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Abstract 13 

At Lake Tecopa, in California, white play-of-color opals are found in vesicles of a 14 

volcanic ash layer from the Huckleberry Ridge Tuff super-eruption (2.1 Ma). They show 15 

characteristic traits of opal-AG by X-ray diffraction and scanning electron microscopy (silica 16 

spheres of ~330 nm). These properties are not typical for volcanic opals, and are usually 17 

associated with opals formed in a sedimentary environment, such as opal-AG from Australia. 18 

The conditions under which opal was formed at Lake Tecopa were determined by oxygen and 19 

hydrogen isotopic analyses and lead to a better understanding of the formation of opal in 20 

general.  21 

Tecopa opal’s δ18O is ~ 30 ‰, leads to a formation temperature between 5°C and 10°C 22 

from water composition similar to the present spring water composition (δ18O = -12‰), or 23 

between 15°C and 30°C (the present day spring water temperatures) in water having a δ18O 24 

between -9.5 and -5.5‰, and as a result experienced 25-50% evaporation at the Tecopa basin. 25 

Contrary to long-held views, the formation of opal-AG versus opal-CT (or opal-C) is not 26 

determined by the type of deposits, i.e. respectively sedimentary versus volcanic, but mostly 27 

by the temperature of formation, low (≤ 45°C for opal-AG) versus high (≥ 160°C for opal-28 

CT) as suggested in most recent papers. 29 
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The isotopic composition of water contained in Tecopa opals is assessed and results 30 

show that water in opal records different stages of opal formation from groundwater. Opal 31 

seems to precipitate from groundwater that is undertaking isotopic distillation during its 32 

circulation, most likely due to 15% up to 80-95% evaporation. Hydrogen isotopes are poorly 33 

documented in opal and require more systematic work, but this study reveals that, in Tecopa 34 

opals, molecular water (H2Om) is isotopically heavier than structural water (OH), (a 35 

phenomena already well-known in amorphous volcanic glass). Overall, opal isotopic 36 

composition reflects the composition of the water from which it precipitated and for that 37 

reason could be, (as established for amorphous silicic glass), a useful tool for 38 

paleoenvironments, and paleoclimatic reconstitutions on Earth and on other terrestrial planets. 39 

 40 

Introduction 41 

The formation mode of opal, which is an amorphous to poorly crystalline hydrated silica, has 42 

mostly been studied in biogenic samples, such as diatoms, because of their importance in the 43 

silicon cycle in oceans, past and present (e.g. De La Rocha et al., 1998). Hot Spring opals 44 

have been used as possible proxy for the study of early life on Earth and life on Mars (e.g. 45 

Jones & Renaut, 2007 and the review paper by Campbell et al., 2015). These opals are not 46 

gem quality, as they are highly porous, and lack color and play-of-colors (iridescence). In 47 

contrast, gem opals are valued because of their body color (i.e. background color), 48 

transparency and / or the presence of play-of-color. Unlike biogenic opals, they do not form in 49 

oceans, but on continents by weathering of silica-rich rocks either in a sedimentary or a 50 

volcanic environment (e.g., Des Cloizeaux, 1862; Lacroix, 1896; Payette, 1999; Gaillou et al., 51 

2008a, Rondeau et al., 2012; Rey, 2013). As opal contains water in the form of both H2O and 52 

OH, hydrogen and oxygen isotopic analyses can be conducted in order to understand its 53 

formation mode. 54 
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At the dry Lake Tecopa, California, play-of-color opal is present in nodules within a volcanic 55 

ash layer from a Yellowstone supereruption (Huckleberry Ridge Tuff, 2.1Ma; e.g. Rivera et al. 56 

2014). The purpose of this study is to use Lake Tecopa play-of-color opals in order to better 57 

understand the processes that lead to the formation of gem opals. We present oxygen and 58 

hydrogen isotope measurements on Tecopa opals and their host rock, which allow the 59 

assessment of the formation conditions, such as fluid composition and the temperature from 60 

which opal precipitated.  61 

 62 

Background on gem opals 63 

Opal can be divided in three structural groups (Jones and Segnit, 1971): opal-C (well-ordered 64 

α-cristobalite), opal-CT (disordered α-cristobalite, α-tridymite), and opal-A (nearly 65 

amorphous). These groups can be identified by X-ray diffraction (XRD; e.g. Jones and Segnit, 66 

1971) by Raman spectroscopy (e.g. Ostrooumov et al. 1999), by Scanning Electron 67 

Microscopy (SEM; Gaillou et al., 2008b) or by Infrared spectrometry (Chauviré et al., 2017). 68 

Langer and Flörke (1974) further distinguished opal-AG (with a Gel-like structure) from opal-69 

AN (with a Network-like, or glass-like structure; also called hyalite opal).  70 

Opal-AG is the most well-known, as the most spectacular gem opals are of this type, 71 

including Australian opals. Both opal-CT (to opal-C) and opal-AG may show play-of-colors, 72 

if they have a structural arrangement at the nanoscopic scale (~150 - 350 nm; Jones et al., 73 

