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Abstract 

 

This study investigated the Utah Crystal Geyser, a unique low-temperature, CO2-rich geyser 

relevant to Mars, icy moons, and asteroids. Samples from the site had a range of textural and 

color differences; however, they contained similar mineral assemblages dominated by carbonates 

(calcite and aragonite). The identification of calcite and aragonite is important as they can be 

biogenically produced and possess the ability to preserve biogenic fingerprints and entomb 

microbial fossils. 

 

This analysis confirmed that the most effective method for identifying and distinguishing calcite 

and aragonite is through a combination of several techniques. Specifically, reflectance 

spectroscopy was able to determine the presence of calcite-aragonite mixtures. However, it could 

not effectively differentiate between the two since the band positions and shapes change subtly 

with varying abundances of the two carbonates. Thus, it can only be stated that a mixture is 

present, and the degree to which transformation from aragonite to calcite has proceeded is poorly 

constrained. Raman spectroscopy was able to identify both calcite and aragonite and could 

differentiate between the two through diagnostic peaks in the low Raman-shift region of the 

spectrum. Scanning electron microscopy imaging provided sub-micrometer images of textures 

and sedimentary fabric, such as laminations, crystal structures, and entombed microbial fossils. 

X-ray diffractometry and X-ray fluorescence were used to determine and verify the mineralogy 

of the samples.  

 

The low-temperature origin of these carbonates is likely the factor responsible for the lack of 

homogeneity within the samples. Carbon dioxide degassing is likely the primary factor 

supporting the precipitation of aragonite at the geyser, despite the low temperature. The results 

have implications for carbonate detection and characterization on Mars and the recognition of 

low-temperature carbonate precipitates on a number of planetary bodies.  

 

Keywords: Calcite, Aragonite, Astrobiology, Biosignatures, Perseverance rover, Mars 

spectroscopy. 
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1.0 Introduction 

 

One of the primary goals of exploring Mars is to find evidence of extinct or extant life (Hoehler 

& Westall, 2010; McLennan et al., 2012; Farley et al., 2020). Current exploration of Mars 

involves orbiters, landers, and rovers, with a recent addition, the Perseverance rover, providing 

unique spectrophotometric and other analytical capabilities (Ehlmann et al., 2008; Farley et al., 

2020). Previous research has demonstrated the need for integrated observations across a range of 

scales (macroscopic to microscopic) along with spectroscopic investigations of targets that may 

be encountered on Mars, as Mars has a geologically diverse terrain (McLennan et al., 2012).  

 

Landed Mars missions have transformed our understanding of Mars and have shown that it was 

once much more habitable (e.g., Grotzinger et al., 2012). Exploration and the derived knowledge 

of Mars can be informed by research conducted at terrestrial Mars analogue sites; such sites are 

locations on Earth that are relevant to Mars in one or more aspects, such as geology, or provide 

information regarding mechanisms that may have assisted in the preservation of possible 

microbial fossils on Mars.  

 

In the latter application, fossil biosignatures preserve evidence of ancient life, and substantial 

information can be obtained from them. Their formation within the biosphere involves 

interactions between the atmosphere, lithosphere, and hydrosphere and the resulting processes, 

such as degradation, preservation, transformation, and mineralization, that affect physiochemical 

properties (e.g., Hays et al., 2017 and references therein). Mars analogue sites, such as the Utah 

(USA) Crystal Geyser deposit described below, are appropriate locations to better understand 

microbial ecosystems and preservation, as well as their role in the mineralization process. As 

carbonates are widely present across Mars (e.g., Morris et al., 2010; Goudge et al., 2015, 2017; 

Horgan et al., 2020; Boynton et al., 2021; Tarnas et al., 2021), exploring terrestrial carbonate 

analogues can inform the search for, and characterization of, similar environments on Mars. 
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1.1 Carbonates: Formation conditions 
 

Carbonates are a class of minerals that can be used to record past environmental conditions, as 

their formation is dependent on prevailing physicochemical conditions, and their ongoing 

preservation can depend on subsequent environmental conditions (Tarnas et al., 2021). This 

makes carbonates of particular interest in understanding Mars's potential habitability and 

astrobiological potential. Carbonates can form under a wide range of environmental conditions 

and are sensitive to factors such as temperature, varying ion activity in solution, or carbon 

dioxide (CO2) levels (Hays et al., 2017).  An increasing amount of evidence suggests that 

amorphous calcium carbonate can be a precursor in the biomineralization process (Faatz et al., 

2004). Faatz et al. (2004) suggests that precipitation of amorphous calcium carbonate as a 

transient species can support the formation of complex living systems despite being a physically 

unstable intermediate. 

 

In the case of calcium carbonate (CaCO3), there are three anhydrous crystalline polymorphs: 

vaterite, aragonite, and calcite (Rao, 1973; Ogino et al., 1987; Parker et al., 2010; Xu & 

Sommerdijk, 2018). Vaterite is not thermodynamically stable and is, therefore, very rare in 

nature, while calcite is the most stable and is widely present in rocks or as biominerals (Xu & 

Sommerdijk, 2018). Vaterite precipitates at a temperature of approximately 25°C, much lower 

than aragonite and calcite, which precipitate at approximately 70°C and 80°C, respectively 

(Ogino, 1987; Beruto & Giordani, 1993; Vecht & Ireland, 2000). The rate of transformation is 

dependent on temperature and time, taking about 60 minutes for vaterite to transform into 

aragonite at 50°C (Ogino et al., 1987); however, vaterite can also transform directly into calcite 

at higher temperatures (Rao, 1973). Vaterite seems to be more stable in some biological systems 

(e.g., Meenakshi et al., 1974; Oliveira et al., 1995; Giralt et al., 2001; Palchik & Moroz, 2005). 

At standard temperature and pressure and with a highly supersaturated solution of Ca2+ and    

CO3
-2 ions, amorphous calcium carbonate (vaterite, aragonite, and calcite) will rapidly precipitate 

(Ogino et al., 1987).   

 

Aragonite crystallization often occurs in environments such as limestone caves or biogenically in 

marine environments (Ford, 2006; Parker et al., 2010; Zhang et al., 2020). Invertebrates such as 
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corals, gastropods, and mollusks precipitate aragonite to form their shells or skeletons. 

Aragonite’s micro-architecture allows it to withstand changes in environmental conditions (Ren 

et al., 2009; Parker et al., 2010; Casella et al., 2017; Xu & Sommerdijk, 2018). On a smaller 

scale, several species of bacteria can precipitate aragonite due to their cell surface structures and 

metabolic activity (Zhang et al., 2019; Khan et al., 2021). Cyanobacteria can enable the 

formation of aragonite laminations via metabolic processes and can form macroscopic structures 

when present as microbial mats (Okumura et al., 2012). Laminated travertine can occur from 

glutinous extracellular polymeric substances (EPS) trapping detritus and which also provide a 

substrate on which CaCO3 can nucleate (Takashima et al., 2011). They can also inhibit crystal 

growth by binding cations (Takashima et al., 2011). Records of past environmental conditions 

can be identified from structural features formed in aragonite that is left behind by living 

organisms (Beruto & Giordani, 1993; Casella et al., 2017).  

 

Aragonite, normally a high-pressure polymorph or bioprecipitate, is metastable at low 

temperatures and ambient pressure (McTigue & Wenk, 1985; Parker et al., 2010). Aragonite 

commonly transforms into calcite, the most stable form of calcium carbonate, via an endothermic 

and irreversible reaction (Ogino et al., 1987; Parker et al., 2010). The transformation occurs 

through nucleation and growth mechanisms that arise from atomic displacements (Parker et al., 

2010), and can allow for sub-micrometer scale preservation of morphologies (Beruto & Giodani, 

1993). Many studies have been done to understand the transformation process from aragonite to 

calcite (e.g., Fraust, 1950; Gruver, 1960; Brown et al., 1962, and many more). The rate of 

aragonite transformation to calcite depends on temperature, taking only a few minutes at 

temperatures over 400°C or a few days at temperatures between 50 to 100°C (McTigue & Wenk, 

1985; Ogino et al., 1987; Parker et al., 2010). Biogenic aragonite transforms into calcite at lower 

temperatures than abiogenic aragonite due to structural differences in the crystallographic 

orientation, affecting its ability to alter physically (Ren et al., 2009; Parker et al., 2010). In 

addition, higher magnesium content slows the rate of transformation, as it inhibits calcite 

nucleation and also results in larger calcite crystals (Beruto & Giordani, 1993).  
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By examining carbonates at terrestrial analogue sites we can gain insights into the conditions that 

allow for the formation, transformation, and preservation of specific carbonates. This is key to 

evaluating past habitability and potential for biosignature preservation on Mars. 

 

1.2 Carbonates on Mars 
 

Carbonates have been detected orbitally in several different Mars localities by the Compact 

Reconnaissance Imaging Spectrometer for Mars (CRISM) instrument on the Mars 

Reconnaissance Orbiter (MRO) (Ehlmann et al., 2008; Ehlmann et al., 2009; Ehlmann et al., 

2010; Morris et al., 2010; Cater & Poulet, 2012; Goudge et al., 2015, 2017; Bramble et al., 2017; 

Horgan et al., 2020; Boynton et al., 2021; Tarnas et al., 2021), including Jezero Crater, the 

current location of the Perseverance rover (Goudge et al., 2015, 2017; Horgan et al., 2020; 

Tarnas et al., 2021). Recent geologic mapping has identified carbonate-bearing units in the 

northern regions of Jezero crater (Stack et al., 2020), and Mg-rich carbonates such as magnesite 

have been detected within the Jezero crater paleolake basin by CRISM (Goudge et al., 2015).  

