stream 
influx at the top of the simulation grid and inside 
the sedimentary layers of the aeolian and fluvial 
deposits. In those scenarios, the stream flows 
have been given a temperature of 4°C, and a 
flow rate of 9.5E+7 kg/yr close to the surface and 
beyond the structure’s rim (outer-rim region). 

Additionally, an inflow rate of 9.5E+5 kg/yr was 
used to account for stream flows in the fluvial 
and aeolian sediments within the inner-rim 
region of the crater and closer to the inner-
slopes of the peak ring (Figures S1 and S10). The 
chosen values for the hypothetic flow rates in the 
fluvial and aeolian sediments of CJ derive from 
average estimates for low hypothetic stream 
flux (Boano et al. 2014, Gomez-Velez et al. 2015, 
Galloway et al. 2019) in characterized small river 
networks (Thoms et al. 2018). However, further 
environmental research should be conducted to 
conclude whether a fluvial network could have 
interacted with the CJ hydrothermal setting after 
the crater’s formation. In our modelling, we have 
merely experimented with the suggested low 
hyporheic stream flux to observe its effects on 
the mechanics of the simulated hydrothermal 
system. 

RESULTS
Distribution of gamma-ray elements
Table II shows the statistics of K, eTh and eU 
concentrations for each lithological unit. In 

Table I. Gama-ray results for each lithology with average, minimun, maximun and standard deviation.

Gamma-ray 
Elements Lithology Average Minimum Maximum Standard Deviation

K (%)

Guará Formation 0.7 0 1.9 0.55

Botucatu Formation 0.1 0 2.6 0.50

Serra Geral Formation 0.7 0 2.2 0.56

Th (ppm)

Guará Formation 2.6 0.6 5.1 0.96

Botucatu Formation 2.1 0.2 10.9 1.52

Serra Geral Formation 4.7 1.2 10.7 1.82

U (ppm)

Guará Formation 0.8 0 2.2 0.57

Botucatu Formation 1.1 0 3.3 0.65

Serra Geral Formation 1.6 0.4 3.7 0.56

Th/K

Guará Formation 3.7 NA NA 1.76

Botucatu Formation 21.0 NA NA 3.04

Serra Geral Formation 6.7 NA NA 3.24
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general, most K values are between 0.5% – 
0.9%, reflecting the three-main outcropping 
lithological units in the area: Serra Geral 
Formation, Botucatu Formation and Guará 
Formation (Figure 4a). Low K values (0% to 0.5%) 
are found mainly over the Botucatu sandstones 
that form a central collar surrounding the Guará 
sandstones, with an average of 0.1%. Such 
signatures can be explained by the occurrence 
of aeolian sandstone composed of quartz (90%), 

feldspar (5%) and secondary minerals (5%) 
(Crósta et al. 2010, Sanchez 2014). 

K values between 0.9% and 2.1% are observed 
over the sandstones of the Guará Formation, 
which corresponds to the innermost area of the 
central uplifted. They present average of 0.7%, 
and its signature may be associated with the 
intercalated clays and sands, considering soils 
over shales usually contains concentration of 
1.5% K, and sandstones 1.3% (Dickson & Scott 

Table II. Physical parameters of the geological setting used in the simulations; caption 1a reports on the use of 
lower permeability rock units in our computational scenarios, while caption 1b considers higher permeability (by 
one order of magnitude) rock units. The upper table refers to the lower Permeability Computational Scenarios, 
whereas the lower table refers to the higher Permeability Computational Scenarios.