1964) that permits light diffraction. Opal-AG is characterized by a stacking of spheres that 74 

may arrange into cubic packing (then showing play-of-color). Gem opal-CT (to opal-C) may 75 

have a variety of structures but never shows perfect spheres. However, it may form 76 

lepispheres, that when arranged with cubic packing, will display play-of-colors (e.g., Fritsch 77 

et al., 1999; Gaillou et al., 2008b). 78 
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Not all gem opals show play-of-colors, as they can also be attractive due to their transparency 79 

and body colors spanning the entire rainbow. For example, the valuable fire opals have an 80 

attractive red color, and the blue opals span a range from sky blue to aqua blue. 81 

Gem quality opal is formed either in sedimentary environments, such as Australia, where the 82 

opal forms in veins of sandstones of the Great Artesian Basin (e.g. Rey, 2013), or in a 83 

volcanic setting (such as in Mexico) where opal forms in voids created during cooling of 84 

ignimbrites and rhyolitic tuffs (e.g. Koivula et al., 1983; Gübelin, 1986).  85 

Opal-AG has long been associated with sedimentary deposits, while opal-C and -CT with 86 

volcanic environments (e.g., Smallwood et al., 1997; Ostrooumov et al., 1999; Smallwood, 87 

2000; Smallwood et al., 2008). However, this is not always true and opal-AG and opal-CT 88 

may be found in both environments (Rondeau et al., 2004; Gaillou et al., 2008b, Chauviré et 89 

al., 2017). Based on a study on oxygen isotopes, Rondeau et al. (2004) suggested that an 90 

important parameter in the formation of opal-AG versus -CT is the temperature, rather than 91 

the geological setting. This study showed that opal-AG from Australia in a sedimentary 92 

deposit and opal-AG from Slovakia in a volcanic setting were formed at temperatures lower 93 

than 45°C. In contrast, Mexican opals (mostly opal-CT) formed in a volcanic setting were 94 

formed at about 160°C (Spencer et al., 1992). 95 

 96 

Geological setting 97 

The presently dry Lake Tecopa is located in the major intermontane basin southeast of 98 

Death Valley (Figure 1). During most of its existence from Pliocene to middle Pleistocene, 99 

Lake Tecopa oscillated between playa to shallow-lake conditions under arid to semi-arid 100 

environments and even during its deepest stages (5-10 m) it remained both saline and alkaline 101 

(e.g. Larsen, 2008; Larsen et al., 2001; Morrison, 1999). In this dry lake, the sedimentary 102 

deposit is 100 meters-thick and it contains at least 15 ash layers (Hillhouse, 1987; Sheppard 103 
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and Gude, 1968; Strakey and Blackmon, 1979). Ash layers were emplaced by air-fall deposits 104 

with possible subsequent fluvial re-working and re-deposition from the water catchment area. 105 

The three main ash layers that are meter-thick (up to 4 m) and continuously present across the 106 

basin are: the 0.63 Ma Lava Creek Tuff, the 2.1 Ma Huckleberry Ridge Tuff from Yellowstone 107 

supereruptions and the 0.77 Ma Bishop Tuff from the supereruption that formed the Long 108 

Valley caldera (e.g. Crowley et al. 2007; Rivera et al. 2014; Matthews et al. 2015; Martin and 109 

Bindeman 2009).  110 

 111 

Materials 112 

Opals from this study were collected in a small valley about 10 km south of the town of 113 

Shoshone on the West side of the Tecopa basin (N 35°53’20.2”; W 116°15’50.7”). Opals are 114 

present in the volcanic ash layer associated with the Huckleberry Ridge Tuff (HRT; Fig. 2). 115 

The best outcrops of this volcanic deposit occur in the southern part of the basin. These 116 

outcrops consist of hydrous glass shards (3.6wt.% water) that are altered  mostly in K-felspar 117 

and form a resistant ledge of 10 cm to ~1 m in thickness (Fig. 2). This ash layer is relatively 118 

well laminated with undulations at its base (amplitude ~50 cm and wavelength ~1 m) due to 119 

loading pressures, turbidity flow or seismic shaking while the deposit was consolidating in the 120 

basin (e.g. Hillhouse, 1987). Siliceous clay nodules are also present in this consolidated 121 

volcanic layer and opal fills the nodule vesicles (Fig. 2). These vesicles are usually few 122 

millimeters to centimeters in size (Fig. 2). 123 

The opal samples that were analyzed for isotopic analyses are from 3 different nodules. 124 

The opal 1a and opal 1b are from nodule 1 and opal 2 is from nodule 2 (Table 1). In order to 125 

analyze a whole nodule, no opals were extracted from nodule 3 (Table 1). Nodule 4 and 5 126 

were analyzed by SEM and XRD: nodule 4 had less play-of-color areas (called “potch” Opal 127 

4) while nodule 5 was rich in play-of-color (called “poc” Opal 5). Each nodule was broken 128 
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into a few millimetric pieces to give fresh surfaces necessary for looking at the microstructure 129 

by SEM. One fresh surface each of opal 4 and opal 5 were used for XRD.  130 

 131 

Analytical techniques 132 

For XRD investigations, samples were mounted on glass fibers into a Rigaku D/MAX-133 