The Planetary Fourier Spectrometer onboard the Mars Express Orbiter identified carbonates in 

both bright and dark regions of the Mars surface, with an abundance reaching ∼10 wt. % 

(Palomba et al., 2009). Mg-carbonate was detected in the Nili Fossae region on Mars by CRISM 

(Ehlmann et al., 2008).  

 

Calcite has been identified by the Thermal and Evolved-Gas Analyzer (TEGA) and the 

Microscopy, Electrochemical, and Conductivity Analyzer (MECA) instruments on the Phoenix 

Lander at concentrations of approximately 3 to 5 weight percent (Boynton et al., 2009). The 

Curiosity rover has detected trace amounts of carbonates in eolian material (Bridges et al., 2018). 

Fe-carbonate was identified by the CheMin X-ray diffraction instrument on board the Curiosity 

rover in the Glen Torridon region of Gale crater (Bennett et al., 2022). A study by Zastrow and 

Glotch (2021) shows modeling that supports the presence of calcite associated with the sandy 

regions within the Marginal Carbonate unit in Jezero crater.  

 

Iron- and magnesium-rich carbonates have also been identified in Martian meteorite Allan Hills 

84001 found in Antarctica (Borg et al., 1999; Golden et al., 2001; Steele et al., 2007) and appear 
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similar to the carbonates in Comanche outcrop in the Gusev crater on Mars (Niles et al., 2013). 

Calcite has also been detected in four of the six known nakhlite Martian meteorites (Hicks et al., 

2014) and Shergotty (Gibson et al., 2001). 

 

There have been many hypotheses about how carbonates have formed on Mars, and multiple 

processes may likely have occurred. Carbonate can form from water and basalt in a CO2-rich 

atmosphere (Ehlmann et al., 2008) with research suggesting that due to the widespread 

distribution of carbonates on the surface of Mars, atmospheric water 3.7 billion years ago could 

have interacted with carbonate/bicarbonate ions to form carbonates (Bultel et al., 2019). In this 

process, carbon dioxide (CO2) and water (H2O) interact to form carbonic acid (H2CO3) which 

can then be deprotonated to form bicarbonate (HCO3
-) and then carbonate (CO3

2-) through 

acidification. The carbonate (CO3
2-) ions can interact with calcium (Ca2+) ions to form calcium 

carbonate (CaCO3).  It is suggested that the carbonates may have precipitated rapidly under low-

temperature conditions through inorganic processes in non-equilibrium solutions (Golden et al., 

2001). Precipitation of carbonates likely occurred from CO2-rich flowing water, which was 

present on ancient Mars, followed by a transient thermal event such as meteorite bombardment 

(Borg et al., 1999; Golden et al., 2001; Steele et al., 2007). Palomba et al. (2009) also suggest 

that carbonates may have precipitated directly from the atmosphere. Morris et al. (2010) suggest 

it is likely that extensive aqueous activity under neutral pH once occurred on Mars. 

 

1.3 Carbonates on icy moons and asteroids 
 

Both Enceladus and Europa likely have subsurface oceans (Carr et al., 1998; Kivelson et al., 

2000; Orlando et al., 2005), making them potentially habitable environments (Hendrix et al., 

2019). Subsurface water erupts onto the surface of these moons, which appear as plumes 

(geysers) in the case of Enceladus (Waite et al., 2006; Hansen et al., 2011) or diffuse 

concentrations or in possible plumes around Europa (Lorenz, 2016; Teolis et al., 2017; 

Vorburger & Wurz, 2021). The plumes are favorable targets for understanding the habitability of 

these moons because they provide access to subsurface materials formed in presumably more 

habitable environments (Lorenz, 2016; Hendrix et al., 2019). While most information available 

on these moons comes from modeling and limited observational data, the Cassini and Galileo 
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spacecraft provided extensive data concerning plume composition that improved the models 

(Zolotov, 2007; Glein & Waite, 2020; Vorburger & Wurz, 2021).  

 

Plumes on both Enceladus and Europa are of interest as their composition provides insights into 

interior processes and composition (Glein & Waite, 2020). Cassini mass spectrometry data from 

the Enceladus plumes indicates that the levels of CO2 present are compatible with long-term 

buffering by seafloor rocks containing quartz, talc, and carbonate minerals (Glein & Waite, 

2020). Cassini data showed that the pH of Enceladus’ ocean is high, around 11-12, which is 

compatible with life and may resemble conditions that allowed for life to evolve on Earth (Glein 

et al., 2015; Neveu et al., 2020). Recent findings of silica and H2 in the plumes of Enceladus, 

along with reaction modeling, support the hypothesis proposed by Glein and Waite (2020) that 

Enceladus may have a carbonated upper mantle. A study by Cardoso et al. (2018) aimed to 

simulate Enceladus conditions through the use of chemical gardens and found that calcite and 

vaterite may form under Enceladus conditions. As it is hypothesized that life may have begun in 

lower-temperature alkaline hydrothermal vents, they modeled their experiments according to this 

geochemistry. While less is known about Jupiter’s icy moon, Europa, the Galileo spacecraft 

provided data that suggest the existence of a subsurface ocean similar to that of Enceladus 

(Zolotov & Shock, 2004). The formation of Europa is also suggested to be similar to Enceladus 

and likely has a sulfate-carbonate-rich ocean (Zolotov & Shock, 2004).   

 

In addition to icy moons, asteroids can also host carbonates. Ceres is the largest asteroid and has 

been analyzed in detail using Visible and Infrared (VISIR) spectroscopy by the Dawn orbiter. 

Several different carbonate minerals were identified through visible and infrared mapping 

(Carrozzo et al., 2018). Hydrated carbonates on the surface of Ceres indicate that their formation 

is recent and may be ongoing. Calcium-, magnesium-, and sodium-rich rich carbonates have 

been detected and are suspected of having formed from a subsurface brine solution (Carrozzo et 

al., 2018; Palomba et al., 2019; Raponi et al., 2019). 

 

The Hyabusa2 spacecraft collected rock samples from the surface of 162173 Ryugu, a near-Earth 

C-type asteroid (Nakamura et al., 2022; Yokoyama et al., 2022; Loizeau et al., 2023; Nakato et 

al., 2023). Loizeau et al. (2023) found a large presence of carbonate populations such as 
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dolomite and breunnerite. Nakato et al. (2023) identified four regions in the Ryugu sample: dark, 

glossy, bright, and white, and all regions were found to contain carbonates. The dark group 

contains a composition similar to Mg-Ca carbonate somewhere in the dolomite compositional 

range, the glossy group has a dolomite composition, the bright group contains larger dolomite 

grains, and the white group contained large Mg-Fe carbonate grains. Nakamura et al. (2022) 

found Ca carbonate in the least altered fragments that they studied. Yokoyama et al. (2022) 

identified three types of carbonates in the fragment they analyzed, calcite, dolomite, and 

breunnerite. Another sample return mission, OSIRIS-REx collected rock fragments of near-Earth 

asteroid 101955 Bennu. While OSIRIS-REx is still on its journey back to Earth, much research 

has already been conducted to study this asteroid (DellaGiustina et al., 2020; Kaplan et al., 2020; 

Simon et al., 2020; Ferrone et al., 2020). Kaplan et al. (2020) analyzed data collected by the 

OSIRIS-Rex Visible and InfraRed Spectrometer (OVIRS), which detected a 3.4 µm feature 

associated with carbon-baring species, and they were able to determine that the band is likely 

associated with calcite, siderite, magnesite, dolomite, and breuunerite.  

 

The study of the composition of asteroids and meteorites can inform the geological processes at 

play during the formation of the early Solar System (DellaGiustina et al., 2020; Kaplan et al., 

2020; Simon et al., 2020; Ferrone et al., 2021; Nakamura et al., 2022; Yokoyama et al., 2022; 

Loizeau et al., 2023; Nakato et al., 2023). Carbonates such as calcite, aragonite, dolomite, 

siderite, and breunnerite have also been identified in carbonaceous chondrite meteorites, most 

commonly in the CI and CM classes (De Leuw et al., 2010; Lee et al., 2014). Meteoritic 

carbonates can provide a record of information about parent body processes, particularly aqueous 

and hydrothermal alterations (Lee et al., 2014; Kaplan et al., 2020). Carbonates were likely 

formed on the parent body in an aqueous environment, allowing metastable carbonates such as 

aragonite to form before altering into more stable polymorphs (De Leuw et al., 2010).  

