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Highlights: 12 

 Cryogenic opal-A made in H2SO4 solutions is more angular than COA made in HCl13 

solutions.14 

 Cryogenic opal-A particle size decreases with decreasing freezing temperature.15 

 Cryogenic opal-A morphology may provide clues about past climate and geochemistry16 

on Earth and Mars.17 
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Abstract 

Cryogenic opal-A (COA) is a type of hydrated amorphous silica that forms when silica-rich 

geothermal fluids erupt sub-aerially and are exposed to air temperatures below 0 °C. As the fluid 

cools and water-ice forms, the solution increases in ionic strength and reaches saturation of opal-

A. This results in the precipitation of opal-A between water ice crystals. Natural COA is found 
embedded within frozen fluids near hydrothermal sources, and has been shown to preserve signs 
of biological activity. In this study, two solution chemistries (hydrochloric acid (HCl) and 
sulfuric acid (H2SO4)) and three freezing temperatures (-20, -80, -196 ºC) were used to 
synthesize COA in the lab. SEM analyses showed that COA frozen at -20 ºC in HCl solutions 
produced smooth silica branches similar to what was observed in previous studies. COA 
precipitated at lower freezing temperatures demonstrated progressively smaller particle sizes and 
unique morphologies such as halite dendrites within silica, desiccation cracks, and pores. COA 
made in H2SO4 solutions was more angular and fragmented than COA made in HCl solutions. 
Particle size also decreased with decreasing freezing temperature. COA textures have 
implications for terrestrial samples as well as future samples returned from Mars because they 
can provide information about past climate and fluid chemistry.

Plain Language Summary 

Cryogenic opal-A (COA) is a hydrous silicate material that can form when geysers and hot 

springs erupt and are exposed to air temperatures below 0 °C. COA forms in brine veins that are 

between water ice crystals and takes the shape of the veins in which they form. COA has been 

shown to preserve signs of biological activity. In this study, two solution chemistries 

(hydrochloric acid (HCl) and sulfuric acid (H2SO4)) and three freezing temperatures (-20, -80, -

196 ºC) were used to form COA in the lab. Scanning electron microscope analyses showed that, 

in general, COA particle size decreased with decreasing freezing temperature. Additionally, 

COA made in HCl solutions were smooth and tubular whereas COA made in H2SO4 solution 

were angular and fragmented. COA textures have implications for terrestrial samples as well as 

future samples returned from Mars because they can provide information about past climate and 

fluid chemistry. 

Keywords: Opal-A; cryogenic; hydrothermal; Mars; silica. 49 
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1 Introduction 56 

Opal-A is a noncrystalline form of opal (SiO2*nH2O) that consists of silica with water 57 

that is adsorbed, trapped in voids, or occurring as silanol groups (Si-OH). On Mars, opal-A has 58 

multiple proposed formation mechanisms including low-temperature hydrolysis of basalt, 59 

precipitation from hot springs or geysers, and acid-sulfate leaching of basalts from fumarole 60 

steam condensates (McAdam et al., 2008; Squyres et al., 2004; Ruff et al., 2011). In Mars-analog 61 

hydrothermal systems such as in the Yellowstone National Park, Wyoming, or at Rio Tinto, 62 

Chile, opal-A forms when hydrothermal fluids become supersaturated and precipitate the silica 63 

from solution. The silica-rich, alkaline hydrothermal fluid cools within the range of 50-100 ºC 64 

and amorphous silica particles nucleate to form a colloidal suspension (Rimstidt and Cole, 1982). 65 

The colloids agglomerate and precipitates from solution produce cement, locally making sinter 66 

terraces (Rimstidt and Cole, 1982).  67 

Cryogenic opal-A (COA) forms in hydrothermal systems that reach sub-zero air 68 

temperatures seasonally; such hydrothermal systems occur in Iceland and Yellowstone National 69 

Park (Channing and Butler, 2007; Jones and Renaut, 2010). COA forms when silica-rich 70 

hydrothermal fluid, which contains an alkali chloride (e.g., Na+Cl-), erupts sub-aerially and is 71 

exposed to sub-zero Celsius air temperatures (Channing & Butler, 2007; Fox-Powell et al., 72 

2018). As the fluid cools, opal-A nucleates and precipitates in the same mechanism as sinter 73 

terraces. As the temperature falls below the freezing point of water, ice crystals start to form 74 

which removes the solvent and partitions dissolved salts and colloidal silica into brine veins 75 

(Channing & Butler, 2007). The brine veins in between forming ice crystals become super-76 

saturated with respect to silica and high in ionic strength, which promotes silica nucleation, 77 

polymerization, and particle growth (Channing & Butler, 2007; Fox-Powell et al., 2018). When 78 

the COA-containing ice melts, unconsolidated COA particles are washed away from the location 79 
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of formation and are deposited downstream (Channing and Butler, 2007). COA takes the shape 

of the brine veins in which they form and are commonly tube- or funnel-shaped (Channing & 

Butler, 2007; Fox-Powell et al., 2018). Fox-Powell et al. (2018) found that synthetic COA can 

trap microorganisms and has the potential to preserve signs of biological activity.  

It is plausible that COA exists on Mars because of the existence of ancient hydrothermal 

systems (Farmer, 1996) and sub-zero temperatures on Mars in the present and the past. Although 

COA has the potential to preserve signs of life, it is currently unknown how freezing temperature 

and initial solution chemistry affect the preservation process. Additionally, different freezing 

temperatures and solution chemistries may result in distinct silica morphologies, which may 

provide information about past climates and geochemical conditions on Mars. This has 

implications for the potential for past life, and is especially relevant considering that the future 

Mars 2020 mission will be selecting materials for a sample return mission. In this work, the 

effect of freezing temperatures (-20, -80, and -196 °C) and solution chemistry (chlorine and 

sulfur based solutions) on the morphology of resulting COA was investigated in order to 

determine if COA morphology can be used as an indicator for past climate and fluid chemistry.  