RAPID microdiffractometer with an imaging plate detector (Smithsonian Institution, Dept. of 134 

Mineral Sciences), a Mo tube source (k-alpha1 λ = 0.7093 Å), with an X-ray tube operating at 135 

50 kV and 40 mA.  Samples were rotated 360° around the phi axis at 1° s-1 during data 136 

collection with a 10 min exposure time. Mineral phases (tridymite versus cristobalite) were 137 

identified using the ICDD database. 138 

High-resolution images were obtained with a FEI Nova NanoSEM 600 variable pressure 139 

ultra-high resolution scanning electron microscope (SEM), using a current of 15 kV and 2 nA 140 

(Smithsonian Institution, Dept. of Mineral Sciences). Two types of samples were imaged for 141 

each opal: freshly fractured, and fractured followed by etching in 10 vol. % HF for 30 sec. 142 

Samples were coated with ~5 nm of gold-palladium alloy. 143 

Oxygen isotope compositions (δ18O) were measured via the laser fluorination line in the 144 

Stable Isotopes Laboratory at the University of Oregon. Between 1 and 2 mg of single or 145 

multiple grains of opal (and host rocks) were loaded in the sample chamber where short (30 s, 146 

1 min and 5 min) bromine pentafluorite (BrF5) pretreatments were performed in order to 147 

remove all the water on the surface of the samples. Molecular oxygen was extracted from 148 

samples by a 35 W CO2-laser using BrF5 as a reagent and purified from the traces of the 149 

reagent cryogenically and through the boiling mercury diffusion pump. After conversion into 150 

CO2, the oxygen isotopes were measured on a Finnigan MAT253 mass spectrometer and run 151 

in a dual inlet mode. The δ18O values obtained were normalized to the international standard 152 

GMG = 5.75 ‰ (on a VSMOW scale; Gore Mountain Garnet). During the experiments, the 153 
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GMG value was 5.67 ± 0.16 ‰ (2σ; N=10). The lower reproducibility than usually observed 154 

on this line (< 0.1 ‰; 2σ) is inferred as coming from the fluorination line background that is 155 

slightly higher than usual (~0.35 µmol vs. < 0.2 µmol) due to high reactivity of opal and its 156 

water with BrF5. 157 

In order to assess independently oxygen isotopic composition of silica and water in 158 

opals, three analytical procedures were used: (1) the oxygen isotopes were measured on 159 

pretreated (as described above) opals only. This procedure leads to the composition of the 160 

whole opal (silica + total water). (2) Opal samples were dehydrated in a vacuum oven at 161 

250°C during 3 hours before fluorination. As dehydration under vacuum condition prevents 162 

isotopic exchange between extracted water and silica at high temperature (e.g. Brandiss et al. 163 

1998), this procedure assesses the composition of silica only. (3) The opal samples were 164 

quickly (~30 s) melted using the laser, while water was pumped away. This method allows a 165 

rapid and complete dehydration of the opal samples and it also prevents significant isotopic 166 

exchange between extracted water and silica at high temperature. As for procedure 2, this 167 

third procedure leads to the silica composition only. However, as complete dehydration is a 168 

key point, this new procedure is compared to procedure 2, which is the most commonly used. 169 

Good reproducibility of ±0.1 ‰ is observed in the silica δ18O (δ18Osilica) via procedure 2 170 

(dehydration in vacuum oven) and procedure 3 (laser melting; Table 1). This indicates that no 171 

significant isotopic exchange occurred during opal dehydration due to water separation from 172 

opal during the dehydration process or the isotopic exchange is reproducible between a slow 173 

or rapid dehydration process (3 hours vs. ~10 seconds), which is less likely due to possible 174 

kinetic isotopic fractionation.  175 

Ash samples hosting the opal nodules as well as the nodule matrix (clay + opal) were 176 

also analyzed following procedure 1.  177 
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Hydrogen isotope composition (δD) and total water contents were measured using a 178 

continuous flow system which consists of a high-temperature conversion elemental analyzer 179 

(Finnigan TC/EA) coupled to a Finnigan MAT253 mass spectrometer in the Stable Isotopes 180 

Laboratory at the University of Oregon. The δD values obtained were normalized to the 181 

international standards such as NBS30 (δD = 50 ‰, H2O = 3.5 wt%), and in house standards 182 

RUH2 (δD = -81.4 ‰, H2O = 4.5 wt%) and BUD (δD = -144.7 ‰, H2O = 2.8 wt%; all on a 183 

VSMOW scale). It is noteworthy that the δD value of these standards were recently re-184 

calibrated for analyses with the TC/EA-MAT253 system at the university of Oregon (see 185 

Martin et al. 2017 for further discussion). During the experiments, the reproducibility of 186 

different in house standard was ± 2 ‰ (2σ). Furthermore, this method allows a precise 187 

measurement of the water content with a precision ≤ 0.1 wt.% (Martin et al. 2017). 188 