 

In this study, we have explored a unique terrestrial non-hydrothermal, CO2-driven, and 

carbonate-rich analogue site to provide insights into the kinds of deposits associated with such 

terrains. We also used this site to search for novel mineralogical or petrological signatures and 

briefly explore how such terrains may entomb and preserve microbial fossils. 
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2.0 The Crystal Geyser, Utah, USA carbonate springs analogue site 

 

2.1 Site Description 
 

Crystal Geyser (38.94° N, 110.14° W) is located 14.5 kilometers south-east of Green River, Utah, 

USA, and is part of a natural spring system along the Little Grand Wash fault in the northern 

section of the Paradox Basin of the Colorado Plateau (Figure 1) (Barth & Chafetz, 2015; Potter-

McIntyre, 2019). This system is a rare example of a man-made low-temperature geyser (Potter-

McIntyre et al., 2017) created in 1935 during exploration for oil and gas in the area (Barth & 

Chafetz, 2015; Waltham, 2001). Unlike a typical geothermally-activated geyser, this spring system 

erupts due to large amounts of carbon dioxide dissolved in the groundwater and underlying gas 

pressure. The eruptions are bimodal and occur approximately 8 or 22 hours apart, with eruptions 

lasting about 100 minutes per day (Gouveia & Friedmann, 2006). The amount of water erupted 

has decreased significantly over the years, from over 120 m3 in the 1970s to less than 25 m3 today 

(Shipton et al., 2005; Waltham, 2001). Records from before the 1950s show that each eruption has 

significantly decreased in duration and volume of water erupted, which can be explained by 

degassing of the system over time (Shipton et al., 2005).  
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Figure 1: Image of the Utah Crystal Geyser with vent shown (photo credit: Dr. Sally Potter-McIntyre).   

The consistent and persistent eruption of the geyser has created a gently sloping travertine mound 

a few meters thick consisting of precipitated carbonates, composed predominately of calcite, with 

aragonite increasing in concentration approaching the spring (Barth & Chafetz, 2015). The water 

erupted from the geyser is rich in dissolved minerals, resulting in the precipitation of dominantly 

carbonate minerals. The carbonate minerals that precipitate form terraces, with each major terrace 

being about 5 mm thick, collectively forming a thick (many meters) travertine bank (Waltham, 

2001). 

 

Before the site was drilled in 1935, there was already a natural travertine-depositing spring system 

in place (Potter-McIntyre, 2019; Burnside, 2010). Radiometric dating shows that this spring 

system has been leaking to the surface for over 400,000 years, resulting in >20-meter-thick 

deposits of travertine (Burnside, 2010). The well was drilled through this existing travertine, 

reaching the bottom of the Triassic section at around 800 meters (Baer & Rigby, 1978). A carbon 
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dioxide-charged aquifer that is thought to be derived from acidic groundwater reacting with 

Jurassic Navajo Sandstone lies at a depth of approximately 215 meters (Baer & Rigby, 1978; 

Waltham, 2001; Potter-McIntyre, 2019). 

 

Water erupting from the geyser has a temperature of roughly 18°C and originates from the shallow 

aquifer (Potter-McIntyre, 2019). The water has a high salt content (approximately 8000 ppm salt 

content) (Waltham, 2001) and contributes around 2730 metric tons of Na, Ca, K, and Mg salts to 

the Green River annually (Baer & Rigby, 1978). The water is slightly acidic (Shipton et al., 2005) 

with a pH of 6.2 – 7 (Shipton et al., 2004; Potter-McIntyre et al., 2017) and is supersaturated with 

calcite, aragonite, dolomite, and hematite (Heath, 2004; Potter-McIntyre, 2019). 

 

2.2 Previous studies of Crystal Geyser 
 

The unique characteristics of Crystal Geyser have resulted in several studies on various aspects of 

it, such as the water chemistry (Gouveia et al., 2005; Han et al., 2017) as well as the microbial life 

and adaption to a CO2-rich environment (Santillan et al., 2015; Takashima et al., 2011; Potter-

McIntyre et al., 2017).  

 

2.3 Relevance of Crystal Geyser to solar system bodies  
 

Since hydrothermal springs are a common occurrence on Earth, there have been several studies on 

their associated mineralogy (e.g., Renaut & Jones, 1997; Canet et al., 2003; Smith et al., 2011; 

Horton et al., 2012; Zentilli et al., 2019, and many others). Terrestrial low-temperature, CO2-driven 

geysers are rare and provide novel insight into the mineralization and preservation of microbial 

life in such environments. Our study provides insights into such environments and the ability of 

such springs to preserve microbial communities. As mentioned, the results of this study may be 

useful in identifying the formation conditions of carbonates on Mars, icy moons, and asteroids 

such as Ceres, and their astrobiological potential.  

 

For relatively cold planetary surfaces such as Mars, Enceladus, Europa, and Ceres, Crystal Geyser 

may be more relevant than hydrothermal geysers as it is a low-temperature and CO2-driven spring. 

Crystal Geyser is an exceptional site for the entombment and preservation of microbial fossils and 
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other biosignatures and for evaluating diagenetic alteration of biosignatures (Potter-McIntyre et 

al., 2017). Rapid mineral precipitation and microbial processes interact with each other, making 

this a favorable environment for better understanding carbonate formation and transformation, 

biosignature production and preservation, and microbial fossilization (Cady & Farmer, 1996; 

Knuth & Potter-McIntyre, 2019).  

 

Crystal Geyser is known to host microbial life such as Leptothrix ochracea or similar bacterium; 

however, the levels of salinity present are too high for other life forms (Baer & Rigby, 1978; Potter-

McIntyre et al., 2017; Potter-McIntyre, 2019). Microbes enhance mineral precipitation and affect 

mineral deposits, as they can mediate chemical and mineralogical composition (Cady et al., 2003; 

Potter-McIntyre, 2019). Several of the unique features found at Crystal Geyser can be attributed 

to microbe presence, including the green and orange color of the pools and the terracettes (Emerson 

et al., 2016; Potter-McIntyre et al., 2017).  

 

The investigation of terrestrial low-temperature springs is relevant to Mars because the spring 

system is rich in CO2 and because of the geyser’s ability to host and preserve life (e.g., Allen & 

Oehler, 2008). Although carbonates have been identified at several locations on Mars, their 

formation conditions are generally poorly constrained (e.g., (Ehlmann et al., 2008; Palomba et al., 

2009; Ehlmann et al., 2009; Ehlmann et al., 2010; Morris et al., 2010; Cater & Poulet, 2012; 

Goudge et al., 2015, 2017; Bramble et al., 2017; Horgan et al., 2020; Boynton et al., 2021; Tarnas 

et al., 2021). Similar to possible habitable environments on icy moons, Crystal Geyser hosts 

microbial life that has adapted to life in the deep carbon dioxide- and saline-rich waters (Emerson 

et al., 2016; Knuth & Potter-McIntyre, 2019). Researching sites like Crystal Geyser can provide 

useful information for future missions to planetary bodies that may host similar subsurface 

environments. In addition, improving the detection, characterization, and differentiation of 

biologically significant minerals such as calcite and aragonite is important to guide space missions.  

 

This study aims to 1) differentiate between calcite and aragonite in spectra obtained from 

instruments that are relevant to the Mars Curiosity and Perseverance rovers, and instruments 

onboard other spacecraft using samples collected from an analogue site, Utah Crystal Geyser, that 

is relevant to other planetary bodies such as Mars, icy moons, meteorites, and asteroids. 2) compare 
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reflectance spectra of laboratory prepared mixtures of calcite and aragonite with reflectance 

spectra collected on the Utah Crystal Geyser samples to understand how band depth and shape 

change with varying aragonite weight percentages. 

3.0 Materials and Methods 

 

3.1 Sample descriptions 
 

Samples collected from the Crystal Geyser site were obtained at various distances from the vent 

pipe but are all surficial samples. The samples likely vary in age and the extent of alteration they 

have undergone because of the temporally changing discharge flow paths. Spectroscopic analysis 

of samples obtained was used to identify the mineralogy of the deposits and any characteristics 

unique to low-temperature, CO2-driven carbonate deposits. Spectroscopic analysis was 

supplemented with data obtained for the samples using other analytical techniques.  

 

The samples collected from the Crystal Geyser site are shown in Figures 2 and 3. Sample numbers 

with their corresponding descriptions are provided in Table 1. All samples were air-dried for a 

few weeks to minimize any easily adsorbed water.  
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Figure 2: Images of the samples collected from Utah Crystal Geyser. Sample numbers are noted from 

UTE001 to UTE011 (see Table 1 for descriptions). Scale bar is in increments of 1 cm.  
 

 
Figure 3: Sample UTE005 cut in half to show internal layering. Sample is 20 mm wide and 14 mm high.   
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Table 1: Crystal Geyser, Utah samples. 
Sample 

Number  

Sample Description 

UTE001 Roughly laminated silica sinter (red-orange stained), with embedded clasts; ~5 
meters from the borehole. 

UTE002 Roughly laminated silica sinter (red-orange stained), with embedded clasts; ~5 
meters from the borehole. 

UTE003 Five silica nodules (spherical to oblate; red-orange); ~4 meters from the 
borehole. 

UTE004 Light-toned terrace deposit; ~30 meters downhill from the borehole. 
UTE005 Loose nodules next to borehole; <1 meter away. 
UTE006 Yellow-orange loose granular materials on the surface closest to the borehole; 15 

cm away. 
UTE007 White surface precipitates furthest from borehole; ~40 meters from the borehole. 
UTE008 Extracted surface sample of yellow terrace; ~10 meters from the borehole. 
UTE009 Extracted surface sample of red terrace close to geyser; ~2 meters from the 

borehole. 
UTE010 Extracted friable, light-toned porous surface sample close to borehole; ~3 meters 

away. 
UTE011 Extracted surface sample from yellow terrace, midway downstream; ~20 meters 

from the borehole. 
 