1.1 Ancient hydrothermal systems on Mars 

The motivation of this research was to determine if COA in future Mars return-samples 

could provide clues about past martian environmental conditions, although it is also applicable to 

terrestrial samples. The existence of COA on Mars requires that there were hydrothermal 

systems in the past. Ancient hydrothermal systems likely existed on Mars based on evidence 

from surface features and mineralogy (Farmer, 1996, and references therein). There are several 

types of geomorphic features on Mars that suggest ancient hydrothermal activity including 

channels along the margins of impact crater melt sheets, channels along ancient volcanic slopes, 102 



volcanic fissures, fretted channel terraces, caldera floor features, and rifted basins (Farmer, 1996, 103 

and references therein). Allen and Oehler (2008) used multiple imagers and instruments on the 104 

Mars Reconnaissance Orbiter (MRO) to assess potential hydrothermal surface features in Vernal 105 

Crater, Arabia Terra, Mars. Surface characteristics observed in Vernal Crater including size, 106 

elliptical shape, color, terracing, and location of fractures were similar to analog spring deposits 107 

in the Dalhousie Complex, Australia (Allen and Oehler, 2008). Silica deposits in Gusev Crater 108 

have also been interpreted to be caused by hot springs (Ruff and Farmer, 2016). Additionally, 109 

silica in Syrtis Major has been proposed to have formed through high-temperature hydrothermal 110 

processes (Stok et al., 2010). Evidence from SNC meteorites show that magmatic activity 111 

occurred on Mars as late as 0.18 Ga (e.g., Nyquist et al., 2001). 112 

113 

1.2 Martian Climate 114 

The existence of COA on Mars also requires that past surface temperatures were below 115 

the freezing temperature of water. Past climate on Mars is not fully understood, but there is 116 

evidence that supports a cold and dry climate compatible with COA formation (e.g., Fastook et 117 

al., 2012; Cannon et al., 2017) although some studies support the idea of a warm and wet ancient 118 

climate (Squyres and Kasting, 1994; Craddock and Howard, 2002). A cold ancient martian 119 

climate is supported by the interpretation that eskers exist in the south circumpolar region of 120 

Mars, which implies glaciation-related deposits near the Noachian-Hesperian boundary (Fastook 121 

et al., 2012).  Glacial accumulation and ice-flow models by Fastook et al. (2012) showed that 122 

using typical Noachian-Hesperian geothermal heat fluxes, the mean annual south polar 123 

atmospheric temperature was between -75 and -50 ºC. This implies that low-latitude mean 124 

annual atmospheric temperatures were below the melting point of water-ice, although 125 
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temperatures could have exceeded the melting point of water-ice seasonally (Fastook et al., 

2012). Additionally, despite the low atmospheric pressure, liquid water was stable on the surface 

of ancient Mars based on evidence of lake deposits and channels (e.g., Malin and Edgett, 2003; 

Grotzinger et al., 2015). The ~3.6 - 3.2 billion year old lake deposits being investigated by the 

Curiosity rover in Gale crater may have accumulated over ~10,000 to 10,000,000 years, and 

individual lakes in Gale Crater were likely stable on the surface for minimum durations ranging 

from 100 to 10,000 years (Grotzinger et al., 2015). Thus, the ancient climate and water stability 

on Mars suggest that COA could exist on the surface.  133 

1.3 Opaline silica on Mars 134 

Exposures of opaline silica have been detected by the Miniature Thermal Emission 135 

Spectrometer (mini-TES) at Columbia Hills of Gusev Crater, adjacent to the “Home Plate” 136 

feature. These features have been suggested to be the result of precipitation from hot springs or 137 

geysers, acid-sulfate leaching of basalts from fumarole steam condensates, and low-temperature 138 

acid weathering of bedrock (McAdam et al., 2008; Squyres et al., 2008; Ruff et al., 2011). 139 

Precipitation from a hot spring or geyser is supported by an undisturbed stratiform relationship 140 

with the underlying local rock and lack of cross-cutting or fracture controlled occurrences (Ruff 141 

et al., 2011). The resemblance of “Home Plate” opaline silica morphology to that of microbially 142 

mediated micro-stromatolites at the El Tatio hydrothermal system suggests that a biotic origin 143 

cannot be ruled out (Ruff and Farmer, 2016). Further studies into the formation of hydrothermal 144 

silica on Mars may help elucidate whether “Home Plate” silica could be biotically mediated or if 145 

it has the potential to trap signs of past life.  146 

Another hypothesis by Squyres et al. (2008) stated that acid-sulfate steam condensates from 147 

fumaroles leached the metal cations from basalts, leaving amorphous silica near Home Plate. 148 
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This idea is supported by the presence of the immobile cation titanium in the amorphous silica 

(Squyres et al., 2008). Low-temperature acid weathering of local bedrock from an acid spring 

and/or surface release of solution has also been proposed as a formation mechanism of 

amorphous silica at Home Plate (McAdam et al., 2008). This hypothesis is supported by the 

localized nature of silica deposits, co-occurrence with TiO2, and the occurrence of sulfates near 

and below the silica deposits (McAdam et al., 2008).  

Opaline silica has also been detected in ancient and relatively young surface materials by 

orbital spectrometers (e.g., Milliken et al., 2008; Rapin et al., 2018). The Compact 

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

Reconnaissance Orbiter has detected H2O and SiOH-bearing phases most consistent with opaline 

silica and glass in the plains surrounding Valles Marineris, (Milliken et al., 2008; Weitz et al., 

2013). These deposits have been interpreted as either the result of low-temperature, acidic 

weathering of basaltic rocks or directly precipitated silica cement due to a lack of evidence of 

volcanic structures in the near vicinity (Milliken et al., 2008; Weitz et al., 2013). Hydrated silica 

has also been detected on the sides of a volcanic cone in the Syrtis Major Caldera complex by 

Stok et al. (2010). They suggested that this silica was formed by high temperature hydrothermal 

processes because of its proximity to distinct volcanic features.  

