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Abstract 24 
 25 
Magnesium carbonate minerals produced by reaction of H2O-CO2 with ultramafic 26 

rocks occur in a wide range of paragenetic and tectonic settings and can thus provide 27 
insights into a variety of geologic processes, including (1) deposition of ore-grade, 28 
massive-vein cryptocrystalline magnesite; (2) formation of hydrous magnesium 29 
carbonates in weathering environments; and (3) metamorphic carbonate alteration of 30 
ultramafic rocks. However, the application of traditional geochemical and isotopic 31 
methods to infer temperatures of mineralization, the nature of mineralizing fluids, and the 32 
mechanisms controlling the transformation of dissolved CO2 into magnesium carbonates 33 
in these settings is difficult because the fluids are usually not preserved. Clumped-isotope 34 
compositions of magnesium carbonates provide a means to determine primary 35 
mineralization or (re)equilibration temperature, which permits the reconstruction of 36 
geologic processes that govern magnesium carbonate formation. We first provide an 37 
evaluation of the acid fractionation correction for magnesium carbonates using synthetic 38 
magnesite and hydromagnesite, along with natural metamorphic magnesite and low-39 
temperature hydromagnesite precipitated within a mine adit. We show that the acid 40 
fractionation correction for magnesium carbonates is virtually indistinguishable from 41 
other carbonate acid fractionation corrections given current mass spectrometer resolution 42 
and error.  In addition, we employ carbonate clumped-isotope thermometry on natural 43 
magnesium carbonates from various geologic environments and tectonic settings. 44 
Cryptocrystalline magnesite vein deposits from California (Red Mountain magnesite 45 
mine), Austria (Kraubath locality), Turkey (Tutluca mine, Eskişehir district) and Iran 46 
(Derakht-Senjed deposit) exhibit broadly uniform Δ47 compositions that yield apparent 47 
clumped-isotope temperatures that average 23.7 ± 5.0°C. Based on oxygen isotope 48 
thermometry, these clumped-isotope temperatures suggest mineralization at shallow 49 
crustal depths in the presence of meteoric water. Hydrous magnesium carbonates from a 50 
400-km latitudinal transect along the serpentinized-peridotite bodies of the California 51 
Coast Ranges record clumped-isotope temperatures between 14.2 and 22.7 ± 2.8°C, in 52 
agreement with historical maximum temperatures during the rainy season for California. 53 
Talc-carbonate alteration of ultramafic rocks in Greenland (Isua Supracrustal Belt) and 54 
Vermont (Ludlow) yields clumped-isotope alteration temperatures of magnesite and 55 
dolomite between 326 and 490°C, broadly consistent with paragenesis and 56 
thermodynamic analysis for CO2 metasomatism of ultramafic rocks. These metamorphic 57 
carbonates extend the applicability of clumped-isotope thermometry to high-temperature 58 
magnesium carbonate systems and indicate equilibrium blocking temperatures for 59 
magnesite of ~ 490°C. Our study demonstrates the applicability of the clumped isotope 60 
approach to provide information on the formation of magnesium carbonates as ore 61 
resources, surface records of climate, and metamorphic assemblages. 62 
 63 
 64 
Keywords: magnesite, hydrous magnesium carbonates, clumped-isotope thermometry, 65 
carbon capture and storage.  66 