 189 

Result 190 

Opal characterization 191 

Opals are observed in vesicles of a consolidated volcanic ash layer. They are white to 192 

milky, frequently with play-of-colors (Fig. 2). They are hydrophane (they stick to the tongue), 193 

meaning that they are porous. Specific gravity obtained with a hydrostatic scale on two 194 

samples were 1.88 and 2.09, which is in the typical range of gem opals (usually between 1.90 195 

and 2.25; Webster, 1975). The total water content is 3.5 - 4 wt.% (Table 2), which is in the low 196 

range for gem opals (usually between 3 and 10 wt.%; e.g., Langer and Flörke, 1974; Holzhey, 197 

1997; Day and Jones 2008). 198 

XRD (Fig. 3) demonstrated that both play-of-color and the rarer common (without play-199 

of-colors) opals from Tecopa are opal-AG, as they present a unique broad diffraction feature 200 

centered around 4.1 Å (Jones and Segnit, 1971). In the opal-bearing tuff, amorphous phase 201 
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(most likely glass), microcline and muscovite were identified, consistent with what was 202 

previously observed in the volcanic deposits from the Tecopa basin (e.g. Larsen, 2008).  203 

SEM images showed a structure made of well-defined spheres (Fig. 4), characteristic of 204 

opal-AG. For play-of-color Tecopa opals, the spheres were about 335 nm in diameter and 205 

arranged in a highly ordered network, allowing diffraction of light (Fig. 4a and 4b). Opal-AG 206 

usually does not present such a remarkable structure on a freshly broken surface (Gaillou et 207 

al., 2008b), after etching, as the HF removed the presence of the dense cement. In the case of 208 

Tecopa opals, the spheres are loosely packed with little cement (Fig. 4a), causing their 209 

porousness. Contact features between the spheres are clearly visible, which is (so far) unique 210 

in opals from Tecopa (Ma & Rossman, 2003). Common opal-AG samples from Tecopa have 211 

spheres that are large (~700 nm) and not organized, preventing light diffraction (Fig. 5). Little 212 

cementation was observed. The spheres were more closely packed than for the play-of-color 213 

opals, which gave rise to beehive-like arrangement of the spheres (Fig. 5). In some 214 

micrographs after HF etching (Fig. 5), the break went through some spheres, showing that 215 

they present a concentric structure in their center, typical of opal-A (Gaillou et al., 2008b). 216 

 217 

Characterization of the water in Tecopa opals 218 

Analyzed opals show δ18O-values between 27.6 and 29.5 ‰, while the dehydrated (at 219 

250°C) or melted opals show a consistent δ18O of 30.5 ‰ (Table 1).  The fact that dehydrated 220 

and melted opals have the same δ18O (δ18Osilica) indicates that no significant isotopic exchange 221 

between water and silica occurred during the water extraction. It also tends to show that both 222 

procedure (2 and 3) leads to a complete water removed from opal. Indeed, during partial 223 

extraction of water, different isotopic fractionations in the two different dehydration 224 

procedures would be expected due to kinetic processes. It is noteworthy that the VBM method 225 

(vaccum bead melting) suggested by Chapligin et al. (2010) is similar to the procedure 3 from 226 
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this study and generates some isotopic fractionations, which were not observed in our study. 227 

This could probably be explained by the fact that during the laser melting, we pump away the 228 

extracted water while in the VBM the water is pumped away after, which could lead to 229 

isotopic exchange between water and silica during opal metling.  230 

Overall, the δ18O measured on the dehydrated and melted opals from this study 231 

represent the δ18O of opal silica only. Up to 2 ‰ variation is observed in δ18O-values between 232 

opals from the two different nodules analyzed and 1 ‰ difference was measured between the 233 

two different opals from the same nodule (opal 1a and opal 1b). However, no significant 234 

variation (≤ 0.2 ‰) is observed in the different dehydrated opals, illustrating the oxygen 235 

isotopic composition homogeneity of the silica from Tecopa opals. The HRT ash layer that 236 

hosts the opal nodules has a δ18O = 15.8 ± 0.3 ‰ and nodule 1 matrix has δ18O = 21.4 – 22.4 237 

‰ (Table 1). Considering the opal composition from the same nodule and by mass balance 238 

calculation, we determined that between 43 and 56 % of the nodule1 matrix consists of opal 239 

filling small vesicles. 240 

The hydrogen isotopic composition of the opal dehydrated at 34 % is -90 ± 2 ‰ (Table 241 

2), and the dehydrated opal at 40 % and 43 % (2.1 and 2.0 wt.% total water) has a lower δD of 242 

-107 ‰ and -101 ‰, respectively. The HRT volcanic ash layer hosting the opals consists of 243 

hydrous glass shards, which contain 3.6 ± 0.2 wt.% total water with a δD of -92 ± 5 ‰ 244 

(Martin et al., 2017). The water in the ash is meteoritic due to secondary re-hydration of the 245 

volcanic glass after its deposit (Taylor, 1968; Friedman et al., 1993b; Martin et al., 2017). 246 