In Gale Crater, instruments on the Curiosity rover have detected up to ~90 wt.% SiO2 in 

Murray and Stimson Formation sedimentary rocks (Frydenvang et al., 2017; Rapin et al., 2018). 

The Chemistry and Mineralogy (CheMin) X-ray spectrometer (XRD) on board Curiosity 

analyzed the Buckskin sample from the Murray mudstone and showed a large amorphous 

component that consisted of opal-A or silica glass as well as opal-CT (Morris et al., 2016; 

Rampe et al., 2017). Additionally, laser induced breakdown spectroscopy (LIBS) of high-silica 171 
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rocks in the Murray and Stimson formations revealed that the silica was hydrated, with an 

average of 6.3 ± 1.4 wt.% water (Rapin et al., 2018). Laboratory experiments by Rapin et al. 

(2018) suggested that the hydration state of the silica is most consistent with opal-A. Opaline 

silica discovered in the Stimson and Murray formations have been hypothesized to have formed 

from diagenetic processes (e.g., Frydenvang et al., 2017; Rapin et al., 2018).  

The potential return of samples cached by the Mars 2020 rover offers an opportunity to 

look for COA in returned samples from Mars. The detection of COA would indicate that opal-A 

formed through hydrothermal processes rather than fumarole-related weathering or low 

temperature acid-leaching of basalts. This is important for understanding the geologic history of 

the landing site, the history of hydrothermal systems on Mars, and past climate. By studying the 

formation mechanisms of COA in the laboratory and the effects of solution chemistry and 

freezing temperature on its morphology, we can prepare for the analysis and interpretation of 

silica-bearing samples returned from Mars. 184 

1.4 Factors controlling opal-A precipitation on Earth 185 

Precipitation of opal-A in hydrothermal systems on Earth, called “sinter”, is controlled by 186 

evaporation, temperature, pH, dissolved salts, and cation effects (Marshall and Warakomski, 187 

1980; Guidry and Chafetz, 2002). Dissolved cations can affect silica solubility and catalyze its 188 

precipitation (Ichikuni, 1970; Rimstidt and Cole, 1983). Dissolved cations including aluminum 189 

and iron have been shown to decrease the solubility of silica and result in chemically impure 190 

precipitates (Ickikuni, 1970). Additionally, the solubility of amorphous silica is dependent on the 191 

type of dissolved salt (Marshall and Warakomski, 1980). Marshall and Warakomski (1980) 192 

tested the effect of several salts on the solubility of amorphous silica and demonstrated that silica 193 

solubility decreases with increasing salt concentration. Out of the salts tested, MgCl2 and CaCl2 194 
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decreased the silica solubility the most and NaHCO3 the least (Marshall and Warakomski, 1980). 

At 25 °C, silica was approximately 1.25 times more soluble in a Na2SO4 solution than in a NaCl 

solution of the same concentration (Marshall and Warakomski, 1980).  

pH is also known to have an effect on silica solubility, although studies are less conclusive  

(Siever, 1962; Marshall and Warkomski, 1980; Guidry and Chafetz, 2002). Alexander et al. 

(1941) demonstrated that silica solubility is fairly constant from pH 2 to 9.5, above which the 

solubility increases due to ionization of H4SiO4. This effect has also been demonstrated in 

silica/salt (Na2SO4 and NaCl) solutions, where the silica solubility rapidly increases above pH ~9 

(Marshall and Warkomski, 1980). However, the effect of pH on silica solubility is unclear in 

natural systems. In natural hydrothermal systems in Steamboat Springs, Nevada, there was no 

clear relationship between pH and the degree of supersaturation of silica (White et al., 1956).  

Temperature also has a major effect on the solubility of amorphous silica (Siever, 1962). 

Amorphous silica solubility is approximately 800 ppm at 200 °C compared to approximately 200 

ppm at 50 °C (Siever, 1962, and references therein). Temperature was shown to be the most 

significant driver of silica solubility in two hot springs at Yellowstone National Park (Guidry and 

Chafetz, 2002).  Hinman and Lindstron (1996) attributed precipitation of hydrothermal opal-A to 

cooling of hot spring water when it comes in contact with cooler air temperatures. They also 

attributed enhanced silica precipitation in winter months to cooler water temperatures.  

In this study, temperature, pH, and dissolved salts were variables in inducing the 

precipitation of opal-A. Two different acids (HCl and H2SO4) and three freezing temperatures 

were used to precipitate COA. Additionally, the acids served to lower the pH to circum-neutral, 

thus decreasing the silica solubility even more. The variables that affect silica solubility (namely 216 



temperature and dissolved salts) are hypothesized to affect the timing and morphology of 217 

resulting COA.  218 

2 Materials and Methods 219 

Two Earth and Mars relevant solutions were prepared by dissolving sodium metasilicate 220 

(Sigma Aldrich, CAS: 6834-92-0) in 18.2 MΩ water using the methods described by Channing 221 

and Butler (2007). Hydrochloric acid (HCl; CAS 7647-01-0) and sulfuric acid (H2SO4; CAS 222 

7664-93-9) solutions were used to titrate the sodium metasilicate solutions to a circum-neutral 223 

pH of approximately 7.5, producing dissolved silica and salt (reactions 1 and 2) (Table 1).  224 

225 

2Na+ + SiO3
-2 ·5H+

 + 5OH- + 2H+ + 2Cl- → 2Na+ + 2Cl- + SiO2 + 6H+
 + 6OH- (1) 226 

2Na+ + SiO3
-2 ·5H+

 + 5OH- + 2H+ + SO4
-2 → 2Na+ + SO4

-2 + SiO2 + 6H+ + 6OH- (2) 227 

228 

HCl was chosen because it is plausible based on the chemistry of natural geothermal 229 

fluids at Yellowstone National Park, where natural COA has been found (Channing and Butler, 230 

2007) (Table 1). Hydrothermal systems in El Tatio, Chile are also chorine dominated (Table 1). 231 