 
3.2 Analytical procedures and instrument descriptions 
 

Each sample was analyzed as a whole rock, including weathered exterior surfaces, broken fresh 

surfaces, and polished interior surfaces, when available, and powders, using various techniques 

described below. Subsamples were also crushed to <45 µm powders for analysis by X-ray 

diffractometry (XRD), X-ray fluorescence (XRF), and wet chemistry (WC; for ferrous-ferric iron 

determination). The polished interior samples were also analyzed by scanning electron microscopy 

with energy dispersive spectroscopy (SEM+EDS), providing data relevant to the planetary 

instrument for X-ray lithochemistry (PIXL) instrument on the Perseverance rover (Wade et al., 

2016; Allwood et al., 2020). The powders used for XRF and XRD were prepared by hand-crushing 

the samples in an alumina mortar and pestle until the entire sample was reduced to <45 µm grain 

size. Subsamples were also crushed to <1000 µm for analysis by reflectance and Raman 

spectroscopy. The analytical techniques applied to the samples, and the identified phases, are 

provided in Table 2. The XRD analyses are comparable to that provided by the CheMin instrument 

on the Curiosity rover (Blake et al., 2012), while the elemental analyses are comparable to data 
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acquired the ChemCam and APXS instruments on the Curiosity rover (Wiens et al., 2012; 

Campbell et al., 2019) and by the SuperCam laser-induced breakdown spectrometer (LIBS) and 

PIXL elemental analyzer on the Perseverance rover (Wade et al., 2016; Fouchet et al., 2021; 

Allwood et al., 2020). Reflectance spectra are relevant to multiple instruments on the Perseverance 

rover (Mastcam-Z, SuperCam – Buz et al., 2019; Bell et al., 2021; Fouchet et al., 2021; Maurice 

et al., 2021), the Curiosity rover (Mastcam – Bell et al., 2017), and Rosalind Franklin rover 

(PanCam, ISEM, Ma_MISS, MicrOmega – Josset et al., 2017; Martinez et al., 2018; Allender et 

al., 2021), while Raman spectroscopy is relevant to the SHERLOC and SuperCam instruments on 

the Perseverance rover (Beegle et al., 2015; Bhartia et al., 2021; Fouchet et al., 2021; Maurice et 

al., 2021) and the RLS on the Rosalind Franklin rover (Veneranda et al., 2020). Visible light 

images were acquired on the exterior, broken, and polished surfaces using a Canon Eos M200 

camera equipped with a 6000 x 4000-pixel detector. 

 

3.2.1 X-ray diffraction (XRD) 

 

XRD characterization of the samples was done using <45 µm powdered subsamples. The XRD 

analysis acquired continuous scan data from 5 to 80° 2-theta on a Bruker D8 Advance with a 

DaVinci automated powder diffractometer. A Bragg-Brentano goniometer with a theta-theta setup 

was equipped with a 2.5° incident Soller slit, 1.0 mm divergence slit, a 2.0 mm scatter slit, a 0.2 

mm receiving slit, a curved secondary graphite monochromator, and a scintillation counter 

collecting at an increment of 0.02° and integration time of 1 second per step. The line focus Co X-

ray tube was operated at 40 kV and 40 mA, using a take-off angle of 6°. The data were analyzed 

using a PDF-2 database from the International Centre for Diffraction Data (IDCC) and interpreted 

using Bruker diffrac.eva software. 

 

3.2.2 X-ray fluorescence (XRF) and wet chemistry and wet chemistry (WC) 

 

Compositional analysis was carried out at Franklin and Marshall College using XRF to identify 

major and selected minor elements and WC to determine ferrous iron content. Details of the 

procedures can be found in Reichen and Fahey (1962), Govindaraju (1994), and Mertzman (2000) 

and online at: https://www.fandm.edu/earth-environment/laboratory-facilities/xrf-and-xrd-lab. 

 

https://www.fandm.edu/earth-environment/laboratory-facilities/xrf-and-xrd-lab
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3.2.3 Scanning electron microscopy 

 

A Hitachi FlexSEM 1000 II collected backscattered electron (BSE) images on uncoated samples 

at a working distance of ~10 mm. Variable pressure mode (30 Pa air) was used to reduce charge 

buildup. X-ray elemental maps were acquired using a Silicon Drift Detector (SDD) at the same 

working distance. Various accelerating voltages and beam currents were used, depending on the 

target. The BSE and X-ray maps were used to characterize variations in composition within the 

samples. The samples were carbon-coated for analysis, so maps of carbon content were not 

representative of true carbon content; however, maps of other dominant elements were produced. 

The BSE images were analyzed in conjunction with the elemental maps to understand the textural-

compositional properties of the samples.  

 

3.2.4 Reflectance spectroscopy 

 

An Analytical Spectral Devices (Boulder, CO) LabSpec 4 Hi-Res® spectrophotometer collected 

reflectance spectra from 350 to 2500 nm at a viewing geometry of i=30° and e=0°. An in-house 

150 W tungsten light source provided incident lighting with a divergence angle of <1.5°. A total 

of 500 spectra per sample, standard, and dark current were acquired and averaged to improve the 

signal-to-noise ratio (SNR). The spectrometer collects data with a spatial resolution of between 2 

and 7 nm and a spectral sampling interval of 2.2 nm, which is then internally resampled by the 

spectrometer to output data at 1 nm intervals. The spectra were corrected for dark current and small 

absorption features beyond 2 µm in the absolute reflectance of Fluorilon®, as well as occasional 

small reflectance offsets at 1000 and 1830 nm, where detector changeovers occur. Data in the 

figures are reported in terms of absolute reluctance relative to Fluorilon® which wasused as the 

standard. Laboratory spectra were acquired, both as whole rocks on exterior surfaces, broken 

surfaces, and polished surfaces, after which interior subsamples were crushed to <45 an <1000 

µm. Whole-rock spectra were acquired with a spot size of ~25 mm diameter on desired surfaces. 

 

A continuum removal (modeled as a mathematical function) was calculated for several spectra on 

each sample to isolate a particular absorption feature, determine the band center, and better view 

the band shape. A continuum was removed by dividing the reflectance spectrum from the apparent 

absorbance using a straight-line continuum tangent to the reflectance spectrum on either side of an 
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absorption feature of interest and then fitting a Gaussian function to desired absorption feature 

using apparent absorbance versus photon energy (Clark & Roush, 1984).  

 

3.2.5 Raman spectroscopy 

 

A Metrohm-BWTek BWS415 iRaman spectrometer with a 532 nm laser was used to characterize 

the sample surfaces. The laser is coupled to a silica fiber optic bundle and passed through a quartz 

focusing lens, which achieves a spot diameter of ~85 μm full width half maximum (FWHM) while 

in focus. The Raman scattered light is collected through the quartz lens, transmitted through an 

OD6 notch filter to remove the Rayleigh line, then coupled to a silica fiber. The Raman scattered 

light is transmitted through a collection slit onto a diffraction grating, and the light is then measured 

with a linear array CCD thermoelectrically stabilized at 14°C. This setup achieves a sampling 

interval of 2.85 ∆cm-1 at 172 ∆cm-1, 1.45 ∆cm-1 at 4002 ∆cm-1, and a spectral resolution of roughly 

4 ∆cm-1 FWHM. The system covers the spectral range of 175 to 4000 Raman shift (∆cm-1). A laser 

power of 50 mW was used, and various integration times were used, depending on the Raman 

scattering and fluorescence of the samples, to achieve optimal SNR. The Raman spectra were 

relative intensity corrected, per ASTM E2911 – 13. Raman spectra were collected on the same 

surfaces as the reflectance spectra. The data were analyzed by identifying peak positions and 

interpreting them using the Ruff database (https://rruff.info/). 

 

4.0 Results 

 

4.1 Reflectance spectroscopy 
 

Reflectance spectra were collected on whole-rock exterior weathered surfaces and freshly broken 

interior surfaces, and identified phases are provided in Table 2. The reflectance spectra on each 

sample consistently exhibited absorption bands near 1400 and 1900 nm due to OH/H2O (1400 nm) 

and H2O (1900 nm). Band depths varied for each sample depending on water/hydroxyl content 

and varied between spectra of exterior weathered surfaces versus fresh interior surfaces. Exterior 

versus interior surfaces have different textures, which can affect albedo and, therefore, the depth 

of the absorption bands. Some of the samples had very clear visible layering (e.g., UTE008), but 

the spectra collected on different layers only varied in terms of color, albedo and depth of the iron 
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oxyhydroxide absorption band (Figure 4d). Every sample collected from this site exhibits a broad, 

variable-intensity absorption band around ~900 nm, which is characteristic of iron oxyhydroxides 

(Scheinost et al., 1998). The band depth varies roughly depending on the iron content of the 

sample. This band is very prominent for UTE009 but hardly exists for UTE007 due to the surface 

of this sample having a thick white, iron-free, coating (Figure 4b).  

