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Introduction:  Hydrothermal systems provide a 

possible habitat for life [1–3], and are therefore a 

prime target for the search for life outside Earth. 

Hydrous minerals have been observed in impact craters 

on Mars [4], inviting two possible interpretations: these 

minerals have been formed by an impact-generated 

hydrothermal system [5–8], or they preexisted in the 

crust and were excavated by the impact [9–11]. If the 

first is the case, impact craters may provide a widely 

available habitat for life on Mars, and therefore it is 

essential to understand the origin of these minerals. 

Because of sampling limitations on Mars, an 

analog impact structure on  Earth is more likely to 

provide an answer to this issue [12,13]. If evidence for 

hydrothermal alteration is present, the Vista Alegre 

impact structure in Brazil is one of the very few 

suitable structures on Earth, because its basaltic target 

rock is similar to Martian target terrain [14]. However, 

sampling at Vista Alegre to date is limited to only few 

locations [15,16], and no hydrothermal alteration has 

been reported. 

In this project, evidence of hydrothermal alteration 

was recovered from three locations within the Vista 

Alegre impact structure. Detailed petrographic and 

mineral chemical analyses was followed up with 

thermodynamic modelling to constrain the 

development of different alteration stages and thereby 

distinguish between different possible causes for 

hydrothermal alteration. 

Methods: Scanning Electron Microscopy was used 

together with Raman Spectroscopy to determine the 

mineralogy of alteration stages present in Vista Alegre. 

Randomized thermodynamic reaction path modelling 

was performed in PHREEQC, in combination with the 

phreeqc.r package for R, to obtain constraints on the 

thermochemical evolution of each of the alteration 

stages. The randomization was done to take into 

account uncertainties in mineralogy, initial water 

composition, dissolution type, temperature, and 

pressure. 

Results: Despite small crystal sizes and limited 

sample material, three different stages of hydrothermal 

alteration were identified: two vein sets (Fig. 1) and 

one type of localized alteration. The dominant vein set 

consists mainly of chabazite, with occurrences of 

stilbite and several other zeolites, calcite and 

phyllosilicates. The second vein set carries calcite, 

quartz, minor Fe/Ti-Oxides, two potential zeolites and 

one potential phyllosilicate. The localized alteration 

consists of saponite and Fe-oxides that replace feldspar 

crystals in the basalt. Notably, several of the zeolites 

occurring in the dominant vein set were also identified 

as fragments in impact breccias collected from the 

Vista Alegre area. 

Within the dominant vein set, stilbite and calcite 

occur as euhedral crystals surrounded by chabazite 

(Fig. 1a). Other zeolites occur in a similar 

configuration to stilbite. The thermodynamic 

modelling suggests formation temperatures between 

80-240°C for calcite, 110-250°C for chabazite, 10-

70°C for the other zeolites, and 20-210°C for the 

phyllosilicates.  

For the second vein set, the first zeolite (zeolite 1) 

occurs as euhedral crystals surrounded by calcite (fig. 

 
Fig 1. a: dominant vein set, with chabazite filling the spaces between 

calcite. Phyllosilicates occur at the vein border. b: secondary vein 

set, showing calcite and zeolites in the centre of the vein, and quartz 
together with phyllosilicates, zeolites and Fe-Oxides in the outer 

parts. Figures reproduced from [17]. 
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1b). Thermodynamic modelling indicates that here, 

calcite was stable between 130-240°C, quartz between 

25-95°C, zeolite 1 between 60-150°C, zeolite 2 

between 30-90°C, the oxides between 60-240°C, and 

the phyllosilicate between 110-230°C.  

For the localized alteration, the stability range of 

saponite is extremely large and too few other minerals 

are available to arrive at constraints on their formation 

by thermodynamic modelling. 

Discussion: The occurrence of euhedral crystals of 

a mineral, surrounded by another mineral is interpreted 

as precipitation of the first mineral from a watery 

solution, followed by precipitation of the second. For 

the dominant vein set, this means a precipitation 

sequence including calcite/stilbite/other zeolites, 

followed by chabazite, and for the second vein set a 

precipitation sequence including zeolite 1, followed by 

calcite. This, in turn, suggests a temperature increase 

accompanied precipitation of the sequence of minerals, 

at least for the dominant vein set. 

In an impact scenario, rapid and short-lived heating 

is expected. Therefore, multiple minerals suggesting a 

protracted period of heating indicate that at least the 

dominant vein set is unlikely to be related to the 

impact. This is supported by the occurrence of the 

zeolite fragments in the impact breccias, which 

suggests that this vein set predates the impact, has been 

excavated by the it and was partly deposited as breccia 

fragments.  

Excavation likely played a dominant role in Vista 

Alegre compared to impact-generated 

hydrothermalism. If similar processes occur on Mars, 

hydrous minerals formed by impact-generated 

hydrothermal systems are suggested to be limited and 

observed hydrous minerals are more likely to represent 

excavated, pre-existing minerals present in the crust. 

Conclusion: Thermodynamic modelling was used 

to constrain the evolution of two hydrothermal vein 

sets in the Vista Alegre impact structure in Brazil. The 

modelling indicates a prolonged heating sequence, at 

least for the dominant vein set. Together with other 

indications, this suggests that the dominant vein is a 

result of pre-existing hydrothermal alteration that was 

excavated by the impact, suggesting impact-generated 

hydrothermalism plays a relatively minor role. In 

similar systems on Mars, observation of hydrous 

minerals is more likely explained by excavation than 

by formation in an impact-generated hydrothermal 

system. 
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