 67 
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1. Introduction 70 
 71 

Magnesite (MgCO3) and hydrated magnesium carbonates form in a wide variety of 72 
geologic environments and are ubiquitous throughout the geologic record.  Considered to 73 
be a potentially major reservoir of carbon in the Earth’s mantle (Wang et al., 1996; 74 
Isshiki et al., 2004; Hazen and Schiffries, 2013), magnesite is stable at pressures and 75 
temperatures that encompass metamorphic and hydrothermal systems, continental and 76 
oceanic sedimentary environments, and shallow crustal and surface processes (Bristol, 77 
1972; McGetchin and Besancon, 1973; Lappin and Smith, 1978; Pohl, 1990; Zhang and 78 
Liou, 1994; Sherlock and Logan, 1995; Melezhik et al., 2001; Schroll, 2002; Hansen et 79 
al., 2005; Boschi et al., 2009; Falk and Kelemen, 2015). In contrast, hydrous magnesium 80 
carbonates are restricted to Earth’s surface and occur in the form of lacustrine deposits, 81 
incrustations and stalactites in cave systems and mine adits, and as weathering products 82 
in ultramafic mine tailings, soil profiles and road cuts (Genth and Penfield, 1890; Wise 83 
and Moller, 1995; Braithwaite and Zedef, 1996; Cañaveras et al., 1999; Zedef et al., 84 
2000; Power et al., 2009; Wilson et al., 2009; Wilson et al., 2010; Pronost et al., 2012; 85 
Beinlich and Austrheim, 2012; Harrison et al., 2013; Power et al., 2014; Wilson et al., 86 
2014).  87 

Magnesium carbonates hosted in ultramafic rocks represent a geologically stable, 88 
long-term repository for CO2 at crustal conditions and their formation parameters can 89 
provide geologic constraints for engineered CO2 capture and storage (CCS) (Kelemen, 90 
2008; Matter and Kelemen, 2009; Kelemen et al., 2011; Power et al., 2013a; Power et al., 91 
2013b). Field observations, structural relationships, and classical stable isotope 92 
thermometry of ultramafic-hosted cryptocrystalline magnesite have been applied to 93 
various extents (Petrov, 1980; Pohl, 1990; Jedrysek and Halas, 1990; Fallick et al., 1991; 94 
Abu-Jaber and Kimberley, 1992; Zedef et al., 2000; Ghoneim et al., 2003; Gartzos, 2004; 95 
Ece et al., 2005; Mirnejad et al., 2008; Jurković et al., 2012; Streit et al., 2012; Oskierski 96 
et al., 2013; Quesnel et al., 2013; Kahya and Kuşcu, 2014; Ulrich et al., 2014), with 97 
relatively limited focus on hydrous magnesium carbonates (Power et al., 2014). 98 
However, the temperatures of formation and the origin and composition of mineralizing 99 
solutions associated with natural magnesium carbonate precipitation remain poorly 100 
constrained, although both are critical to determining the genetic model for the many 101 
large-scale deposits.  102 

The presence of cryptocrystalline magnesite deposits and hydrous magnesium 103 
carbonates in obducted segments of serpentinized peridotite and serpentinite suggests that 104 
carbonate mineralization postdates serpentinization and, by inference, occurs at 105 
temperatures at or lower than serpentinization temperatures (50-300°C; Evans, 2010). 106 
Coupled stable isotope compositions (13

C and 18
O) of ultramafic-hosted magnesium 107 

carbonates have been essential in approximating the temperature of mineralization, the 108 
types of mineralizing fluids, and sources of CO2. However, the oxygen isotope 109 
composition of magnesite (18

Omgs) cannot be used to independently establish the 110 
temperature of crystallization, Tmgs, or to calculate the oxygen isotope composition of the 111 
mineralizing solution (18

Ofluid) in equilibrium with the carbonate mineral. In this case, 112 
either Tmgs or 18

Ofluid need to be assumed to satisfy the oxygen isotope fractionation 113 
between magnesite (18

Omgs) and the fluid (18
Ofluid), as given by the equation 114 
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18

Omgs −
18

Ofluid=(A×10
6
)/Tmgs

2
+B  (1) 116 

 117 
where A and B are determined experimentally (Faure and Mensing, 2005). However, 118 
there are no experimental data specific for magnesite. Although both Tmgs and 18

Ofluid 119 
can be resolved using other approaches (e.g., fluid inclusions, thermodynamic stability 120 
calculations, or field observations), we apply a different approach using carbonate 121 
clumped-isotope thermometry, which independently defines Tmgs without a priori 122 
knowledge of the isotopic composition of the mineralizing solution (Eiler, 2007). This 123 
approach has been shown to yield accurate temperatures of formation for a wide range of 124 
geologic environments and synthetic carbonates. For a detailed review on the 125 
applicability of carbonate clumped isotope geochemistry, the reader is referred to recent 126 
reviews by Eiler et al. (2014) and Huntington and Lechler (2015).   127 