There is also an abundance of chlorinated species on Mars, including chlorides, chlorates, and 232 

perchlorates (e.g., Ruuesch et al., 2012; Elsenousy et al., 2015; Sutter et al., 2017; Hogancamp et 233 

al., 2018). H2SO4 was chosen because on Mars, silica-rich hydrothermal solutions can be 234 

acidified through oxidation of sulfides in the country rock, producing SiO2
-
(aq) and SO4

-
(aq) 235 

(McAdam et al., 2008), and the discovery of jarosite at multiple landing sites suggests the 236 

presence of acid-sulfate fluids on ancient Mars (e.g., Squyres et al., 2004; Rampe et al., 2017). 237 

Sub-samples of the starting solutions (sodium metasilicate and hydrochloric acid or sulfuric acid) 238 

were taken before heating. Additionally, the resulting dissolved salts (Na2SO4 and NaCl) are 239 
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known to have different effects on silica solubility and are therefore ideal for testing the role of 

solution chemistry on COA morphology (Marshall and Warkomski, 1980).  

The silica/salt solutions were heated to 50 °C to simulate hydrothermal temperatures 

while being agitated with a magnetic stir bar. Once the solution reached 50 °C, it was poured into 

several 50 mL plastic centrifuge tubes and sealed. The tubes were either flash frozen in liquid 

nitrogen (-196 °C) or frozen overnight in -20 °C or -80 °C freezers. The frozen solutions were 

thawed at room temperature until a cloudy suspension was observed at the bottom of each tube. 

A plastic pipette was used to remove the silica suspension from the tube and place it on a SEM 

stub with carbon tape. The SEM stub was air dried, gently washed with 18.2 MΩ water to 

remove salts, and air dried again. This method was used to avoid breaking apart delicate COA 

particles but also remove salts, and is interpreted as the best way to obtain in-tact COA particles 

for traditional SEM methods. The samples were carbon coated and analyzed with a JEOL 

5910LV scanning electron microscope (SEM) with an energy dispersive spectroscopy (EDS) 

component at the NASA Johnson Space Center. A beam energy of 15 kV and working distance 

of 20 mm was used. EDS measurements were taken with a SiLi detector with a thin window and 

with a voltage of 10 keV for 60 seconds in order to achieve >3000 counts. iXRD iridium 

software was used to process EDS data.  

The remainder of the silica suspension was vacuum filtered through 0.22 µm filter paper, 

following the method of Channing and Butler (2007). The white precipitate was washed with 

18.2 MΩ water to remove salt and then dried at room temperature. The silica precipitate was 

disaggregated using an agate mortar and pestle and then analyzed by X-ray diffraction (XRD) 

using a PANalytical X’Pert Pro MPD X-ray Diffraction Spectrometer with Co Kα radiation (λ= 

1.78901 Å) at the Johnson Space Center. Data were collected every 0.02 degrees 2θ at 40 mA 262 
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and 45kV from 4 to 80 degrees 2θ with a step size of 0.02˚. XRD patterns were overlaid using 

the MDI Jade software to compare and confirm the presence of X-ray amorphous material. 

Opal-A was also formed through evaporation in order to compare the morphology with 

COA. The same starting solutions (sodium metasilicate with sulfuric acid or hydrochloric acid) 

were heated to 50 ºC, and then placed in a glass beaker in a 50 °C oven overnight to evaporate 

water. The precipitate was washed with 18.2 MΩ water and vacuum filtrated with 0.22 um filter 

paper to remove salts. The precipitate was then dried and placed on an SEM stub for imaging.  

The sub-samples of the starting solutions (sodium metasilicate and hydrochloric acid or 

sulfuric acid) that were taken before heating were analyzed using ion chromatography (IC) for 

their chloride and sulfate concentrations (Table 1). These initial ionic compositions were used in 

the Fortran-based modeling program, FREZCHEM 15.1, to model the possible precipitated 

minerals of freezing silica/hydrochloric acid and silica/sulfuric acid solutions. FREZCHEM is a 

chemical thermodynamic model that is unique in that it models concentrated electrolyte solutions 

at temperature below 0 ℃ based on the Pitzer model (Marion, 2008).  Any resulting geochemical 

models using silica should be viewed with the caveat that the silica parameters in FREZCHEM 

database are not based on experimental data below 0 °C (Marion et al., 2011). However, 

FREZCHEM theoretical calculations are equivalent to independent silica experimental 

measurements that validate the model (Marion et al., 2011). In addition, Geochemist’s 

Workbench (GWB) was utilized to affirm the minerals precipitated via FREZCHEM at 0 ºC. The 

saturation indices of silica and salts were modeled in GWB through evaporation as water was 

removed from the system.  283 

284 

285 



Table 1. pH and chemical compositions of natural and synthetic hydrothermal solutions. 286 

287 

Solution pH at 

measurement 

SiO2
-
(aq) 

(ppm) 

Na+
(aq)

(ppm) 

Cl-
(aq)

(ppm) 

SO4
-
(aq)

(ppm) 

Yellowstone-Minute 

Geyser 1 

7.6 450 380 610 28 

El Tatio-geyser 2 7.3 205 4345 7899 42.9 

Synthetic hydrothermal 

fluid 3 

6.5 450 unknown unknown 0 

Synthetic hydrothermal 

solution A (this study) 

7.5 450 169.8 889 ± 25.2 0 

Synthetic hydrothermal 

solution B (this study) 

7.5 450 169.8 0 1170 ± 

26.0 

288 

3 Results 289 

3.1 X-ray diffraction of COA 290 

Amorphous materials, such as opal-A, are characterized by a broad “hump” in XRD 291 

patterns due to a lack of long-range crystallographic order. XRD analyses confirmed that all 292 

COA material was largely amorphous in nature and resembled an opal-A reference material 293 

(Figure 1). XRD patterns of the synthesized COA material did not resemble an opal-CT 294 

reference pattern because of broader amorphous “humps” (Figure 1). XRD patterns of COA 295 

peaked at slightly higher angles than the reference opal-A material, indicating slightly lower 296 