1a)

Petrophysical Properties Brecciated 
Basalt

Brecciated 
Sandstone

Breccia with 
Sandstone 

Clasts
Fluvial & Aeolian 

Sediments

Permeability (k) {m²} kz=f(d,T), kx=f(d,T) kz=f(d,T), kx==f(d,T) kz=f(d,T), kx=f(d,T) kz=f(d,T), kx=f(d,T)

Porosity (ϕ) {%} ϕ=f(d,T) ϕ=f(d,T) ϕ=f(d,T) ϕ=f(d,T)

Thermal Conductivity {W/m*K} 2.7 2.5 2 2

Specific Heat Capacity {J/kg*K} 1000 800 750 700

Density {kg/m³} 2700 2300 2000 1700

Surface Permeability {m²} 9.00E-18 9.00E-17 9.00E-16 9.00E-14

Surface Porosity(ϕsurface) 5.00% 20.00% 25.00% 35.00%

1b)

Petrophysical Properties Brecciated 
Basalt

Brecciated 
Sandstone

Breccia with 
Sandstone 

Clasts
Fluvial & Aeolian 

Sediments

Permeability (k) {m²} kz=f(d,T), kx=f(d,T) kz=f(d,T), kx==f(d,T) kz=f(d,T), kx=f(d,T) kz=f(d,T), kx=f(d,T)

Porosity (ϕ) {%} ϕ=f(d,T) ϕ=f(d,T) ϕ=f(d,T) ϕ=f(d,T)

Thermal Conductivity {W/m*K} 2.7 2.5 2 2

Specific Heat Capacity {J/kg*K} 1000 800 750 700

Density {kg/m³} 2700 2300 2000 1700

Surface Permeability {m²} 9.00E-17 9.00E-16 9.00E-15 9.00E-13

Surface Porosity(ϕsurface) 5.00% 20.00% 25.00% 35.00%
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1997). High K values are also observed in 
the southeastern-side of the structure, over 
the rocks of the Botucatu Formation (Figure 
4a). However, this is not the typical signature 
of similar sandstones elsewhere within the 
remaining structure. The entire central uplift 

area is dominated by those rocks and exhibit 
predominantly low K (%) values in comparison 
with the other lithologies.  

In the areas where the Serra Geral Formation 
outcrops the K signature is characterized by low 
values in comparison with other lithologies. 

Figure 3. Boundary 
conditions for the 
simulation sets 1 to 
4 via the HTI code.

Figure 4. Gamma-ray channels 
showing distribution of the 
collecting stations (Garcia 
D.D., unpublished data
) in the Cerro do Jarau impact 
structure. In (a) K channel; (b) 
eTh channel; (c) eU channel; 
(d) eTh/K ratio. 
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These rocks show an average of 0.7% of K (Table 
II). According to Sánchez (2014), these are sub-
alkaline basalts, comprised specially of andesitic 
basalts and andesites, therefore consistent 
with our gamma-ray data of the Garcia D.D. 
(unpublished data). Analysis of the frequency 
of K values in each geological unit is shown in 
Figure 5. It shows that areas with values of K > 
1.5%, as observed over the Guará Formation, are 
less frequent in CJ (Figure 5a).

In the annular basin, eTh concentrations 
have an average of 6 ppm (Figure 4b). 
According to Dickson & Scott (1997), average 
eTh concentrations in soils over sandstones 
and shales are between 10-13 ppm. In the 
area of the central uplift, dominated by Guará 
and Botucatu Formations, eTh exhibits the 
lowermost concentrations, with values < 3 ppm. 
In Figure 5, the Botucatu sandstones show 
the highest frequency in comparison with the 
other lithologies in the low range of eTh, with a 
peak of 2 ppm. However, high values of eTh are 
clearly present in Botucatu sandstones of the 
southeastern area (red in Figure 4b). 

eU concentration ranges from 0 to 4 
ppm (Figure 4c) in CJ and in the surrounding 
areas. In the annular basin their values are 
heterogeneous, varying from 0 ppm in the 
western portion to 3 ppm, also occurring in a 
few places in the northern portion. Botucatu 
sandstones exhibit an average of 1.1ppm, and 
peak of ~1.6 ppm (Figure 5c). According to Crósta 
et al. (2010) and Sanchéz (2014), highly fractured 
and deformed sandstone grains are observed in 
Botucatu rock samples within CJ. In the central 
uplift, the eU distribution is irregular, ranging 
from 0 ppm in the eastern portion to 1.3 ppm 
in the western one, reaching up to 2 ppm in the 
central and northern areas with an average of 
0.5. Because U is highly mobile and is absorbed 
onto the surfaces of clay particles and organic 
matter (e.g. Serra 1984), its concentration is 
higher when sandstones are intercalated with 
siltstones, compared to sandstone only. Figure 
4c does not show difference between rocks of 
Guará and Botucatu formations. However, the 
elements’distribution show that the Botucatu 
Formation contains most frequencies in lower 