 

The reflectance spectra for samples UTE004, UTE006, UTE009, UTE010, and UTE011 exhibit a 

faint absorption feature near 675 nm which is characteristic of chlorophyll (Figure 4a) (Das et al., 

2005; Wolfe et al., 2006). Samples UTE001, UTE002, UTE005, and UTE010 show a shallow 

absorption feature around ~2200 nm, which is indicative of the presence of silica (Figure 4c) 

(Rice et al., 2013). This aligns with the XRD data, which indicated the presence of quartz/silica in 

these samples.  
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Figure 4: Reflectance spectra (350-2500 nm) for (a) UTE009 and UTE006 show a faint absorption feature 

near 675 nm that corresponds to chlorophyll. (b) UTE009 and UTE007 show significant variations in the 

iron oxyhydroxide absorption feature in the <1000 nm region, including spectral slope in the <500 nm 

region and absorption feature near 900 nm. (c) UTE001 has the highest concentration of silica – seen as an 

absorption feature in the 2200 nm region (see Table 4) as opposed to the UTE002 spectrum, where it is 

essentially absent. (d) UTE008 showed several well-defined layers; upon analysis, the color change 

corresponds to varying concentrations of iron oxyhydroxides; the other spectral features are largely 

invariant. 

 

The reflectance spectra for each sample exhibited an absorption band around 2350 nm, which is 

consistent with carbonates (Gaffey, 1985, 1987). This band is associated most closely with calcite 

and aragonite, but they are not easily distinguishable from each other in the sample spectra due to 

their closely overlapping absorption bands. The spectra also lack additional lower wavelength C-

O overtones and combination absorption bands that could allow for better differentiation between 

calcite and aragonite. A continuum was removed for all sample spectra to allow for the center of 

the carbonate absorption feature in the 2350 nm region to be determined for each spectrum. 

However, since the band positions and shapes change subtly with differing concentrations of the 

a) b) 

c) d) 
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two carbonates and varying grain size, as seen in Figure 5, it can only be stated that a mixture is 

present, and the degree to which transformation has proceeded is poorly constrained. From these 

mixtures, it appears that calcite dominates this spectral region with concentrations >~30 wt. %. 

Figures 6 and 7 show the continuum removed 2350 nm region absorption feature for sample 

UTE001. Comparing the shape of the adsorption band in Figure 6 to the bands shown in Figure 

5, it is clear that this specific part of the sample is calcite-rich due to its shape. Comparing Figure 

7 to the bands in Figure 5, this part of the sample is more aragonite dominant. Generally, when 

comparing the band shape of the continuum-removed spectra, a mixture of calcite and aragonite is 

a consistent trend among all samples.  

 

 
Figure 5: Reflectance spectra, normalized to 1 at 2050 nm, of 10% by-weight mixtures of calcite and 

aragonite. Following a line from bottom to top at ~2330 nm, the bottommost spectrum is 100% calcite, 

with aragonite content increasing by 10% for each spectrum as it steps up to 100% aragonite in the topmost 

spectrum (adapted from Craig, 2010). 
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Figure 6: Continuum removed UTE001 spectrum showing a band centered at 2341 nm. The band shape 

indicates that this part of the sample is calcite dominated. 
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Figure 7: Continuum removed spectrum of UTE001 shows a band centered at 2344 nm. The band shape 

indicates that this part of the sample is a calcite/aragonite mixture. 

 

Neither ferrihydrite nor goethite was detected in any of the data sets except for in the reflectance 

spectra, in which all reflectance spectra indicate the presence of either ferrihydrite or goethite by 

the absorption feature in the ~900 nm region (Table 2). The spectra show a general trend of being 

more ferrihydrite bearing, with often a mixture of the two minerals. Previous studies of carbonate-

dominated spring sites have also found that the presence of low levels of iron oxyhydroxides is 

often only detectable using reflectance spectroscopy (e.g., Berard et al., 2013).  

 

4.2 Raman spectroscopy 
 

Phases identified in the Raman data are provided in Table 2. The Raman spectra consistently show 

peaks around ~1085 Δcm-1 for every sample, with minor peaks around ~710 – 730 Δcm-1 and 
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very faint peaks around ~180 – 280 Δcm-1 (Figure 8a-d). All these peaks are attributed to calcite, 

aragonite, or a mixture of both (Tomic et al., 2010; Parker et al., 2010; De La Pierre et al., 2014; 

Borromeo et al., 2018) and can be seen more prominently in some sample spectra versus others.  

 

Table 2: Phases identified in the samples by reflectance spectroscopy, Raman spectroscopy, and 
X-ray diffractometry (XRD). 
Sample 

Number 

Phases identified by 

reflectance spectroscopy 

Phases identified by 

Raman spectroscopy 

Phases identified by X-

ray diffractometry 

UTE001 Ferrihydrite, 
Calcite/Aragonite, Silica 

Calcite, Aragonite, 
Silica 

Calcite, Aragonite, 
Quartz 

UTE002 Ferrihydrite, 
Calcite/Aragonite, Silica 

Calcite, Aragonite Calcite, Aragonite, 
Quartz 

UTE003 Goethite, Calcite/Aragonite Calcite, Aragonite Calcite, Aragonite 
UTE004 Ferrihydrite, 

Calcite/Aragonite, Chlorophyll 
Calcite, Aragonite, 
Silica 

Calcite, Aragonite 

UTE005 Goethite, Calcite/Aragonite, 
Silica 

Calcite, Aragonite, 
Silica 

Calcite, Aragonite, 
Quartz 

UTE006 Ferrihydrite, 
Calcite/Aragonite, Chlorophyll 

Calcite, Aragonite, 
Chlorophyll 

Calcite, Aragonite 

UTE007 Ferrihydrite, Calcite/Aragonite Calcite, Aragonite Calcite, Aragonite 
UTE008 Ferrihydrite, Calcite/Aragonite Calcite, Aragonite Calcite, Aragonite 
UTE009 Ferrihydrite/Goethite, 

Calcite/Aragonite, Chlorophyll 
Calcite, Aragonite, 
Chlorophyll 

Calcite, Aragonite 

UTE010 Ferrihydrite/Goethite, 
Calcite/Aragonite, 
Chlorophyll, Silica 

Calcite, Aragonite, 
Chlorophyll 

Calcite, Aragonite, 
Quartz 

UTE011 Ferrihydrite, 
Calcite/Aragonite, Chlorophyll 

Calcite, Aragonite, 
Silica, Chlorophyll 

Calcite, Aragonite 

 

 

Table 3 provides a listing of Raman peaks corresponding to aragonite and calcite, as well as peak 

positions for the Crystal Geyser samples. Both calcite and aragonite show peaks in the range of 

1080 – 1087 Δcm-1 and 698 – 712 Δcm-1, making these peaks generally not differentiable between 

the two polymorphs. However, the faint peaks between ~180 – 280 Δcm-1 provide diagnostic 

information. Specifically, aragonite always has a peak around ~200 – 207 Δcm-1 whereas calcite 

always has a peak around ~273 – 282 Δcm-1 (Parker et al., 2010; Tomić et al., 2010; Borromeo et 

al., 2018). The Raman spectra for UTE002 and UTE007 show only aragonite present (Figure 8a), 

whereas the spectra for UTE003 and UTE004 show only calcite present for all spots analyzed 
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(Figure 8b). Samples such as UTE001 show mixtures of both aragonite and calcite present where 

one spot shows the presence of aragonite, and the other spot calcite (Figure 8c).  

 

Table 3: Raman peak positions for calcite and aragonite from the literature compared with peaks 
identified in Utah Crystal Geyser samples.  

Literature 

Values 

Peak Position (cm-1) References 

Aragonite 1086, 707/702, 207, 154 Borromeo et al., 2018 

Aragonite 1080, 698, 252, 200, 174, 147 Tomic et al., 2010 

Aragonite 1087, 706/702, 206, 192, 181, 143 Parker et al., 2010 

Calcite 1086, 712, 281, 154 Borromeo et al., 2018 
Calcite 1084, 712, 282, 155 Tomic et al., 2010 
Calcite 1087, 712, 281, 154 Parker et al., 2010 
   
Sample Number Peak Position (cm-1) Carbonate Phase 

Identified 

UTE001 1082, 702, 205, 154 and 710, 281, 205    Aragonite/Calcite 
UTE002 1082, 710, 211, 146 Aragonite 
UTE003 1082, 707, 279 Calcite 
UTE004 1090, 707, 273, 148 Calcite 
UTE005 1082, 699, 208, 157 Aragonite 
UTE006 1085, 704, 208, 157 Aragonite 
UTE007 1082, 702, 203, 148 and 702, 203 Aragonite 
UTE008 1082, 710, 281, 203 and 699, 276, 205 Aragonite/Calcite 
UTE009 1082, 704, 281 Calcite 
UTE010 1082, 707, 273 Calcite 
UTE011 1082, 702, 276 Calcite 

 

 

Lastly, the XRF data confirmed the presence of silica in all the samples to varying extents. Figure 

8d shows the Raman spectra of samples UTE001 and UTE011, which both show a peak around 

~996 Δcm-1
, corresponding to silicon (Schmidt & Ziemann, 2000). The silica content is 

significantly higher in UTE001 than all other samples, therefore showing a prominent peak in the 

Raman spectra. The silica peak cannot be seen in the Raman spectra for the other samples except 

for UTE011, where it can be seen faintly (Figure 8d). 