We first evaluate the fractionation correction required for acid decomposition of 128 
magnesium carbonates in anhydrous phosphoric acid to release CO2 for analysis (e.g., 129 
McCrea, 1950). For the acid fractionation evaluation, we use synthetic magnesite and 130 
hydromagnesite, along with metamorphic magnesite and low-temperature 131 
hydromagnesite precipitated within a mine adit. These measurements are complemented 132 
by additional magnesite samples (Streit et al., 2012; Falk and Kelemen, 2015). We also 133 
determine clumped-isotope temperatures of formation of: (1) cryptocrystalline magnesite 134 
from California (USA), Austria, Turkey and Iran, (2) nesquehonite (MgCO3·3H2O), 135 
hydromagnesite (Mg5(CO3)4(OH)2·4H2O), dypingite (Mg5(CO3)4(OH)2·5H2O) and 136 
artinite (Mg2(CO3)(OH)2·3H2O) from surface deposits in the peridotite-serpentinite belt 137 
of the California Coast Ranges; and (3) high-temperature magnesite and dolomite related 138 
to talc-carbonate alteration of Archean crust (Isua, Greenland) and serpentinite 139 
interspersed in the Moretown Formation (Vermont, USA). High-temperature carbonates 140 
provide additional calibration constraints and empirical insights into apparent equilibrium 141 
blocking temperatures, and extend the use of clumped-isotope thermometry of 142 
magnesium carbonates to high-temperature environments. Clumped-isotope temperatures 143 
provide new insights into mineral paragenesis and fluid sources related to the alteration 144 
of ultramafic rocks on the surface and at crustal depths, with particular emphasis on the 145 
California deposits. 146 
 147 

2. Geologic Setting and Paragenesis  148 
 149 
Samples described below are summarized in Table 1 according to sample name, 150 

mineralogy, location, and the expected or independently constrained temperature of 151 
mineralization. Locations of the samples are shown in Fig. 1a and detailed locations for 152 
California samples are shown in Fig. 1b. Additional descriptions of the samples are 153 
provided in Appendices A and B, including X-ray diffraction (XRD) patterns confirming 154 
mineralogy and dominant phases (Fig. A1), and end-member crystal structures of 155 
magnesite (Fig. A2) and hydrous magnesium carbonates (Fig. A3).   156 

 157 
2.1 Cryptocrystalline magnesite  158 
 159 
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Cryptocrystalline magnesite (also referred to in the literature as Kraubath-type, 160 
bone magnesite, or gel magnesite) hosted in ultramafic rocks is an aggregate of euhedral 161 
magnesite crystal clusters (~3 m) and individual, fine (<1 m) euhedral magnesite 162 
crystals held within a matrix of smaller (<0.1 m) spherical aggregates of crystalline 163 
magnesite (Figs. 2a-2b). Cryptocrystalline magnesite, which is generally bright white and 164 
has conchoidal fracture, is devoid of fluid inclusions and does not exhibit pseudomorphic 165 
replacement textures from the host ultramafic rock (Fig. 2c). Ore-grade cryptocrystalline 166 
magnesite samples were obtained from the Red Mountain Magnesite Mine in the 167 
peridotite segment of the Del Puerto Ophiolite (DPO) of the California Coast Ranges (Fig 168 
1b; Table 1). The magnesite samples are representative of the various modes of 169 
cryptocrystalline magnesite from different sections and depths of the Red Mountain vein 170 
system, namely massive magnesite veins (10’s of meters in width and >100’s of meters in 171 
length and depth; Fig. 3a; samples SD10-2, DV10-27C and DV10-6), veinlets (~10 cm 172 
wide; Fig. 3b; sample DV10-21B), nodules (~30 cm diameter average; Fig 3c; samples 173 
DV10-21A and N6V10-2A), and brecciated purple magnesite (sample RM09-12II). The 174 
cryptocrystalline magnesite samples from the Red Mountain mine are complemented by 175 
samples from other regions (Fig. 1a): (1) the type locality for cryptocrystalline magnesite 176 
in Austria (Kraubath deposit; sample AU-15) (Redlich, 1909; Pohl, 1990; Horkel et al., 177 
2009); (2) Turkey (Tutluca open pit magnesite mine, Eskişehir province, Turkey; sample 178 
070815-7; Kahya and Kuşcu, 2014); and (3) Iran (Derakht-Senjed magnesite deposit; 179 
sample dhs23) hosted in serpentinized peridotite. Temperatures of formation of 180 
cryptocrystalline magnesite in various deposits worldwide vary from ~10 to 100°C, based 181 
on oxygen isotope thermometry and assuming δ