Figure 5. Frequency 
of detected values 
per lithology. In 
(a) K (%); (b) eTh 
(ppm); (c) eU (ppm).
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ranges of eU, whereas the Guará Formation 
shows variations over the entire range (Figure 
5c). The range is somehow within the range of 
~2.1 ppm assumed by Dickson & Scott (1997) for 
soils over sandstones.

The eTh/K ratio (Figure 4d) ranges from 0.5 
to 48. Contrasting eTh/K values are observed 
between the northern and southern portions of 
the area where the Botucatu sandstones occur. 
Ratio values are relatively low in the central 
part of the structure, over the sandstone of the 
Guará Formation, with an average of 3.7, due the 

high K concentrations. Outside the structure, it 
shows an average of 6.7.

HYDROTHERM Simulations
Since the post-impact hydrothermal activity in 
CJ has not been yet thoroughly investigated or/
and established, the exploration of the post-
impact cratering processes through numerical 
modeling considering the local geology should 
ideally follow a more conservative approach. 
The conservative sets of simulations for the 
analysis of hydrothermal circulation in CJ are 

Figure 6. From top to bottom: time 
evolution of  water (liquid), steam 
and super-critical fluid mass fluxes 
at the Cerro do Jarau structure 
after the impact. The estimated 
hydrothermal duration is of 300K 
- 320K years. Maximum mass flux 
is represented by values greater 
than 9.0E-8 g/s∙cm2 and shown in 
red colours within the geological 
domain, whereas negligible fluxes 
are illustrated in blue and concern 
estimates lower than 1.5E-8 g/s∙cm2. 
The presented simulation assumed 
lower permeability rock units and 
the lithostratigraphic distribution 
and boundary settings of scenario 5 
(in supplementary materials).  
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defined by the minimum permeability values for 
the specific lithologies. 

By following this rationale, the numerical 
simulation that assumed the lowest permeability 
input values for all the modelled rock units 
should be considered as a conservative 
approach; meaning that this model should 
indicate the lower estimate for the duration 
of hydrothermal circulation. Moreover, in 
this research we emphasize more the low 
permeability scenarios, as these also seemed 
to yield more reliable and well-correlated 

results with the lithologies present in CJ. In the 
supplementary materials we have included all 
computational scenarios to compare the impact-
induced hydrothermal circulation in CJ based 
on the different parameters and conditions 
(conservative versus liberal modelling approach, 
i.e.: low versus high permeability rocks, lower 
versus higher amount of basaltic mass in the 
geological domain according to the suggested 
rock distributions, presence versus absence of 
fluvial flows at the surficial sediments). 

Figure 7. From top to bottom: the 
thermal evolution (cooling)  over 
time at Cerro do Jarau after the 
crater’s formation. Maximum 
temperatures at t=0 after the 
impact are Tmax = 1000°C (shown in 
red; blue colours represent colder 
temperatures with Tmin = 20°C). At 
300K years after the impact, the 
geothermal gradient is restored and 
only some minor water fluxes are 
present within the central basin of 
the crater (black vectors with values 
of 3E-8 g/s∙cm2) which disappear 
after 320K years (WMFmax = 1.5E-8 g/
s∙cm2). The presented simulation 
assumed lower permeability rock 
units and the lithostratigraphic 
distribution and boundary settings 
of the computational scenario 5 (in 
supplementary materials).
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Figures 8 and 9 illustrate the evolution 
of the fluid mass flux and temperature in the 
CJ after the impact and for a period of 300K 
years, respectively. Initially, at t=0, we observe 
significant water mass fluxes (WMF) within the 
entire domain (red colour) with maximum values 
at circa 7.0E-4 - 9.0E-4 g/s∙cm2. Induced steam 
and super-critical flows are present within the 
central heated region of the crater where the 
temperature is higher than 500°C, rendering this 
domain impermeable (dark blue region at t=0). 
In the impermeable overheated region, the two-
phase and super-critical fluxes are smaller than 
the average water mass flux of the hydrothermal 
system by 3 orders of magnitude. 