  



25 
 

 
Figure 8: Raman spectra for (a) UTE002 and UTE007 show peaks corresponding to only aragonite for all 

spots analyzed. (b) UTE003 and UTE004 peaks correspond to only calcite for all spots analyzed. (c) 

UTE001 shows one peak for aragonite and a second peak for calcite, indicating that the Raman identified 

this as a likely mixture of both carbonates due to ongoing transformation. (d) UTE001 and UTE011 show 

peaks at ~996 Δcm-1, which corresponds to silica. The spectra are uncorrected for the background 

continuum.  

 

Organics, such as chlorophyll that were detected in reflectance spectra were also detected in the 

Raman spectra, despite strong fluorescence masking the Raman signal in many cases. Figure 9 

shows chlorophyll peaks are found near 3850 Δcm-1 (Das et al., 2005; Wolfe et al., 2006). 

Chlorophyll was visible in all the same Raman spectra in which it was visible in the reflectance 

spectra except for sample UTE004. The data for samples UTE006, UTE009, UTE010, and 

UTE011 showed the presence of organics in the Raman spectra.   

a) b) 

d) c) 
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Figure 9: Raman spectra for sample UTE011 showing chlorophyll fluorescence “hump” around ~3850 

Δcm-1. 

 

The effect of integration time and the visibility of low Raman-shift diagnostic peaks within the 

Raman spectra are evident (Figure 10). The top spectrum was run with an integration time of 1 

ms, whereas the bottom spectrum was run with an integration time of 500 ms. The low Raman-

shift diagnostic peaks are clear, and the noise is significantly reduced with interpretable peaks 

visible compared to the lower integration time. 
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Figure 10: The top spectrum indicate data collected with a short integration time (1 ms), and the bottom 

spectrum is the same sample analyzed with a longer integration time (500 ms).  

 

4.3 X-ray diffraction (XRD) and X-ray fluorescence (XRF)  
 

Every sample collected from the site was analyzed with XRD to complement the Raman and 

reflectance data, and identified phases are also provided in Table 2. X-ray diffraction was useful 

in providing a “ground truth” interpretation of the phases identified in Raman and reflectance, but 

XRD analysis detection is generally limited to crystalline phases and phases with abundances of 

>~1% (e.g., Berard et al., 2013; Cloutis et al., 2021; Stromberg et al., 2021). XRD showed calcite 

and aragonite as the major phases present in all samples. In addition, it showed that there was 

quartz present in samples UTE001, UTE002, UTE005, and UTE010. Quartz was identified in these 

samples by reflectance, but only two (UTE001 and UTE005) showed clear peaks due to quartz in 

the Raman spectra.  

 

The XRD data confirmed some of the spectral identifications that were difficult to determine by 

reflectance (e.g., quartz). XRD was also able to detect minerals that were masked in Raman due 

to fluorescence, such as quartz. However, XRD was unable to detect the presence of chlorophyll, 

which was detected by reflectance. It was also unable to identify specific iron oxyhydroxides 
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which color many of the samples, likely due to some combination of low concentrations, low 

degree of crystallinity, or small grain size. Abundances of iron oxyhydroxides that are undetectable 

by XRD can impart a strong red color to carbonates (Berard et al., 2013).  

 

X-ray fluorescence with wet chemistry results identified major and selected minor elements and 

are provided in Table 4. This information confirmed the presence of silicon which was seen in the 

reflectance spectra and some of the Raman spectra. The XRF data also show Sr present in each 

sample, ranging in concentration from approximately 6000 to 10,000 ppm. 
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Table 4: Compositional data for Utah Crystal Geyser samples conducted by Franklin and Marshall College.  

Wt % 

UTE 
001 

UTE 
002 

UTE 
003  

UTE 
004 

UTE 
005 

UTE 
006 

UTE 
007 

UTE 
008 

UTE 
009 

UTE 
010 

UTE 
011 

SiO2 42.65 20.94 4.03 2.90 6.02 2.04 7.58 8.21 2.39 9.13 1.78 
TiO2 0.15 0.10 0.05 0.07 0.03 0.02 0.04 0.07 0.02 0.04 0.02 
Al2O3 3.65 2.10 1.15 1.03 0.84 0.54 0.86 1.25 0.38 0.74 0.32 

Fe2O3Ta 1.44 2.38 8.05 1.03 12.38 1.16 0.78 1.69 9.13 1.29 1.39 
MnO 0.13 0.22 0.17 0.15 0.12 0.18 0.22 0.16 0.16 0.18 0.18 
MgO 1.71 1.17 0.62 0.85 0.36 0.42 2.30 1.37 0.40 1.94 0.40 
CaO 47.46 71.09 80.91 91.50 77.79 93.29 86.09 84.87 84.95 84.80 93.63 
Na2O 0.92 0.76 0.21 0.89 0.77 0.77 0.72 1.15 0.78 0.64 0.67 
K2O 0.87 0.46 0.07 0.31 0.19 0.11 0.16 0.26 0.13 0.20 0.14 
P2O5 0.07 0.04 0.09 0.02 0.13 0.01 0.02 0.03 0.13 0.02 0.01 
SO3 0.00 0.00 3.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cl 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Totalb 99.10 99.26 95.35 98.75 98.63 98.54 98.77 99.06 98.47 98.98 98.54 

LOIc 29.28 37.04 40.69 42.27 40.47 43.17 41.90 41.22 41.28 40.42 41.13 
FeOd 0.18 0.26 0.26 0.23 0.22 0.15 0.18 0.22 0.25 0.17 0.15 

Fe2O3
e 1.24 2.09 7.76 0.77 12.14 0.99 0.58 1.45 8.85 1.10 1.22 

            
(ppm) 

Rb 42 <2 23 27 <2 <2 <2 <2 <2 <2 <2 
Sr 7269 5887 8668 8654 9377 9929 8226 6556 9631 7631 9459 
Zr <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 
Cr <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 
V 19 15 13 7 6 8 7 15 8 8 11 
Ba 644 860 63 55 100 53 96 83 62 75 50 

a All Fe expressed as Fe2O3. 
b Total expressed on a volatile (LOI)- and Cl-free basis and with all Fe expressed as Fe2O3. 
c LOI: loss on ignition; % weight loss after heating sample in air for 1 hour at 950° C. 
d Wt.% FeO determined by wet chemistry. 
e Wt.% Fe2O3 taken as the difference between total Fe and FeO.
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4.4 Scanning Electron Microscopy (SEM) 
 

Scanning electron microscopy provides fine-scale characterization of carbonates using 

backscattered electron imagery (BSE), which reveals internal structures such as preserved 

microbial fossils or structures associated with density and compositional variations. Using SEM 

imagery and elemental mapping can help to assess the biogenicity of carbonates. 

 

The SEM was utilized in sample analysis analogous to how the PIXL instrument on the 

Perseverance rover is employed for sample analysis (Wade et al., 2016; Allwood et al., 2020). 

Backscattered electron images in Figure 11 show finer-scale internal structures of samples 

UTE003 and UTE008. A cluster of ~1 µm diameter aragonite crystals found in sample UTE003 

are shown in Figures 11a and 11b. Figure 11c is also from sample UTE003, showing crystals that 

are very different in structure and correspond to calcite with a few aragonite crystals in the mixture. 

This confirms that the sample is not homogeneous throughout and is a mixture of calcite and 

aragonite as indicated by the XRD results. Figure 11d is an electron image from sample UTE008 

and shows a microbial community that has been preserved within the sample. The microbial fossils 

are circular in shape and are approximately 3 µm in diameter. Figure 12 analyzes an individual 

microbial fossil with elemental maps showing the carbon and oxygen of the microbe encompassed 

within the calcium of the carbonate, confirming the ability of carbonates to entomb microbes and 

preserve them as fossils. 
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Figure 11: Scanning electron microscope backscattered (SEM-BSE) images. a) A patch of aragonite 

crystals (50 µm scale bar) from sample UTE003. b) The same aragonite crystals (10 µm scale bar). c) 

Calcite crystals (sharper pointed crystals) with a few embedded aragonite crystals, also from sample 

UTE003. d) A microbial community that has been preserved within the layers of the sample, found in 

sample UTE008. Microbe fossils appear as circular objects in the image. 
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Figure 12: Individual microbe fossil approximately 3 µm in diameter embedded within the carbonate 

structure of the rock found in sample UTE008. Individual elemental maps show microbe fossil (low-Ca) is 

embedded within the carbonate structure (high-Ca).   

 

Figure 13 shows a BSE image and elemental maps of calcium and iron for sample UTE003. The 

iron band (indicated in pink) shows the concentration of iron increased in one of the layers within 

the sample. Figure 14 shows a BSE image of a polished interior surface of UTE005 perpendicular 

to its layering. Embedded within the layers are silicon clusters, as shown by the Si elemental map. 

This corresponds with the presence of quartz, as confirmed by XRD results.  
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Figure 13: SEM-BSE image of a polished interior surface of UTE003 perpendicular to its layering showing 

a “vein” running approximately horizontally across the image. This vein can be seen in the iron and calcium 

map (indicated in blue) showing the iron (indicated in pink) concentration significantly higher, which is 

responsible for its appearance. 

 

 
Figure 14: SEM-BSE image of a polished interior surface of UTE005 cut perpendicular to its layering. 

Embedded within the layers are silica clusters, as shown by the green elemental Si map.  
 

