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Introduction:  Magma intruding the crust of a ter-

restrial body can form geothermal brines, a potentially 

habitable environment, by liberating fluids bound in 

minerals and different elemental species within the 

host rock [1-3]. Sulphate rich geothermal brines 

(SRGB) are known to support life on Earth [4]. More-

over, potential SRGB relics have been detected on the 

surface of Mars, a potential habitat for sulphate-based 

metabolisms [5-12]. Hence, constraining the habitabil-

ity potential of magma-sediment produced SRGB is 

essential to understand habitats on Earth and beyond. 

Within the scope of this research an Earth analogue to 

Mars is studied to understand SRGB habitability con-

straints.  

Sulphates on Mars occur as CaSO4·nH2O veins, 

cross-cutting sediments as detected by MSL Curiosity 

rover in Gale crater [13-14] and in Endeavour Crater 

by the MER rover as antitaxial veins, indicative of 

hydraulic fracturing [15-18]. Additionally, sulphates 

are found within soils [6], as well as from orbit at 

Jezero Crater, the landing site of the NASA Persever-

ance Rover, which is capped by a volcanic unit [16].  

We have chosen the San Rafael Swell, Utah, US, as 

an analogue site to study those sulphate forming 

brines. We have shown that the SRS is a good candi-

date as a Mars analogue site based on the morphologi-

cal, mineralogical and chemical similarities of the 

sites [19-20]. Sulphate in Jurassic sediments of the 

Carmel Formation also occur as CaSO4·nH2O anti-

taxial veins and are intruded by a swarm of magmatic 

bodies [17,21], similar to some Martian settings [15-

18]. Here, the interaction between the Jurassic sul-

phate-rich sediments and a magmatic intrusion is in-

vestigated to understand the potential interaction of 

brines in such scenarios and place constraints on puta-

tive habitability of  analogous systems on Mars 

Geologic Setting: The Carmel Formation was de-

posited around 166 Ma, under coastal desert conditions 

as the Sundance sea coastal line interchanged between 

inundation and regression it left behind red oxidised 

silt beds interbedded with sabkha sequences made of 

alabaster gypsum (CaSO4·2H2O) [22].  

During the Laramide orogenic event (~ 40 Ma) the 

gypsum remobilised and formed cross-cutting sulphate 

veins within the silts [23-24]. Around 4.6 Ma, a swarm 

of dykes intruded into the Carmel formation [21], po-

tentially forming a sulphur-rich hydrothermal envi-

ronment. Such a magma-sediment system has previ-

ously been shown to produce a habitable (and possibly 

inhabited) hydrothermal system in the Entrada Sand-

stone [19-20]. 

Methods: Rock samples were collected from Awe-

some dyke (AD; N3834.252 W11108.351) along a 

traverse across the alteration flow halo – i.e., samples 

in direct contact with the dyke to the unaltered host 

rock. This was done to assess the fluid evolution along 

a cooling traverse away from the magmatic heat 

source. The samples were polished and their chemical 

and morphologically parameters were mapped using 

Scanning electron microscopy (SEM), energy-

dispersive X-ray spectroscopy (EDS) and an electron 

microprobe (Cameca SX100). The geochemical data 

and morphology were used to identify an alteration 

reaction sequence and fluid composition was recon-

structed via thermodynamics modelling using the Geo-

chemist's Workbench®. 

Results: Mineralogy: The dyke predominantly 

consists of diopside phenocryst with minor amounts of 

albite, apatite, labradorite and magnetite within the 

groundmass. Additionally, the dyke has around seven 

percent calcite crystals surrounded by CaSO4·nH2O 

(H2O amount is below the detection limit by EMPA) 

veinlets replacing the calcite rims (Fig. 1). Calcite sur-

rounded by sulphate crystals suggests that there were 

two metasomatic alteration events: the first forming 

calcite pseudomorphs by intrinsic dyke fluids followed 

the veinlets precipitation by remobilisation of the Ju-

rassic fluids and sulphates. 

Model Results: The fluid composition was recon-

structed for each event separately using the React 

command on Geochemist's Workbench [25]. Three 

titration models were run for each reaction at tempera-

tures of 100, 200, 300 °C. The first model used a low-

salinity H2O–CO2 fluid with varying amounts of CO2. 
Calcite precipitated by titrating local amphibole  
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composition (which is absent in AD) from a nearby 

magmatic intrusion [26] into a low-salinity H2O–CO2 

fluid of 0.3 mol/kg of CO2 at high water to rock ratios 

(W/R = 0.003-0.01 reacted mass). The results were the 

same in all three temperatures. The second model used 

fluid representing the Sundance Sea, containing less 

Mg (30 mmol/kg) and more Ca (22 mmol/kg) than 

modern oceans [27]. A relatively unaltered local mag-

matic bulk rock composition [28] was titrated into the 

Sundance Sea fluids with the addition of CaSO4 (rep-

resenting the veins). Anhydrite (CaSO4) precipitated 

with 5 wt% CaSO4 at high W/R ratios (0.001-0.01 re-

acted mass) at all temperatures.  

The fluids formed in the first reaction have a pH of 

~8.4 dominated by Al+3 (40.7 mg/kg), HCO3
- (895 

mg/kg), SiO2 (119 mg/kg) and Na+ (283 mg/kg). The 

second fluid is mildly acidic with a pH of ~5.7 with the 

major composition of SO4
-2  (6.2 g/kg), Cl-  (15.3 g/kg), 

Na+ (11 g/kg) and Mg+2 (690 mg/kg).  

Discussion and Conclusion: Calcite was assumed 

to be a secondary replacement mineral based on mor-

phology. The precursor mineral to calcite is unknown, 

however, the morphology resembles amphibole crystal 

habit. Moreover, cogenetic magmatic bodies contain 

amphiboles [26], which are absent in these Awesome 

Dyke samples. 

These preliminary results suggest that there was an 

initial influx of low-salinity H2O–CO2 fluid from the 

intrusion altering the amphibole phenocryst into the 

calcite pseudomorph, which formed an initial moderate 

alkaline fluid. As the dyke cooled it reached a brittle 

stage that allowed sediment-bound fluid and CaSO4 to 

remobilise and precipitate within the dyke. The second 

fluid was mildly acidic sulphate rich brine with the 

potential of supporting S metabolic reactions. Both of 

these reactions have water activities (aw)of ≥0.98 and 

were short-lived low-grade metasomatic alteration (due 

to the high W/R ratio). Reactions with such high aw 

values bodes well for habitable settings since nutrient 

cycling can occur nearly unhindered [29].  

The model fluids are substantially distinct from one 

another, however, as they are both short-lived, they 

likely would have mixed and continued evolving as 

they encounter more of the county rock. The mixing of 

fluids and fluid evolution would potentially form eco-

logical niches with different limiting factors to micro-

bial growth such as chemistry, physiochemistry and 

potentially other members of the community. High 

salinity in itself can potentially host an abundant and 

diverse microbial community as in terrestrial hyper-

saline Lakes such as Spotted Lake, in Canada (contain-

ing 2.8 M of SO4
-2 ) [30]. Ongoing work will narrow 

the temperature constraint, detail the fluid evolution 

path, and constrain habitability potential based on flu-

id-fluid mixing, reaction with the host rock, and further 

cooling.  
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Figure 1. SEM image of Awesome dike with a central 

calcite pseudomorph with CaSO4·nH2O veinlets.  
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