18
Ofluid compositions of mineralizing 182 

waters specific to each locality (references and data in Table A1).  183 
 184 
2.2 Hydrous (and hydroxyl) magnesium carbonates 185 
 186 

Hydrous magnesium carbonates were collected from surface exposures of several 187 
ultramafic bodies distributed in a 400-km latitudinal expanse along the California Coast 188 
Ranges (Fig. 1b and Table 1). From north to south: (1) hydromagnesite nodules from 189 
serpentinite at the McLaughlin Reserve (Figs. 4a-4b; sample MCL-2); (2) 190 
hydromagnesite nodules from road cuts traversing the Del Puerto peridotite (Fig. 4c-4d; 191 
sample RC1); (3) hydromagnesite nodules from the New Idria serpentinite, San Benito 192 
County, California  (Fig. 4e; sample 09-NI-3), and (4) artinite crystals from a different 193 
area of the New Idria serpentinite (Fig. 4f; sample 10-NI-1). Detailed description of each 194 
locality is provided in Appendix B.  195 

Historical climate data are employed to constrain the possible precipitation and 196 
temperature conditions that trigger the formation of surface hydrous magnesium 197 
carbonates in California. Figures A4 and A5 show a compilation of precipitation and 198 
temperature data from several weather stations that cover a similar latitudinal expanse 199 
and are in close proximity to the sampling location of hydrous magnesium carbonates 200 
(Fig. 1b; Table A3 and Appendix B). The corresponding formation period for surface 201 
magnesium carbonates in California likely occurs when rains have provided water to the 202 
exposed ultramafic rocks and evaporative concentration drives supersaturation with 203 
respect to the hydrous magnesium phases. We thus infer that surface magnesium 204 
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carbonate formation is expected to happen during the rainy winter months from October 205 
to April at maximum average temperature ~15 to 25°C (Figs. A4 and A5).    206 
 207 
2.3 Red Mountain mine adit hydrous magnesium carbonates 208 
 209 

Mine adit samples consist of fine to cryptocrystalline white and transparent 210 
magnesium carbonates that coat the walls and ceilings of various sections of the Red 211 
Mountain mine adits (Fig. 5a). Two apparent cogenetic phases can be distinguished 212 
morphologically: a crustiform-type coating of admixed hydromagnesite and minor 213 
dypingite (Figs. 2d-2f, 5b-5d; sample DPT12-10 crust) that covers the exposed host rock 214 
and has shiny, pearl-like appearance (Figs. 5b-5c); and powdery, salt-like, transluscent 215 
nesquehonite that develops on the crustiform-type coating (Figs. 5b-5c; sample DPT12-216 
10 salt). Both samples were collected 208.6 m from the portal entrance of the mine where 217 
the temperature appears to be constant at 11.3°C, based on repeated temperature 218 
measurements throughout the mine system (refer to figure caption of Fig. 5a for details). 219 
We use the hydromagnesite sample (DPT12-10 crust) as a low-temperature calibration 220 
point for the acid correction fractionation as discussed in Section 4.1. Additional 221 
description of mine adit samples is provided in Appendix B.  222 

 223 
2.4 High-temperature carbonates  224 
 225 
2.4.1 Magnesite and Dolomite (Isua, Greenland) 226 