4.5 Comparison of analytical techniques 
 

Reflectance spectroscopy was able to identify the presence of carbonate minerals within the 

samples; however, it was not able to differentiate between pure calcite and calcite-dominated 

calcite+aragonite mixtures (Table 2). A continuum was calculated across the adsorption band at 
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~2340 nm (Figures 6 & 7), and the absorption band was compared to pure calcite and aragonite 

standards (Figure 5). In calcite and aragonite mixtures, aragonite is expressed as a more prominent 

shoulder at a shorter wavelength near 2300 nm (Craig, 2010). The continuum-removed absorption 

feature confirmed that the reflectance spectra are showing a mixture of the two carbonates based 

on the presence of the lower wavelength aragonite shoulder. The continuum-removed spectra can 

be used to roughly estimate the ratio of aragonite to calcite using band position, even though the 

mixture of the two does not shift the band position linearly (Figure 5) (Craig, 2010). Calcite 

dominates the spectrum unless aragonite is present in concentrations of >~70% (Figure 5 and 15) 

because the absorption coefficient of calcite at these wavelengths is much higher than that of 

aragonite (Craig, 2010). In Figures 5 and 15, a grain size of <45 µm was used to collect reflectance 

spectra from pure calcite to pure aragonite in increments of 10 wt. %. The band center for 100% 

calcite was 2336 nm and remained at 2336 nm until the mixture of aragonite reached 50%. 

However, even at 50% aragonite, the band center only shifted by 2 nm lower, to 2334 nm. At 80% 

aragonite, the band center shifted significantly lower to 2316 nm and finally to 2314 nm for 100% 

aragonite. Therefore, aragonite must be present at an abundance of at least 50 wt. % for there to 

be significant representation in the spectra.  
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Figure 15: Band depth divided by band center for each increment of 10% increase of aragonite. Band depth 

decreases as aragonite increases, and band center lowers from 2336 nm to 2314 nm as aragonite increases 

(data collected by Craig, 2010). 

 

Raman spectroscopy was able to distinguish between calcite and aragonite in the low wavenumber 

diagnostic peaks region (100 – 300 Δcm-1) of the spectra. Our Raman analysis was based on single-

point spectra and, therefore, might detect calcite in one spot and aragonite in another. Raman data 

for powdered samples (<45 µm) were able to detect calcite and aragonite at the same time based 

on their low wavenumber diagnostic peaks. 

 

Reflectance and Raman spectroscopy were able to detect the presence of chlorophyll in a few of 

the samples at ~670 nm and ~3850 Δcm-1
, respectively. The faintness of this band and the 

complete lack of this band in other samples is likely due to the lack of microbes nearest to the 

geyser due to the high levels of the salinity of water from the geyser. Both reflectance and Raman 

spectroscopy were able to identify quartz in various samples, which were also confirmed by the 

XRD spectra. 
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The XRD identified calcite and aragonite in all samples. XRD was conducted on crushed and 

sieved samples <45 µm , creating a more representative sample of the present phases. Silica was 

present in all the samples according to XRF; however, XRD only indicated the presence of quartz 

in a few samples where the percentage of silica was higher.  

 

Scanning electron microscopy with backscattered electron imaging was able to show microbial 

structures entombed within the carbonates confirming the preservation ability of carbonates 

(Figures 11d & 10). The SEM-BSE images also show fine layering where the concentration of 

iron is enhanced (Figure 13). The SEM-BSE imagery was also able to show areas of the same 

sample having aragonite crystals and another area having calcite crystals (Figure 11a, b, c). Thus, 

SEM-BSE is valuable for examining compositional and structural variations at submicron scales 

and determining mineralogy from crystal morphologies.  

 

5.0 Discussion 

 

5.1 Aragonite precipitation at Crystal Geyser 
 

It is well understood that calcite is the most stable polymorph of calcium carbonate, and it has led 

to significant debate as to why metastable aragonite is precipitated in spring systems (e.g., 

McCauley & Roy 1974; Parker et al., 2010; Jones, 2017). While there have been many studies 

focused on calcite-aragonite precipitation, there has not been a universal factor attributed to 

controlling the precipitation of aragonite (Jones, 2017 and references therein). Aragonite 

precipitates preferentially from water with temperatures between 30 - 60°C (Lippmann, 1973; 

Folk, 1994; Pentecost, 2005). Crystal Geyser is significantly lower in temperature, at 

approximately 18°C (Potter-McIntyre, 2019). The presence of magnesium and strontium enhance 

the likelihood of aragonite precipitation (Malesani & Vannucchi, 1975; Loste et al., 2003; 

Pentecost, 2005; Jones & Renaut, 2010); however, the quantity of magnesium and strontium 

present in the Crystal Geyser samples is small but still significant enough that it may play a role 

in favor of aragonite over calcite precipitation (Pentecost, 2005). Research conducted by Lea 

(2003) shows that Sr2+ and Mg2+ substituting for Ca2+ in the carbonate structure is temperature 

dependant and can therefore be used in the field of palaeothermometry through which we can gain 
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information about the temperature of water in past climates. In addition, Mg/Ca rations in 

foraminifera calcite is also used as a palaeothermometer (Lea, 2003). Aragonite can easily accept 

strontium into its lattice due to the size of its crystallographic sites (Finch & Allison, 2007; Jones, 

2017). A study by Salport et al. (2007) found that aragonite produced biogenically contained 

higher amounts of strontium and that strontium substitutes for calcium in the crystal lattice for 

biological precipitates. This could lead to a distorted crystal lattice resulting in an increase in the 

entropy and the stabilization energy and a decrease in the thermal resistance. Therefore, one of the 

minor contributing factors for aragonite precipitation at Crystal Geyser may be the presence of 

strontium.  

 

The effect of temperature on calcium carbonate precipitation has been widely studied for all three 

polymorphs. A review by Jones (2017) reviewed relevant papers that analyzed the relationship 

between temperature and aragonite precipitation, and it was determined that temperatures over 

30°C were generally required for aragonite precipitation. However, other studies have suggested 

that temperature does not control which polymorph is precipitated (Curl, 1962; Siegel & Reams, 

1966; Hill & Forti, 1997). Despite the numerous studies that have tried to address this question, 

little attention has been given to aragonite precipitation below 30°C. There are examples of 

aragonite formed in lower temperatures ranging from 2.4 to 20°C, such as speleothems that are 

formed in caves (Hill & Forti, 1997). It was found that temperature is not a controlling factor for 

the formation of calcite and aragonite in caves of high latitudes, whereas caves in low latitudes 

require warmer temperatures (Hill & Forti, 1997). Despite these findings that temperature may not 

be a controlling factor for the formation of calcium carbonates, it may influence other variables 

such as reaction rates, ion availability, and diffusion rates (Curl, 1962).  

 

Another factor supporting aragonite precipitation, irrespective of strontium content or temperature, 

is spring water with high CO2 content and rapid CO2 degassing. Several studies have found that 

supersaturation levels of CO2 can determine the polymorph that will be precipitated (Jones, 2017). 

In scenarios where supersaturation is accompanied by rapid CO2 degassing, aragonite is the 

favored polymorph (Holland et al., 1964). It was determined in a study by Holland et al. (1964) 

that rapid CO2 degassing was a more important control in aragonite precipitation than magnesium 

content. Crystal Geyser is rich in CO2, with eruptions occurring due to dissolved CO2 in water 
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(Potter-McIntyre, 2019). Therefore, rapid CO2 degassing with high CO2 content is likely 

responsible for aragonite precipitation in this environment. 

 

The role that pH plays in aragonite and calcite precipitation is poorly understood due to the number 

of parameters that affect carbonate precipitation (Jones, 2017). One study found that calcite 

precipitates at a pH > 11 and aragonite precipitates between pH 9.7 and 10.5 (Matsumoto et al., 

2010), whereas a different study reported calcite precipitation with a pH > 12 and aragonite 

precipitation at pH = 11 (Tai & Chen, 1998). Crystal Geyser has a reported pH significantly lower, 

at 6.2 – 7 (Shipton et al., 2004; Potter-McIntyre et al., 2017), indicating that pH is not likely a 

factor supporting either aragonite or calcite precipitation at Crystal Geyser.  

 

There is a large amount of research showing the presence of microbes and microbial mats affecting 

the precipitation of specific calcium carbonate polymorphs (Dupraz et al., 2009; Cangemi et al., 

2016; Jones, 2017; Della Porta et al., 2022). All three polymorphs of calcium carbonate can form 

at around 20°C, approximately the same temperature as Crystal Geyser, in the presence of organic 

matter (Murray, 1954; Lowenstam & Weiner, 1983). 

 

Crystal Geyser experience eruptions of the geyser every several hours and has a high deposition 

rate, which supports aragonite precipitation (Loste et al., 2003, and Jones and Renaut, 2010). This 

allows for the rapid entombment of microbes near the surface. Biofilms may allow for 

simultaneous precipitation of calcite and aragonite regardless of the aforementioned CO2 

degassing (Jones, 2017 and references therein). The erupted water also contains >200 µM 

dissolved Fe2+
, which is a known inhibitor of calcite formation (Cosmidis et al., 2001). 

 

5.2 Age effects on carbonates at Crystal Geyser 
 

The modern travertine deposit around the geyser is composed of a mixture of calcite and aragonite. 