 247 

Discussion 248 

Conditions of opal formation: 249 

The consistent δ18Osilica = 30.5 ± 0.1 ‰ measured in different Tecopa opals indicates that 250 

they were precipitated from the same fluid under the same temperature conditions. In the 251 
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Tecopa basin, the present-day spring waters have δ18O-values between -13 ‰ and -11 ‰ and 252 

temperatures typically between 15°C and 30°C, while some spring waters have temperature 253 

lower than 10°C and others higher than 40°C (Larsen et al., 2001). 254 

To the best of our knowledge, no studies have discussed the oxygen isotope 255 

fractionation coefficient as a function of the temperature between water and silica in gem 256 

opals. However, some studies discuss this isotopic fractionation in biogenic opal-A from 257 

marine diatoms (e.g. Brandiss et al., 1998; Juillet-Leclerc and Labeyrie, 1987; Schmidt et al., 258 

2001). In diatom opals, in addition to the temperature, some more complex biogenic processes 259 

contribute to the isotopic fractionation between silica and water. In terms of isotopic 260 

compositions, these biogenic opals are the closest to the opals from this study, compared to 261 

quartz that is the most often used for isotopic fractionation experiments between silica and 262 

water (e.g. Sharp et al. 2016 for a review). Furthermore, the relation between oxygen isotope 263 

fractionation coefficients and temperature from Brandiss et al. (1998) are based on fresh 264 

diatoms. Hence biogenic processes play a major role in the isotopic fractionation, which is not 265 

the case in gem opal formation as those from Tecopa. However, Juillet-Leclerc and Labeyrie’s 266 

(1987) result is based on fossil diatoms for which the isotopic composition records the 267 

fossilization or silica maturation process conditions as opposed to the initial opal formation 268 

during diatom life (e.g. Schmidt et al., 2001). Non-biogenic processes are inferred in this 269 

secondary process and this is the reason why we suggest that Juillet-Leclerc and Labeyrie’s 270 

(1987) fractionation coefficient is more accurate to assess gem opal formation conditions at 271 

low temperature (<50°C). Finally and for comparison we will also consider the recent 272 

calibration of the SiO2-H2O isotopic fractionation for a wide temperature range from Sharp et 273 

al. (2016). 274 

The first approach that we discuss here is the estimation of the water δ18O by 275 

considering that the initial water from which opals precipitated had the same temperature as 276 
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the present-day spring waters from the Tecopa basin (15°C - 30°C). By using the Brandis et 277 

al. (1998) fractionation coefficients, the δ18O of the initial total water was between -3 ‰ and 0 278 

‰, between -9.5‰ and -4‰ considering the Juillet-Leclerc and Labeyrie (1987) or Sharp et 279 

al. (2016) coefficients (Table 3). In all cases, the water is isotopically lighter than the water 280 

currently flowing through the Tecopa sediment beds (-12 ± 1 ‰) and respectively 60-70 % 281 

and 25-50 % of evaporation of the present-day water springs at 15-30°C is required to reach 282 

such values (Fig. 6).  283 

The second approach consists of estimating the initial water temperature considering 284 

that its δ18O is the same as in the present day Tecopa spring waters (-12 ± 1 ‰). Brandiss et 285 

al. (1998) fractionation coefficient gives formation temperatures of Tecopa opals between -25 286 

and -30°C. However, temperatures calculated from the Juillet-Leclerc and Labeyrie (1987) or 287 

Sharp et al. (2016) fractionation coefficient results in temperatures between +2 and +10°C 288 

(Table 3). Such temperatures are lower than the most common water springs from the Tecopa 289 

basin. Negative temperatures are unlikely as water would be frozen and thus not able to flow 290 

through sediment beds and precipitate opal. However, +2 to +10°C initial water is more likely 291 

and corresponds to the temperature of cold spring waters that are currently present in the 292 

Tecopa basin (Larsen et al., 2001). 293 

Therefore, we can conclude that Tecopa opals were formed between +2 to +10°C in 294 

water having a δ18O of -12 ± 1 ‰ or at 15-30°C in water having a δ18O between -9.5 and -4 295 

‰ and as a result undertook 25-50 % evaporation (Fig. 6). 296 

Tecopa opals from this study were found in the 2.1 Ma HRT ash layer that is in the K-297 

feldspar diagenetic facies. Now, we can address the question, is the opal formation related to 298 

the diagenetic event? The diagenetic zeolite species and K-feldspars observed in the Tecopa 299 

basin occur at temperatures higher than 60-70°C (e.g. Larsen, 2008; Utada, 2001). As inferred 300 

above, the maximum opal formation temperature is around 30°C, which is still lower than 301 
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zeolite and K-feldspar diagenetic facies temperature conditions. Tecopa opals were most 302 

likely formed after the diagenetic event as they are opal-A and did not get transformed into 303 

opal-CT (e.g. Jones & Segnit, 1971; Jones & Renaut, 2007). This diagenetic event is not well 304 

constrained in time (Larsen, 2008; Sheppard and Gude, 1968). 305 

Comparatively with other oxygen isotopic studies on opals in diverse geological 306 

settings, this work relates well with the study of Rondeau et al. (2004) on Slovakian gem 307 

opals. Indeed, Slovakian opal-AG formed in a volcanic setting, at low temperature (lower 308 

than 45°C) with a δ18Osilica of about 31 ‰. In that case and at Lake Tecopa, opal formation 309 

was an epigenic process, which happened after the volcanic event. It contrasts with the 310 

formation of opal-CT (δ18O ~ 13 ‰) at higher temperature (~ 160°C) in ignimbrite and in 311 

void space in rhyolitic rocks (Rondeau et al., 2004). As previously proposed by Rondeau et al. 312 