SiO2 polymerization.  297 

1 (Nordstrom et al., 2005) 
2 (Cortecci et al., 2005)  
3 (Channing and Butler, 2007; Fox-Powell et al., 2018) 



XRD results indicated that there was no salt contamination in the synthesized COA 298 

samples within the instrumental detection limit. Additionally, the same COA material that was 299 

analyzed in the XRD was analyzed using SEM. There was no evidence of salt contamination in 300 

SEM images of the COA material that was analyzed with XRD.  301 

302 
Figure 1. XRD patterns of COA powders overlaid with an opal-A and opal-CT reference 303 

material. Patterns were shifted up or down on the y-axis so that individual patterns were 304 

distinguishable. Dashed vertical line represents the peak maximum for the opal-A reference 305 

material, which peaks at 26° 2θ and 4.03 Å. (2 column figure) 306 

307 

308 

3.2 COA synthesized with HCl 309 

Morphological analyses of COA materials consisted of looking at several SEM images 310 

and making measurements of randomly selected COA particles. Although several SEM images 311 
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were taken from each sample, typical examples are presented in this paper so that qualitative 

differences are apparent. The morphology of COA made in HCl solutions generally consisted of 

smooth, branch-like particles that decreased in size with decreasing freezing temperature. COA 

made at -20 °C produced smooth silica branches and funnels with widths ranging from 

approximately 8-25 µm (Figure 2). The silica funnels observed are characterized by an elongate 

silica particle with a curving inward end (Figure 2a). Silica branches can be several hundred 

microns in length and were commonly fragmented into smaller pieces due to drying or sample 

preparations (Figure 2b). Many of the silica branches were cemented onto silica plates, which 

were also fragmented (Figures 2c-d). Desiccation cracks with sub-micron widths were observed 

(Figure 3a-b). EDS confirmed that all the material was composed of Si and O, and had no 

measureable Na or Cl contamination. 322 

323 

324 

325 



326 

Figure 2. SEM images of COA prepared using a starting solution of silica and hydrochloric acid. 327 

The solution was heated to 50 ºC and then frozen overnight in a -20 ºC freezer. The white arrows 328 

point to funnel-shaped silica in (a), which EDS confirmed were made of Si and O in spots 1 and 329 

2. Smooth, elongate branches (b) were fragmented into smaller pieces (white arrows). Funnels on330 

silica plates (c and d) were also observed. (2 column figure) 331 

332 



333 
Figure 3.  SEM images of desiccation cracks observed in COA prepared using a starting solution 334 

of silica and hydrochloric acid, heated to 50 ºC and then frozen overnight in a -20 ºC freezer (a 335 

and b) and in a -80 ºC freezer (c and d). (2 column figure) 336 

337 

COA made at -80 °C also produced smooth silica branches and funnels with widths 338 

ranging from approximately 4-20 µm (Figure 4). Several silica pieces with triple junction 339 

geometry (Figure 4a-b) were observed. Additionally, several silica pieces contained halite 340 

dendrites precipitated within them as seen in the COA particle cross-section (Figure 4c-d). 341 

Desiccation cracks with widths ranging from sub-micron to 2 µm were observed (Figure 3c-d). 342 



343 
Figure 4. SEM images of COA prepared using a starting solution of silica and hydrochloric acid. 344 

The solution was heated to 50 ºC and then frozen overnight in a -80 ºC freezer. SEM images 345 

show smooth silica pieces with triple junction geometry (a and b). Funnel-shaped silica with 346 

halite dendrites embedded within it was observed (c and d). EDS confirmed that spot 1 (d) 347 

contained Na and Cl, whereas spots 2 and 3 contained Si and O. The white arrows point out the 348 

embedded halite within the silica funnels. (2 column figure) 349 

350 

COA made at -196 °C was primarily composed of complex, multi-directional silica ropes 351 

with widths ranging from approximately <1-3 µm (Figure 5a-b). These silica ropes were curved 352 

and interconnected.  Multiple irregularly shaped pores with diameters ranging from sub-micron 353 



to 2 µm were observed in generally flat silica pieces (Figure 5c-d). Larger pores with irregular 354 

boundaries (average diameter of 2 µm) were surrounded by many smaller pores (diameters < 1 355 

µm). EDS confirmed that all particles were composed of Si and O.  356 

357 

358 
Figure 5. SEM images of COA prepared using a starting solution of silica and hydrochloric acid. 359 

The solution was heated to 50 ºC and then flash frozen using liquid nitrogen (-196 ºC). SEM 360 

images showed complex silica ropes with branch widths ranging from approximately <1-3 µm 361 

(a). (b) is a zoomed in image of the white dashed box shown in (a), showing the complex silica 362 

branches in more detail. Irregular pores with diameters ranging from sub-micron to 2 µm were 363 

observed (c and d). (2 column figure) 364 



Opal-A made with hydrochloric acid and then precipitated through evaporation did not 365 

display the tube-like, ropey morphology that is unique to COA. Opal-A particles synthesized 366 

through evaporation were irregular in shape but had flat surfaces (Figure 6). 367 

368 

369 
Figure 6. Opal-A made with hydrochloric acid (a-b) by evaporating solutions at 50 ºC overnight. 370 

(2 column figure) 371 

372 

3.3 COA made using H2SO4 373 

COA made by adding H2SO4 to a sodium silicate solution produced jagged, fragmented 374 

silica that decreased in size with decreasing freezing temperature. COA made at -20 °C produced 375 

jagged silica “hash” with no systematic structure (Figure 7). Many of the silica pieces contained 376 

round holes with diameters ranging from 5 to 10 µm, some of which were fragmented in half 377 

(Figure 7). Particle size varied from sub-micron to approximately 25 µm.  378 

379 



380 

Figure 7. SEM images of COA prepared using a starting solution of silica and sulfuric acid. The 381 

solution was heated to 50 ºC and then frozen overnight in a -80 ºC freezer. Silica pieces are 382 

jagged, fragmented, and contain ~10 µm circular holes (some are indicated with white arrows). 383 