Additionally,  although the basaltic 
rocks are not impermeable, they have lower 
permeability in comparison to all other rock 
units modelled. After 200 years, the maximum 
recorded temperature in our simulation grid has 
decreased by 15% and the WMFmax is smaller by 
an order of magnitude. The average water mass 
flux in the permeable regions of the crater has 
decreased by at least 60%. At 26k years after the 
impact, WMF within the broader lithostratigraphic 

reduces by almost an order of magnitude. At 
that point in time, we can observe some minor 
flows of ~1.5E-8 - 2.0E-8 g/s∙cm2 at a depth of 
2.5-3 km beneath the crater’s central basin and 
within a radial distance of 3 km from the center, 
revealing two interconnected hydrothermal cells 
at the ending stage of their convective activity. 
Two slightly stronger hydrothermal cells are 
also observable in the outer-rim basin of the 
structure, although these seem to persist due to 
their recharge from surficial water.  

On the other hand, at 26k years, it is evident 
that the fluvial-aeolian sediments and upper-
impactites at shallow depths (z < 1km) and within 
a radius of 1.2 km from the center are hosting 
an appreciable convective cell, allowing fluid 
circulation to persist for a much longer time. As 
significant heat transfer from the impact-heated 
breccias and sandstones towards the surface 
occurs in the interval between 2 and 70k years 
(see Scenario 3; Figures S11, S12), the geothermal 
gradient becomes by three times greater at a 
depth of 1km and in a radius of 1km from the 
center and for a period greater than 70k years. 

Figure 8. Gamma ternary map superposed to the SRTM topography model.
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Beyond the outer-rim, the geothermal 
gradient is 1.5 times higher than the average 
value of 30 °C/km for a total period of 100k 
years after the impact. Then, the geothermal 
gradient appears fully restored and close to the 
pre-impact condition at ~300k years. According 
to our results, hydrothermal flows continue 
to exist in the interval between 70k and 300k 
years. After 300k years, all water circulation 
ceases, indicating the complete cooling of the 
hydrothermal setting. 

DISCUSSION
The gamma-ray data show clear distinctions 
in the spatial distribution of K and eTh 
concentrations within CJ. Th concentrations 
are higher surrounding the central uplift area, 
whereas high K concentrations occur over the 
areas where the Guará Formation occurs and 
partially over the Botucatu Formation. 

Galbraith & Saunders (1983) claim that 
Th enrichment generally does not accompany 
K enrichment in hydrothermal alteration 
processes, which means that their distinctive 
concentrations in the structure might be 
associated with different processes. 

The ternary map showing the concentration 
of the three radiometric elements (Figure 
8) depicts their spatial distribution and is 
helpful in determining their zonation. The 
overall high-K signature within the structure is 
remarkable, with an apparent relatively higher 
signature preferentially associated with the 
central uplift area. These high K values over 
the central area are similarly highlighted by 
the F-factor map (Figure 9). High K anomalies 
are commonly employed as an indication of 
hydrothermal enrichment (Efimov 1978, Pirajno 
2005, Vasconcelos et al. 2012). This signature 
is consistent with the hypothesis of chemical 
elements’ mobilization by hydrothermal flows 

Figure 9. Factor F (%) 
image of the CJS. Black 
lines are the lithological 
contacts proposed by 
Crósta et al. (2010). 