(2004), this study confirms that the difference between the formation of opal-AG and opal-CT 313 

depends (at least) on the temperature of formation: low for opal-AG (so far lower than 45°C) 314 

and higher for opal-CT (160°C or higher; Spencer et al., 1992; Rondeau et al., 2004).  315 

 316 

Water in opals: 317 

The heterogeneity observed in δ18O measured in opals (non-dehydrated; SiO2 . nH2O) 318 

shows that water in opals have a different content and/or have heterogeneous composition. We 319 

attempted to assess the water δ18O (δ18Owater) by considering the total water content of opals 320 

and the opal δ18O before and after dehydration, Equation 1. 321 

Equation 1: 
δOwater=

δOopal− (1− 1.68 X )δOsilica

1.68 X  322 

δ18Oopal and δ18Osilica are respectively the values measured for opal before and after dehydration. 323 

X corresponds to the total water wt.% measured and the factor 1.68 corresponds to the enrichment of oxygen in 324 

total water relatively to silica. Indeed, O weight is 89wt.% in H2O, 94wt.% in OH 94% and 53 wt.% in SiO2. 325 

Considering that OH is usually around 10-15% of total water in opal A (e.g. Day and Jones 2008; Langer and 326 
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Flörke, 1974), the enrichment is fixed here at 1.68. It is noteworthy that the change between 1.67 (pure H2O) and 327 

1.68 (85% H2O and 15%OH) on the δ 18Owater calculated is lower than the δ18O reproducibility on our samples 328 

(± 0.1 ‰). 329 

We performed this calculation for the opal 2 from nodule 2 (Table 1) where analyses 330 

before and after dehydration have been conducted and where the total water content was 331 

measured on the same opal 2 (3.5 wt.%; Table 2). The calculated composition shows a mean 332 

value of ~12 ‰ (Table 1 and Fig. 5), which is ~24 ‰ heavier than the actual water 333 

composition from the Tecopa basin (-12‰; Fig. 6). Note that the opals (1a and 1b) from 334 

nodule 1 show lower δ18O than the opal from nodule 2, which is consistent with higher total 335 

water content measured (4 wt.%). Considering this 4 wt.%, total water δ18O is between -11.5 336 

‰ and 6.5 ‰, which is intermediate between the actual water from the Tecopa basin (-12‰) 337 

and the isotopically heaviest water calculated from nodule 2 (+12 ‰; Fig. 6). Furthermore, 338 

during the melting of opal 2 from nodule 2 (see procedure 3 in the analytical technique 339 

section above), the extracted water was trapped in a cold trap, and after fluorination we were 340 

able to measure a δ18Owater of 8.5 ‰. It is important to note that the analytical error is high 341 

(probably up to 1 or 2 ‰) on this analysis due to the very small amount (2 µmol) of water 342 

analyzed. Unfortunately, we did not have enough opal left to repeat the analysis on larger 343 

amount of extracted water. Nevertheless, this value is in the same range (according to the 344 

analytical errors) as the calculated δ18Owater (~12 ‰) from the same opal and surprisingly 345 

drastically different from the actual δ18Owater ≈ -12 ‰ from the Tecopa basin (Table 1 and Fig. 346 

6). 347 

The opal formation by precipitation of silica requires an evaporation of the residual 348 

water before the opal “consolidation”. Such evaporation could explain the relatively high δ18O 349 

measured in opal water compared to the Tecopa groundwater. Using the isotopic fractionation 350 

from Horita and Wesolowski (1994), we estimate that 80-95 % of evaporation at 5-30°C is 351 
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required in order to increase the δ18O of the initial water (-12 ‰) up to ~12 ‰ (Fig. 6). 352 

Finally, figure 6 shows that opal can record the water composition during different stages of 353 

its formation and specifically the latest ones (from 15 % to 95 % water evaporation). 354 

The analysis of hydrogen isotopes in opal shows a direct link to the water composition. 355 

In this study, δD of -90 ± 2 ‰ was measured in 34 % dehydrated opals. The actual water that 356 

is present in the Tecopa basin is δD = -100 ‰ to -95 ‰ (Larsen et al., 2001), thus the total 357 

water contained in Tecopa opals has apparently a comparable composition than the 358 

isotopically heaviest water from the Tecopa basin. Hydrogen isotope ratio of the HRT 359 

volcanic ash layer that hosts opals is -92 ±5 ‰, which is comparable to what is measured in 360 

opals. Considering a comparable isotopic fractionation between water - amorphous silicic 361 

glass and water – opal at relatively low temperature (5-30°C) and knowing that the origin of 362 

water from the volcanic ash is secondary due to re-hydration of the glass (Taylor 1968; 363 