Individual silica pieces were angular (d). (2 column figure) 384 

385 

COA particles made at -80 °C were similar in shape and texture to COA made at -20 °C, 386 

but were slightly smaller in size, with widths ranging from sub-micron to approximately 15 µm 387 

(Figure 8). The silica pieces contained many circular holes with diameters ranging from 5 to 10 388 

µm (Figure 8). The COA also displayed complex braiding patterns due to desiccation, with each 389 

individual “braid” having a width of approximately 1 µm (Figure 8c-d).  390 



391 
Figure 8. SEM images of COA prepared using a starting solution of silica and sulfuric acid. The 392 

solution was heated to 50 ºC and then frozen overnight in a -80 ºC freezer. Images show jagged, 393 

fragmented silica pieces with ~10 µm holes (some are indicated with white arrows) (a and b). 394 

Jagged, linear patterns due to desiccation were also observed (c and d). (2 column figure) 395 

396 

COA made at -196 °C consisted of complex, multi-directional, angular silica pieces with 397 

widths ranging from sub-micron to 2 µm (Figure 9). The COA made at -196 °C was much 398 

smaller than the COA made at -20 and -80 °C. Multiple circular pores with diameters of less than 399 

1 µm were observed in the COA (Figure 9d).  400 



401 
Figure 9. SEM images of COA prepared using a starting solution of silica and sulfuric acid. The 402 

solution was heated to 50 ºC and then flash frozen using liquid nitrogen (-196 ºC). Silica pieces 403 

are jagged, fragmented, and contain pores with diameters ranging from sub-micron to 2 µm (d). 404 

(2 column figure) 405 

406 

The morphology of opal-A made with sulfuric acid and then precipitated through 407 

evaporation was generally similar to that of opal-A made with hydrochloric acid (Figures 6, 10). 408 

However, there was an abundance of irregularly shaped silica pieces with a jagged, rough texture 409 

in the silica precipitated from sulfuric acid solutions (Figure 10). EDS confirmed that all the 410 

particles imaged using SEM were composed of Si and O, and contained no salt contamination.  411 



412 

Figure 10. Opal-A made with sulfuric acid (a-b) by evaporating solutions at 50 ºC overnight. (2 413 

column figure) 414 

415 

4 Discussion 416 

4.1 Effect of freezing temperature on morphology 417 

The rate of ice crystal growth in a cooling solution influences the purity of the ice (i.e., 418 

how much solute is incorporated into the ice structure) (Hasan and Louhi-Kultanen, 2015). High 419 

freezing rates, which leads to faster ice crystal growth, does not allow enough time for the solute 420 

to effectively diffuse away from the advancing ice crystal front (Hasan and Louhi-Kultanen, 421 

2015). COA that was flash frozen at -196 °C had small particle sizes because dissolved silica and 422 

salt were trapped within ice. COA made at -20 and -80 °C exhibited larger particle sizes because 423 

the silica and salt solutes had more time to diffuse away from the growing ice front and 424 

concentrate in larger brine veins.  425 

The morphologies of the synthetic COA material were also compared to opal-A 426 

precipitated through evaporation in order to show the differences between cryogenic and non-427 

cryogenic opal-A synthesized in this lab using two different solution chemistries. The unique 428 

morphologies observed in COA (Figures 2-5, 7-9) are due to cryogenic processes and are not 429 



430 

431 

432 

433 

434 

435 

436 

437 

438 

439 

440 

441 

442 

443 

444 

445 

446 

447 

448 

449 

450 

451 

observed in opal-A made by evaporation (Figure 6, 10), which agrees with previous studies by 

Channing and Butler (2007).  Ice crystals that surround brine veins serve as molds for COA 

growth and form unique opal-A morphologies such as tubes and funnels (Channing and Butler, 

2010). These morphologies are not observed in opal-A made without freezing because of the 

absence of ice crystals during precipitation. Opal A precipitated through evaporation also 

appears similar in texture to smooth opal-A from a core drilled through a hot-spring deposit at 

Yellowstone National Park, Wyoming (Guidry and Chafetz, 2003).  

4.2 Effect of solution chemistry on morphology 

The size and shape of ice crystals formed during cooling are affected significantly by 

cooling rate but are also affected by the type of solute (Petzold and Aguilera, 2009). The 

morphologies of the ice crystals and/or salts in the synthetic hydrothermal solution are important 

because they serve as the mold for the COA particles. Additionally, the type(s) of solute affects 

the solubility of silica. At 25 °C, dissolved NaCl decreases the amorphous silica solubility 

greater than dissolved Na2SO4 (Marshall and Warakomski, 1980). If this relationship holds true 

below the 25 °C, silica would start to precipitate at a higher temperature in the hydrochloric acid 

solutions than in the sulfuric acid solutions. Additionally, the solubility of sodium chloride and 

sulfate may affect the morphology of resulting COA. At 0 °C, sodium chloride is approximately 

7 times more soluble than sodium sulfate (Bharmoria et al., 2012; Bharmoria et al., 2014).  