Cogenetic magnesite and dolomite occur in carbonate-talc veins within 227 
serpentinized dunite-peridotite of the Eoarchean Isua supracrustal belt, Greenland (Fig. 228 
1a; Nutman et al., 1984; Rose et al., 1996; Pope et al., 2012; Szilas et al., 2015). The 229 
sampled vein is ~30 cm in width and is exposed for several meters in outcrop (Fig. 6a). 230 
Both dolomite (sample 14-05 White) and magnesite (sample 14-05 Red) occur intimately 231 
intergrown with talc (Fig 6b). The carbonates represent the metamorphic mineral 232 
assemblage talc + antigorite ± olivine ± dolomite ± magnesite, which independently 233 
constrains the temperature of alteration between 430-490°C over the range of likely 234 
pressure conditions (0.5 to 5 kb) and CO2 compositions (Trommsdorff and Evans, 1977; 235 
Dymek et al., 1988; Bucher and Grapes, 2011). We adopt a temperature of 450°C as 236 
representative of the invariant point defined by the assemblage and for consistency with 237 
retrograde metamorphic conditions at ~450°C estimated for the petrogenesis of Isua 238 
rocks as reported by Dymek et al., 1988. We use a temperature of 450°C for the high-239 
temperature magnesite acid fractionation point (sample 14-05 Red; Section 4.1). 240 
Supplementary description of the samples is given in Appendix B.  241 
 242 

2.4.2 Dolomite (Ludlow, Vermont, USA) 243 

Dolomite from the Argonaut Talc Mine (formerly Luzenac), Ludlow, Vermont 244 
(Figs. 1a and 6c; sample 08SVT-4A) is related to hydrothermal talc-carbonate alteration 245 
of serpentinite that is part of the ultramafic belt in western New England (Sanford, 1982; 246 
Robinson et al., 2006). Based on the descriptions of Robinson et al. (2006), the alteration 247 
is characterized by talc and magnesite, and when dolomite is present, chlorite also occurs. 248 
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Thus the assemblage talc+magnesite+dolomite+chlorite is in contact with siliceous 249 
metamorphic rocks that supply the additional Ca and Al necessary for dolomite and 250 
chlorite mineralization, respectively. Possible temperatures of carbonate mineralization at 251 
Ludlow, Vermont are given by peak metamorphic conditions in neighboring units (535-252 
635°C; Vance and Holland, 1993; Armstrong and Tracy, 2000), assumed temperatures of 253 
talc-carbonate alteration in western New England (450-530°C; Sanford, 1982), and 254 
magnesite-talc alteration equilibrium (430-490°C; Bucher and Grapes, 2011). Ancillary 255 
information of sample 08SVT-4A is given in Appendix B. 256 

2.5 Synthetic magnesite from olivine dissolution 257 
 258 

Magnesite was produced from olivine (Forsterite, Fo92) dissolution experiments at 259 
60°C, 100 bars pCO2, 0.5M NaCl, and variable water-rock ratios (20:1 and 50:1) 260 
(Johnson et al., 2014; samples 0209 and 1210P). Magnesite displays spiral growth 261 
producing nodules that reach diameters of ~15 m (Fig. 7a) and precipitates at minimum 262 
average rates of 1.40×10

−13
 mol cm

−2
 s

−1
. Concomitant to magnesite precipitation, 263 

amorphous silica also formed as large sheets and as coatings on the olivine grains (Fig. 264 
7a). The reader is referred to Johnson et al. (2014) for additional information on the 265 
mineralogy, carbon content, surface chemical composition, bulk chemistry of the 266 
samples, as well as a comprehensive discussion of the experimental apparatus used for 267 
olivine dissolution and magnesite precipitation. Both of the samples (0209 and 1210P) 268 
were employed in the acid-correction of magnesium carbonates (Section 4.1).  269 
 270 
2.6 Synthetic hydromagnesite 271 