Friedman 1993, Martin et al. 2017), the water from which the opal precipitated had a 364 

relatively similar composition to the water that re-hydrated the volcanic silicic glass. The HRT 365 

ash deposit is 2.1 Ma, and considering that glass hydration took place soon after its deposit, 366 

the water composition in the Tecopa basin today seems relatively similar to the water in the 367 

same basin 2.1Ma ago. 368 

The fractionation coefficient of the D/H ratio between water and opal is not known, but 369 

it is strongly dependent on the ratio between the molecular (H2Om) and structural (OH) water 370 

as well known in amorphous silicic glass (e.g. Dobson et al., 1989; Newman et al., 1988; 371 

Pineau et al., 1998). In opal, OH corresponds to water bounded to silica, whereas H2Om is 372 

most likely adsorbed on the surface and fills the pores (Langer and Florke, 1974, Flörke et al., 373 

1991). In opal-A, due to its compact structure, the proportion of OH is usually about 10-15 % 374 

of the total water, while in opal-CT, OH is about 3-4 % of the total water (e.g. Day and Jones 375 

2008; Langer and Flörke, 1974)  376 
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In nodule 2, opals dehydrated at 34 % have a δD of -90‰, while a δD of about -104 ‰ 377 

is measured in opals dehydrated at 40-43% (table 2). During dehydration at 110°C, molecular 378 

H2Om is easily removed from opal while OH stays most likely bounded to the opal silica (e.g. 379 

Thomas et al. 2007).  Therefore the fact the δD decreases with dehydration shows that H2Om 380 

is isotopically heavier (higher δD) than OH. This is similar to what is observed in silicic 381 

magmas, where δD of H2Om is expected to be ~65 ‰ higher than in OH (De Hoog et al., 382 

2009, and references therein). 383 

 384 

Implications 385 

This study shows that in the Tecopa basin, opals were formed between 2 and 30°C, from 386 

water circulating in the host volcanic ash bed (2-10°C from the basin groundwater similar to 387 

present conditions or at 15-30°C after 25-50% evaporation of this groundwater). On the other 388 

hand, oxygen isotope composition of opal’s water indicates different stages of opal formation 389 

from groundwater. Opal seems to precipitate from groundwater that is experiencing isotopic 390 

distillation during its circulation, most likely due to an evaporation mechanism, from 15 % up 391 

to 80-95 %. Finally, hydrogen isotopic analysis show that molecular water (H2Om) is 392 

isotopically heavier that structural water (OH). 393 

Further work must be done in order to determinate the O- and H-isotopic composition 394 

and speciation of water in opals from other localities and from other types (opal-CT, opal-C). 395 

Indeed, this kind of approach on amorphous silica materials such as volcanic glass and cherts 396 

are widely used to discuss paleoclimate or paleoenvironment reconstitutions (e.g. Taylor, 397 

1968; Friedman et al., 1993b; Hren et al., 2009; Marin-Carbonne et al., 2014; Mulch et al., 398 

2008; Pingel et al., 2014; Saylor and Horton, 2014; Martin et al. 2017). 399 

As paleoenvironments go, studies are not limited to Earth. On Mars, at Gale and Gusev 400 

craters, diagenetic silica enrichment was observed in bedrock layers (Squyres et al., 2008; 401 
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Ruff et al., 2011; Ruff and Farmer, 2016; Frydenvang et al., 2017, Hurowitz et al., 2017). This 402 

enrichment might have come as a later process of mobilization of surrounding silica-rich 403 

volcanic rocks at lower temperatures than previously thought (Frydenvang et al., 2017). 404 

Tecopa opals from this study could be a better analog for silica enriched zones on Mars, with 405 

water mobilization at low temperature, and where opal-A might thrive.  406 

 407 
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Figure Captions: 611 

 612 

Figure 1 :  613 

Map of the southwest of the United States of America, showing the location of the Tecopa 614 

basin, southeast of Death Valley. 615 

 616 

Figure 2 :  617 

Photos of Tecopa opals on the field: A) Small valley where gem opals from this study were 618 

collected. The HRT ash layer is highlighted by white dotted lines; B) Close-up on the HRT 619 

ash layer that hosts the gem opals; C) One of the nodules present in the ash layer that contains 620 

opals; D) siliceous clay nodules in the HRT tuff bed; E) Opal in the interior of a nodule (note 621 

the hand lenses for scale); F) Play-of-colors in some opals. 622 

 623 

Figure 3: Diffractogram of play-of-color opal 5, showing mostly an amorphous band at 4.1 624 

Å, typical of opal-A. Diffractogram of the common opal 4 showed a similar pattern. 625 

 626 

Figure 4: SEM picture of a Tecopa play-of-color opal-AG on a freshly broken surface. A) In 627 