FREZCHEM models using the initial concentrations of Na+, Cl-, and SiO2 (Table 1) 

demonstrated that theoretically, SiO2 should precipitate before NaCl·2H2O (Figure 11). The 

FREZCHEM model, although it has its limitations, suggests that silica and ice formed, followed 

by NaCl·H2O (Figures 11, 12).  Sodium chloride, which tends to form at interfaces rather than in 452 



solution (Rodriguez-Navarro and Doehne, 1999), precipitated around the silica in the brine veins 453 

(Figure 12). When the ice melted and the salts were washed away, smooth, tubular COA 454 

particles remained.  455 

456 

Figure 11. FREZCHEM geochemical model showing water-ice formation and mineral 457 

precipitation during freezing of the HCl/silica solution over a range of 200-255 K. This 458 

temperature range was chosen in order to force the precipitation of hydrated salts in 459 

FREZCHEM. (1 column figure) 460 

461 

COA formed using sulfuric acid solutions resulted in angular, fragmented silica particles, 462 

indicating that the silica precipitated within an angular mold and/or that salts grew into the COA 463 

(Figures 7-9). The angularity of COA made with sulfuric acid solutions may be explained by a 464 

combination of two scenarios:  465 

1) COA formed in brine veins and then sulfate salts precipitated around it, causing an increase in466 

crystallization pressure and growth of sulfate salts into COA (Figure 12). Salt-weathering studies 467 
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have found that sodium sulfate growth is more damaging to porous rocks than sodium chloride 

(Rodriguez-Navarro and Doehne, 1999). Salt weathering is caused when a salt crystallizes in a 

confirmed volume such as a pore. The build-up of crystallization pressure against the 

surrounding material causes growth into the surrounding material. This scenario would result in 

fragmented, angular COA particles and is supported by GWB geochemical modeling, which 

suggests that the majority of silica precipitates before sulfate salts at low temperatures (Figure 

13). Additionally, evaporation was simulated in GWB because FREZCHEM could not be used to 

show temperature of mineral precipitation of mirabilite and silica. The GWB databases do not 

extend below 0 °C, therefore evaporation was used as a proxy for liquid-water removal. GWB 

evaporation modeling showed that at 0 °C, the saturation index of amorphous silica and quartz 

was higher than mirabilite until ~0.08 kg liquid water remained, at which the saturation index of 

mirabilite exceeded amorphous silica (Figure 13). This supports the idea that most COA 

precipitated within brine veins prior to sulfate salt precipitation.  480 

481 

Figure 12. Morphology of COA resulting from synthetic hydrothermal solutions made with a) 482 

hydrochloric acid and b) sulfuric acid. (2 column figure) 483 



484 

485 

Figure 13. Geochemist’s Workbench geochemical modeling showing mineral saturation of 486 

amorphous silica (SiO2(a)), mirabilite, and quartz at 0 °C as water is removed via evaporation. (1 487 

column figure) 488 

489 

2) Sulfate salts precipitated in the remaining liquid brine, as depicted in Figure 12.  In this490 

scenario, the sulfate crystals formed in the brine veins through subfluoresence (Rodriguez-491 

Navarro and Doehne, 1999) and any remaining silica in solution precipitated around it. When the 492 

sulfate was washed away during the melting of ice, the silica that precipitated in the brine broke 493 

apart into angular pieces. Although geochemical modeling suggests that most sulfate salts 494 

precipitated before silica (Figure 13), there may have been some silica co-precipitating with 495 

sulfate salts.  496 

497 
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All COA particles made with sodium sulfate were characterized by well-rounded holes 

with diameters ranging from <1 µm-10 µm within the silica (Figures 7-9). These holes were 

interpreted to be caused by a liquid within the precipitating silica because they are 

equidimensional and lack irregular boundaries that would be consistent with corrosion or solid 

phase growth. The liquid was likely concentrated H2SO4 because there was excess sulfate in the 

starting solution relative to sodium (Table 1) and H2SO4 has an extremely low freezing point. 

The freezing point of H2SO4 is as low as ~-66 °C at 37 wt.% H2SO4 and as high as ~8 °C at 100 

wt.% H2SO4 (Ohtake, 1993). As water-ice started to form and silica and sulfate precipitated, 

there was still H2SO4 in the brine veins. It is important to note that these holes may not form in 

starting solutions without excess sulfate. The holes observed in COA are a clear indicator that the 

starting solution was sulfur based and not chlorine based, and that the amount of sulfate in 

solution exceeded the amount of cations (e.g., Na+).  

COA formed using chloride solutions resulted in tube, or rope-shaped silica particles 

(Figures 2, 4-5). These ropey, elongate particles indicate that they formed within brine channels 

between forming ice crystals. As the synthetic hydrothermal solution cooled, silica precipitated 

by the same method that silica sinters are formed. As the temperature fell below the freezing 

point of water, ice crystals formed first, then silica precipitated in the brine channels between the 

ice crystals because of the increasing ionic strength of the solution (Figure 10). After silica 

precipitated, it is likely that halite formed, but was then washed away when the ice melted. Many 

COA particles made with HCl solutions exhibited triple junction geometry (Figure 4), which is 

caused by the formation of silica at the intersection of three brine veins, such as those produced 

in experimental studies by Mader (1992). Silica funnels (Figures 2a, 4c) may form when silica 

forms around an ice or brine vein.  520 
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COA made with HCl solutions also contained halite dendrites within the COA structure 

(Figures 4c-d). This may be due in part to freezing rate, but also relates to the type of solute since 

the dendrites were only seen in COA made with HCl. Halite tends to form at interfaces rather 

than in solution (Rodriguez-Navarro and Doehne, 1999). Halite growing on the outsides of silica 

may apply a crystallization pressure that causes the halite to grow into the silica structure. 

Additionally, the halite may precipitate while silica is still a gel (in between the liquid and solid 

phase) and more easily grow into the silica structure rather than around it.  

The irregularly shaped holes observed in COA made with an HCl solution at -196 °C 

(Figure 5) are interpreted to be “corrosion pits”. Chen et al. (2017) observed pits similar to those 

observed in COA made with HCl at -196 °C, and attributed them to acid corrosion. Chen et al. 

(2017) found that corrosion pits with diameters ranging from a few microns to approximately 12 

µm formed in high silica enamels (SiO2 ranging from 54.62 to 64.62 wt %) with short term 

exposure to sulfuric acid.  The corrosion pits formed in areas where the silica network was 

relatively loose in structure. These weak spots in silica experienced faster ion exchange, 

hydration, and hydrolysis reactions and resulted in shallow pits with depths of less than 10 µm 

(Chen et al., 2017).  Corrosion pits were not observed in COA made with sulfuric acid solutions. 