A study by Barth and Chafetz (2015) determined that calcite is the predominant mineral composing 

the travertine; however, aragonite becomes more dominant near the vent. This is due to aragonite 

being precipitated first and transforming to calcite over time. In addition, Barth and Chafetz (2015) 
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found that red laminae always show calcite as the dominant mineral and yellow laminae show 

aragonite as the dominant mineral, but the reason for this was not explored.  

 

As aragonite transforms into calcite, the external mode features weaken as the peak around 206 

Δcm-1 disappears and a peak around 281 Δcm-1 appears, showing the transformation to calcite is 

complete. The relative proportion of aragonite to calcite can be estimated from the ratio of these 

two peaks (Edwards et al., 2005; Parker et al., 2010). The Raman spectra for UTE002 and UTE007 

show only aragonite present (Figure 8a), whereas the spectra for UTE003 and UTE004 show only 

calcite present for all spots analyzed (Figure 8b). However, as the entire sample is not 

transforming uniformly throughout, there can be mixtures of both aragonite and calcite present, as 

is the case with UTE001, where one spot shows the presence of aragonite, and the other spot calcite 

(Figure 8c).  

 

In addition to aragonite transforming to calcite with age, the iron oxyhydroxides present in the 

samples will also transform with age. Ferrihydrite is the youngest iron oxyhydroxide present and 

is expected to precipitate first and is seen in the reflectance spectra. Figure 4b shows ferrihydrite 

in the spectrum for UTE007, with goethite contributing to the spectrum of sample UTE009 

(Arnold, 2007). Ferrihydrite will transform to goethite, and then hematite, and the timescale of this 

transformation depends largely on the temperature. At low temperatures, it can take several years, 

whereas it can only take 10 minutes at high temperatures, around 92°C (Das et al., 2011). 

 

The presence of iron oxyhydroxides is only determinable from the reflectance spectra in the 900 

nm region and not in the XRD or Raman spectra. The reflectance spectra show a stronger presence 

of ferrihydrite than goethite, with no hematite being detected. This indicates that the age of these 

samples is relatively young.  

 

6.0 Low- versus high-temperature calcium carbonates 

 

Carbonates of low-temperature origin are commonly heterogeneous, as detected with reflectance 

and Raman spectroscopy of the Crystal Geyser samples, which showed both calcite and aragonite 
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throughout each sample. As carbonate transformation is inhibited at lower temperatures, minerals 

do not homogenize easily, nor do they transform quickly (Jones, 2017).  

 

Spectrally, carbonates that are of low-temperature origin such as those found at Crystal Geyser are 

no different from those of high-temperature origin when analyzed with reflectance or Raman 

spectroscopy. However, since temperature affects the crystal formation in terms of grain size and 

morphology, differences may be visible only in microscopic images. While much information can 

be gained from the spectroscopic techniques used in this study, definitive differentiation between 

hydrothermal and low-temperature carbonates cannot be made using spectroscopic techniques 

alone. Other data sources, such as geomorphology, may be required. In addition, isotope chemistry 

using thermometry is the best way to determine the temperature origin of a carbonate (Halevy et 

al., 2011). Cathodoluminescence by scanning electron microscopy or laser-induced fluorescence 

may also be able to discern the mechanism of formation (Toffolo et al., 2019). 

 

7.0 Implications for extraterrestrial carbonates 

 

Although there is much debate about the temperature at which the carbonates on Martian meteorite 

ALH 84001 formed, a study by Halevy et al. (2011) suggests that they formed around 18°C 

temperatures identical to Crystal Geyser. A study by Lee et al. (2014) analyzed 14 carbonaceous 

chondrite meteorites from CM2.5 to CM2.0, and all were found to contain calcite, with aragonite 

occurring in the CM2.5 to CM2.2 meteorites. Aragonite was the first carbonate to precipitate in 

the meteorites and grew from magnesium-rich solutions. In the least altered of these meteorites, 

the aragonite crystals formed in clusters owing to the physical restriction of aqueous fluids within 

the low permeability matrix.  

 

The known presence of calcium carbonates on Ceres (Carrozzo et al., 2018) may be informed by 

the results from Crystal Geyser. While the temperature of any erupting materials is poorly 

constrained, once on the surface, they will undergo rapid cooling and, if driven by CO2-charged 

fluids, also undergo rapid CO2 degassing. Mg-Ca carbonates, such as calcite, magnesite, and 

dolomite, have been detected across the surface of Ceres (Carrozzo et al., 2018; Palomba et al., 

2019). 
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Kaplan et al. (2020) were able to identify calcite within the carbonate veins on Bennu, however, 

they were unable to determine the presence of aragonite due to how similar their spectral properties 

and the spectral resolution of the OVIRS data. They were able to determine that approximately 

64% of the carbonate signatures detected on Bennus’ Nightingale crater sample site are consistent 

with calcite which indicates a strong  potential for the presence of aragonite (Kaplan et al., 2020).  

 

This study reiterates the value of Raman and reflectance spectroscopy in determining mineralogy, 

which are two common techniques used by the Mars Curiosity and Perseverance rovers (Mandon 

et al., 2023). The interior of Jezero crater has mineralogical diversity, with the Marginal fractured 

unit having strong carbonate signatures of Fe/mg-carbonates (Mandon et al., 2023). Carbonate 

signatures have also been detected within the Máaz and Séítah formations. The use of VISIR 

reflectance spectroscopy by SuperCam has been found to be sensitive to carbonate detections thus 

far with detections increasing moving towards the Marginal unit and into the Upper Fan (Mandon 

et al., 2023). The combination of using both visible and near-infrared allow for high sensitivity in 

detecting Fe-rich minerals, including carbonates (Mandon et al., 2023). This study will support 

further carbonate detections on Mars, specifically Ca-carbonate detection, and will allow for the 

spectral interpretation of metastable aragonite.  

 

Raman and reflectance spectroscopy are useful for the detection of organics such as Chlorophyll 

and could be useful in the detection of organics in Solar System bodies. Chlorophyll was visible 

in all the same Raman spectra in which it was visible in the reflectance spectra except for sample 

UTE004. Sample UTE006, UTE009, UTE010, and UTE011 showed the presence of organics in 

the Raman spectra. This indicates that despite the large fluorescence hump in the Raman data, not 

all organic signals are masked, and that Raman could be used for the detection of organics.   

8.0 Summary and Conclusions 

 

Crystal Geyser is a unique site for understanding the non-hydrothermal, CO2-charged eruption of 

subsurface water. Spectroscopic analysis using reflectance and Raman spectroscopy, and XRD 

determined that precipitates at the site are composed predominantly of aragonite and calcite. The 

reflectance spectra were able to show the presence of a mixture of calcite and aragonite and 
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approximate the ratio of calcite to aragonite present. Raman spectroscopy was able to differentiate 

between the two using low Raman-shift diagnostic peaks. The SEM provided electron images 

showing the different crystal shapes of aragonite and calcite. The XRF indicated the precipitates 

are rich in Sr and poor in Mg and that Sr can be readily accepted into the aragonite lattice. It was 

also determined that temperature has no impact on aragonite precipitation at this locality and that 

CO2 supersaturation and degassing is the key factor supporting the precipitation of aragonite and 

calcite. This novel site can inform our understanding and exploration of carbonate deposits on 

many planetary surfaces. 

 

SEM analysis of the samples indicates that microbial fossils can be entombed at such sites and 

could be detectable on the basis of both preserved morphologies and composition. This study has 

implications for how low-temperature calcium carbonate-bearing sites on Mars could be explored 

and recognized, the relative strengths and weaknesses of different analytical instruments on Mars 

rovers, as well as for how various techniques would be applicable to the analysis of such samples 

from Mars. 

 

In terms of icy moons and asteroids, our results indicate that aragonite-calcite end member 

abundances could be constrained from remote sensing data using reflectance spectroscopy. The 

low-temperature, rapid degassing nature of Crystal Geyser may provide a more suitable analogue 

for understanding any carbonate deposits on icy moons than higher-temperature hydrothermal 

deposits. 
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Appendix 

 

Rock samples from Utah Crystal Geyser site were crushed and dry-sieved to grain size of <45 

µm. Below is the X-ray diffraction spectra for each sample, UTE001 to UTE011.  

 

 
Figure A 1: XRD spectrum for sample number UTE001. Analysis was conducted on powder <45 µm. 
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Figure A 2: XRD spectrum for sample number UTE002. Analysis was conducted on powder <45 µm. 
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Figure A 3: XRD spectrum for sample number UTE003. Analysis was conducted on powder <45 µm. 
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Figure A 4: XRD spectrum for sample number UTE004. Analysis was conducted on powder <45 µm. 
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Figure A 5: XRD spectrum for sample number UTE005. Analysis was conducted on powder <45 µm. 
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Figure A 6: XRD spectrum for sample number UTE006. Analysis was conducted on powder <45 µm. 
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Figure A 7: XRD spectrum for sample number UTE007. Analysis was conducted on powder <45 µm. 
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Figure A 8: XRD spectrum for sample number UTE008. Analysis was conducted on powder <45 µm. 
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Figure A 9: XRD spectrum for sample number UTE009. Analysis was conducted on powder <45 µm. 
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Figure A 10: XRD spectrum for sample number UTE010. Analysis was conducted on powder <45 µm. 
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Figure A 11: XRD spectrum for sample number UTE011. Analysis was conducted on powder <45 µm. 

 