Opal 5, the perfect stacking of spheres ~ 330 nm in diameter is visible, as well as the loose 628 

cement in between spheres’ layers. B) After HF etching of Opal 5, most of the cement is 629 

removed, revealing a perfectly packed structure. Contact features between the spheres are 630 

characteristic of Tecopa opals.  631 

 632 

Figure 5: SEM picture of Tecopa common Opal 4 on a freshly broken surface. The spheres 633 

are too big (~700 nm) and not well-packed, precluding light diffraction, thus play-of-color. 634 

Notice the internal concentric structure. 635 

 636 

Figure 6: Oxygen isotope composition of opal silica as well as of the water from which it 637 

precipitates during evaporation at 5°C and 30°C. Initial water composition is from Larsen 638 

(2001), isotopic fractionations of water during evaporation are from Horita and Wesolowski 639 

(1994) and isotopic fractionations between opal silica and water are from Juillet-Leclerc and 640 

Labeyrie (1987) and Sharp et al. (2016). Values reported in the figure (measured or 641 

calculated) are the mean values from the table 1 and are discussed in details in the text. 642 

 643 
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  644 

Table 1 :  Oxygen isotope compositions of opals and host rocks. Different δ18O values for 645 

the same sample correspond to replicates. 646 

    δ18O (‰) mean δ18O (‰)

calculated 
water δ18O 

(‰) *

 

Nodule 1 

opal 1a 
27.3

27.6 
  

27.8
-11.3
(±5.8)

 

27.8   

opal 1b 28.8 28.8 6.6
(±2.8)

 

opal 1a + 1b 
dehydrated 

30.2
30.4 

  
30.6   
30.4   

Nodule 2 

opal 2 29.2 29.5 11.9 
(±6.5) 

 
29.8  

opal 2 
dehydrated 

30.5
30.6   

30.6    

opal 2 melted 30.5 30.5 8.5**  
30.5  

Ash deposit 15.5
15.8   

16.1 opal proportion (%) 

Nodule 3 (clay + opal) 21.4  (1) 47 (2) 43 
22.4  (1) 56 (2) 52 

 647 

* Equation 1: 
( )

X
δOXδO

=δO silicaopal
water 1.68

1.681 −−
 648 

δ18Oopal and δ18Osilica are respectively the mean values measured for opal before and after dehydration. 649 
X corresponds to the total water wt.% measured and the factor 1.68 corresponds to the enrichment of oxygen in 650 

total water relatively to silica. Indeed, O weight is 89wt.% in H2O, 94wt.%, in OH 94% and   53 wt.% in SiO2. 651 

Considering that OH is usually around 10-15% of total water in opal A (e.g. Day and Jones 2008; Langer and 652 

Flörke, 1974), the enrichment is fixed here at 1.68. It is noteworthy that the change between 1.67 (pure H2O) and 653 

1.68 (85% H2O and 15%OH) on the δ 18Owater calculated is lower than the δ18O reproducibility on our samples 654 

(± 0.1 ‰). 655 

** Value measured in water extracted from opal during the opal melting (see text for details). 656 
 657 

 658 

 659 

 660 

 661 
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 662 

 663 

Table 2: Total Water content and hydrogen isotope compositions of opal and host rock. 664 

Different δD and total water content values for the same sample correspond to replicates. 665 
 666 
 667 

  Total water 
content (wt.%)

% of 
dehydration δD mean 

δD
Nodule 1 opal 1c 4.0* - - -

 
Nodule 2 

 

opal 2 3.5* 0% - -

opal 2** 
2.3

34% 
-87

-90 2.3 -90
2.3 -92

opal 2*** 2.0 43% -101
-104

2.1  40% -107 

Host rock Volcanic ash 3.7  -89 -92 
3.5  -95

* Total water content measured by mass difference of the opal before and after 3 hours in a vacuum oven at 668 
250°C. 669 
** 34% dehydration was obtained by letting the opal in a desiccator for a few days. 670 
***40-43% dehydration was obtained after 2 hours in a vacuum oven at 110°C. 671 
 672 

 673 

 674 

Table 3 :  Water composition and temperature from which opal precipitated. 675 
 Initial δ18Owater Initial water T°C 

Brandiss et al. 

(1998) 

-13‰ to -11‰ -20 to -30°C 

-3‰ to 0‰ 15 to 30°C 

Juillet-Leclerc and 

Labeyrie, (1987) 

-13‰ to -11‰ 5 to 10°C 

-9.5‰ to -5.5‰ 15 to 30°C 

Sharp et al. (2016) 
-13‰ to -11‰ 2 to 8°C 

-9‰ to -4‰ 15 to 30°C 

Brandiss et al. (1998): 1000Lnα = 15.56.103/T – 20.92, Juillet-Leclerc and Labeyrie (1987) 1000Lnα = 676 
3.26.106/T2 + 0.45 and Sharpet al. (2016) : 1000Lnα = 4.2.106/ T2 – 3.3.103/T (α : oxygen isotopes fractionation 677 
coefficient between silica and water; T: temperature). Values in bold are calculated values and the others are 678 
fixed values from the present-day Tecopa spring waters (Larsen et al., 2001). 679 
 680 
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