COA formed at -80 °C and -20 °C using HCl solutions also resulted in desiccation cracks 

(Figure 3). Micro-desiccation cracks in amorphous silica have not been reported in the literature, 

but are the result of air drying the silica suspension. Amorphous silica consists of Si tetrahedrally 

bound to oxygen atoms, which are covalently bound to hydroxyl groups called “bound water” 

(Lowen and Broge, 1961). In high relative humidity environments, water molecules can 

hydrogen bond to the silanol groups, making a layer of adsorbed water (Lowen and Broge, 

1961). Desiccation occurs when the adsorbed water attached to the silanol groups evaporates and 543 
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causes the silica volume to decrease. Amorphous silica does not have a preferred crystal 

structure; therefore, the desiccation cracks are irregular in shape. Observance of these micro-

desiccation cracks in returned samples from Mars would indicate periods of wetting, or higher 

humidity, and subsequent drying.   

4.3 Comparison to natural and synthesized COA samples 

Hydrothermal systems in Yellowstone National Park, Wyoming, and in Iceland contain 

chlorine-dominated fluids and reach air temperatures below 0 ºC seasonally (Table 1). COA 

collected from these locations are expected to have similar morphologies as the synthetic COA 

made with HCl solutions and frozen at -20 ºC in this study. Channing and Butler (2007) 

presented natural COA particles from Yellowstone National Park with tube, funnel, and triple-

junction morphology similar to the COA materials in this study precipitated from HCl solutions 

at -20 °C. Similar morphologies were also observed in natural COA material from Iceland (Jones 

and Renaut, 2010).  

Additionally, features in hydrothermal opal-A which have been attributed to bacteria 

need to be interpreted with caution based on the results from this work. The holes observed in 

COA made with sulfuric acid solutions are similar in size and shape to holes in terrestrial 

hydrothermal opal-A that have been attributed to bacterial fossils (Gepner et al., 2005, pp. 518; 

Jones and Renaut, 2010, pp. 26). The observation of these well-rounded micro-pores in 

abiotically synthesized opal-A samples is important for interpreting whether similar features in 

natural samples are abiotically or biotically formed.  

The COA materials synthesized using HCl solutions at -20 ºC also resembled synthetic 

COA precipitated using the same conditions in different laboratories. Fox-Powell et al. (2018) 

synthesized COA with triple-junction morphology and delicate lattice structures that were the 566 
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same approximate size as the COA made under the same conditions in this study. Channing and 

Butler (2007) also precipitated COA with triple-junction morphology, tube, and funnels similar 

to COA made in this study using the same conditions. Overall, the morphology of COA made at 

-20 °C using HCl solutions is similar to the COA materials synthesized in different laboratories. 

4.3 Implications for Earth and Mars climate and fluid chemistries 

The results from this research represent COA morphologies that could result from simple, 

terrestrial and/or Mars-like solutions and freezing temperatures. It is clear that sulfur-dominated 

systems and chlorine-dominated systems produce COA with different morphologies. SEM 

analyses of COA in future Mars return samples may provide clues about past martian climate 

and fluid chemistry. COA morphologies can also be used to understand past Earth climate in 

areas where hydrothermal systems existed.  Additionally, features observed in these abiotically 

synthesized COA materials resemble features attributed to bacterial fossils in natural 

hydrothermal opal-A samples (Gepner et al., 2005). Therefore, features observed in COA is also 

important when interpreting micro-features that have a potential biotic origin.  

Regardless of microbe and organic material, the morphology of COA can indicate past 

climatic and geochemical conditions on Mars and Earth. Jagged, angular COA particles indicate 

a sulfur dominated systems whereas smooth, rope-like COA particles indicate a chloride 

dominated system. Holes in COA with diameters ranging from approximately 5 to 10 µm 

indicate that the initial hydrothermal solution was sulfur dominated. Additionally, the presence 

of micro-desiccation cracks indicate the drying of amorphous silica either by a reduction in 

pressure, increase in temperature, or decrease in relative humidity. The particle size of well-

preserved COA particles can also provide information about past climate because smaller COA 588 
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particles are associated with colder freezing temperatures. COA morphology has the potential to 

contribute to the debate about whether ancient Mars was “cold and dry” or “wet and warm”.  

Although COA particles are delicate and break apart into smaller pieces (Figure 2b), 

COA is preserved in young sediment deposits on Earth (Channing and Butler, 2007) and may be 

preserved in hot spring deposits on Mars, especially considering the minimal amount of surface 

weathering processes compared to Earth. COA particles in sedimentary deposits in Yellowstone 

National Park, Wyoming, and Geysir, Iceland, although fragmented, preserve morphologies 

(e.g., triple junction geometry, tubes, funnels) that are unique to their starting solution 

chemistries and freezing temperatures (Channing and Butler, 2007; Jones and Renaut, 2010). It is 

plausible that COA particles, although fragmented, would be preserved well enough to provide 

clues about initial solution chemistry and climate.  

5 Conclusions 

COA was formed using two terrestrial and Mars like solutions (sulfuric acid and 

hydrochloric acid) and three freezing temperatures (-20 °C, -80 °C, and -196 °C). SEM revealed 

that the morphology of COA is highly dependent on freezing temperature and initial solution 

chemistry. COA made with sulfuric acid solutions produced jagged, angular, and fragmented 

silica pieces with holes with diameters ranging from sub-micron to 10 µm. COA made with 

hydrochloric acid solutions formed smoother, rope-like particles. COA formed at lower freezing 

temperature, particularly -196 °C, produced complex silica pieces with very small particle sizes. 

The morphology of COA has implications for terrestrial samples as well as future sample return 

samples from Mars because it can elucidate past geochemical and climatic conditions. The 

ability of COA to trap organic particles may also depend on initial solution chemistry and 611 
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freezing temperature, and should be investigated further. Samples that have the potential to 

contain COA should be highly considered for return samples in the upcoming Mars 2020 mission 

because of their potential to infer information about past climate and geochemical conditions.  
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