 272 
Hydromagnesite (samples Mg-1 and Mg-3) was synthesized at 79.9 ± 0.5°C 273 

following the precipitation methods reported in Kluge and John (2015), which are similar 274 
to the methods of Kim and O’Neil (1997) used for calcite. Briefly, 500 mL of de-ionized 275 
water (18 M cm) were super-saturated with respect to CaCO3 by dissolving ~360 g of 276 
high-purity calcite. Addition of MgCl2(H2O)6 at moderate concentrations (0.2-0.7 mol/L) 277 
triggered the formation of hydromagnesite (Fig. 7b). Mineral formation was induced by 278 
controlled purging of the solution with N2 at ~1 bubble per second. The precipitates were 279 
filtered and air-dried. XRD analyses (Fig. A1d) confirmed that the precipitates were 280 
hydromagnesite (88%) and aragonite (12%) for sample Mg-1 and ~100% for sample Mg-281 
3 (Fig. 7b; Kluge and John, 2015). Samples Mg-1 and Mg-3 were used in the acid 282 
fractionation evaluation presented in Section 4.1. 283 

3. Methods  284 
 285 
3.1 Carbonate clumped-isotope thermometry  286 
 287 

Carbonate clumped-isotope thermometry is based on the thermodynamic ordering 288 
of carbon and oxygen isotopes in the carbonate species dissolved in the mineralizing fluid 289 
and preserved in the crystal structure of carbonate minerals. Although the majority of 290 
applications of clumped-isotope thermometry have focused on calcite (e.g., Bristow et 291 
al., 2011; Daëron et al., 2011; Suarez et al., 2011; Swanson et al., 2012; Streit et al., 292 
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2012; Loyd et al., 2012; Henkes et al., 2014; Wacker et al., 2014; Kluge et al., 2015; 293 
Kluge and John, 2015), aragonite (e.g., Defliese et al., 2015), dolomite (e.g., Ferry et al., 294 
2011; Swanson et al., 2012; Streit et al., 2012; Loyd et al., 2012; Sena et al., 2014; 295 
Vandeginste et al., 2014; Dale et al., 2014), and siderite (Fernandez et al., 2014), 296 
magnesite and hydromagnesite have been also studied (Streit et al., 2012; Falk and 297 
Kelemen, 2015; Quesnel et al., 2016). The distribution of clumped carbonate 298 
isotopologues is defined here by the reaction in terms of magnesite, MgCO3 (Fig. A2a): 299 

 300 
Mg

13
C

16
O3 + Mg

12
C

18
O

16
O2 Mg

13
C

18
O

16
O2 + Mg

12
C

16
O3 (2)    301 

 302 
where the magnesite isotopologue Mg

12
C

16
O3 represents the most abundant isotopic 303 

configuration containing the carbonate isotopologue CO3
2-

 with a mass of 60 amu (Fig. 304 
A2b). In contrast, the magnesite isotopologue Mg

13
C

18
O

16
O2 denotes bonding between 305 

the two heavy isotopes of carbon (
13

C) and oxygen (
18

O). This second carbonate 306 
isotopologue of mass 63 is increasingly favored in the magnesite structure with 307 
decreasing temperature (Fig. A2c). Multiply substituted isotopologues are comprised of 308 
two or more rare isotopes and their abundance is governed by thermodynamic parameters 309 
that depend on the rotational and vibrational frequencies of the relevant bonds (Wang et 310 
al., 2004). The abundance of the 

13
C-

18
O bonds contained in the Mg

13
C

18
O

16
O2 311 

configuration is measurable in CO2 evolved from magnesite via reaction with phosphoric 312 
acid (Fig. A2c), and is proportional to the CO2 isotopologue of mass 47 (i.e. 