DIEGO D. GARCIA et al. CERRO DO JARAU GAMMA-RAY AND GEOTHERMAL MODELING

An Acad Bras Cienc (2024) 96(1) e20230005 16 | 19 

after the crater formation, causing enrichment 
in K. Indeed, the outcomes of our numerical 
modeling show that supercritical water 
flows have occurred in the structure’s central 
area, especially in the innermost area (Figure 
6). Supercritical flux in the HTI simulations 
represents water flows that are described by the 
low viscosity of a gas and the high density of a 
liquid, rendering such fluids difficult to liquify 
constituent components under any amount of 
given pressure. Supercritical water flows form in 
HTI simulations due to the immense pressure 
that is associated with the geostatic gradient and 
the excessive heat induced by the impact (i.e.: 
fluid’s pressure > 220 bar, and 373 °C ≤ Tfluid ≤ 500 
°C). Thus, regions of the simulated environment 
that seem to host supercritical water flows 
in the simulation imply that non-polar acidic 
fluids should have circulated therein. This 
observation from the model is consistent with 
the existence of high K concentrations in the 
area because the upper flow might drive such 
concentrations after 26k years. It also coincides 
with the presence of the impact-heated region 
in our simulations, which exhibits temperatures 
> 373 °C (third frame in Figure 7). Furthermore, 
the area surrounding the central region of the 
structure that is dominated by basalts shows 
the lowest permeability compared to the other 
lithologies. This explains why less intense water 
mass fluxes are associated with the basalt 
domain (average values up to 4.0x10-8 g/s∙cm2). 

By comparing the hydrothermal simulations 
in this low-permeability rock environment with 
the other modeled scenarios for the high-
permeability cases presented in Supplementary 
Materials, and especially in the cases where 
there is contribution of cold inflows by streams 
at the surface and within the fluvial-aeolian 
deposits (scenarios: 2-4), we realize that in 
extremely high permeable lithologies (2 orders 
of magnitude greater), heat loss is somehow 

accelerated via the convective cooling case, and 
it is especially far more rapid via water upflow 
events towards the near-surface. This effect has 
been previously reported by Abramov & Kring 
(2004, 2005) and Jõeleht et al. (2005), and results 
in shorter lifetimes for the hydrothermal systems 
that undergo convective cooling, in contrast to 
those undergoing a conductive cooling process.  

Our high-permeability geological setting 
is different only by an order of magnitude 
compared to the low-permeability setting and, 
hence, the cooling process and the lifetimes of 
the hydrothermal systems did not exhibit any 
substantial differences in the cooling pattern 
or/and the lifetime. In the higher-permeability 
case, just a prolonging effect for the duration 
of the hydrothermal system by 30-35k years was 
noticed. Numerical tests conducted after having 
assigned the permeability higher by 2 orders of 
magnitude resulted in a far more rapid cooling 
of the hydrothermal system, causing it to cease 
within 70K-100k years sooner than in the low-
permeability case. Scenarios 3 and 4, presented 
as Supplementary Materials show similar results, 
where the steam influx contribution to the 
hydrothermal system renders it inactive much 
sooner, at ~200-250k years after the impact.

CONCLUSIONS
Our results point out the central uplifted core of 
CJ as characterized by high K concentrations, as 
shown by the gamma ray data and particularly 
highlighted by the Factor F map. Similarly, our 
numerical models show a robust convective 
hydrothermal flow system present in the 
center of the structure, which reinforces the 
concentration of K in this area. This system 
was established mainly due to the hot fluid 
circulation that likely took place throughout 
the rocks that form the central uplift during a 
period of ca. 26k years after the impact. Our 
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models also indicate that a relatively rapid 
post-impact cooling of the CJ impact structure 
is driven by convective heat transfer during the 
early phases of the post-impact stage. Most of 
the high post-shock temperatures in the central 
area decreased ~80% from their initial values 
only 26k years after the impact, depending on 
permeability. The system also changed from 
a dispersive flow throughout the crater into a 
convective heat transfer restricted to the center 
~26k years after the impact. The thermal balance 
of the impact-heated rocks took much longer, 
with heat flow detectable until ~300k years after 
the impact event. A better characterization of  
the hydrothermal enrichment might be attained 
by adding mineralogical and geochemical 
information about the target rocks in future 
studies.
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