47
CO2, 

13
C-313 

18
O-

16
O) (Ghosh et al., 2006).  The abundance of the 

63
CO3

2-
 isotopologue in the 314 

magnesite crystal structure, and by definition the evolved 
47

CO2, is independent of the 315 
bulk δ

18
Ofluid and δ

13
Cfluid composition of the parent fluid from which the magnesite (or a 316 

hydrous magnesium carbonate) formed, rendering it a proxy for temperature of 317 
mineralization.  318 

The total abundance of 
47

CO2
 
in a given sample is evaluated with regard to its 319 

stochastic distribution at high temperatures (>1000°C) and reported using the Δ47 320 
notation (Eiler and Schauble, 2004; Wang et al., 2004), such that 321 

 322 

D47 =
R47

2R13 ×R18 + 2R17 ×R18 +R13 × (R17)2
-

R46

2R18 +2R13 ×R17 + (R17)2
-

R45

R13 +2R17
+1

é

ë
ê

ù

û
ú
   (3) 323 

 324 
where 47 (reported as per mil, ‰) is calculated from measurements of masses 44 325 
through 47, and is represented as ratios with respect to mass 44 (e.g., R

47
 is 

47
CO2/

44
CO2). 326 

R
13 

(
13

C/
12

C) and R
18

 (
18

O/
16

O) are derived from measured δ
13

C and δ
18

O values. 327 
R

17
(
17

O/
16

O) is derived from R
18

 assuming mass-dependent fractionation (Affek and 328 
Eiler, 2006). The Δ47 values of magnesium carbonates are a function of temperature and 329 
decrease with increasing temperature (Schauble et al., 2006; Guo et al., 2009). Depending 330 
on the mineralogy and the rate of cooling, the preserved Δ47 compositions may record 331 
“apparent equilibrium blocking temperatures,” indicating that the isotope-exchange 332 
reaction defined by Equation 2 does not proceed in any direction (Stolper and Eiler, 333 
2015).  334 

To determine the temperature of magnesium carbonate mineralization, we 335 
evaluate the experimental calcite clumped-isotope calibration of Kluge et al. (2015): 336 
 337 
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Δ47 = 0.98·(−3.407·10
9
/T

4
+2.365·10

7
/T

3
−2.607·10

3
/T

2
−5.880/T+0.293) (4) 338 

 339 
where T is temperature in degrees K. The temperature dependence of Equation 4 follows 340 
the theoretical prediction of Schauble et al. (2006), which coincides with independent 341 
studies that observed an agreement between the experimental and theoretical temperature 342 
curve for a variety of carbonate minerals from biogenic and inorganic origin (Henkes et 343 
al., 2013; Fernandez et al., 2014; Wacker et al., 2014; Petrizzo et al., 2014; Defliese et 344 
al., 2015), including magnesite. “We have chosen the Kluge et al. (2015) line (Equation 345 
4) as temperature calibration for carbonate Δ47 values because it covers a wide range of 346 
temperatures (wider than any other calibrations), and was established in the same 347 
laboratory using the same CO2 extraction, purification and mass spectrometric 348 
measurement techniques and corrections applied to the magnesium carbonates of this 349 
study. Therefore, any issues related to interlaboratory differences in sampling processing 350 
and data evaluation can be avoided.” 351 
 352 
3.2 Sample treatment of carbonates for clumped-isotope analysis 353 

 354 
Samples were ground depending on hardness using an agate mortar or a handheld 355 

diamond-head drill. Powdered samples were sieved to yield grain sizes between 50 and 356 
125 m in diameter. Samples of 5-8 mg were separated from the sieved powder for acid 357 
digestion. Synthetic olivine-magnesite samples consisted of ~140 mg of material due to 358 
variable magnesite content as some of the mass was contributed by olivine. Thus a larger 359 
mass was needed to ensure sufficient CO2 yield. Samples were inserted into the inlet part 360 
of a reaction vessel that allowed sample storage separate from the anhydrous 105% 361 
phosphoric acid (for details regarding the reaction vessel refer to Kluge and John, 2015). 362 
Approximately 1.5 to 3 mL of phosphoric acid were used per sample. The reaction 363 
vessel, containing carbonate sample and phosphoric acid, was evacuated prior to 364 
digestion for 30 minutes and reached pressures of 10

−1
 to 10

−2
 mbar before starting the 365 

acid digestion. All samples were digested for 1 h in a continuously stirred reaction vessel 366 
at 90 ± 1°C. We note that cryptocrystalline magnesite reaches an average yield of 75±7% 367 
after 1 hour, with 100% digestion being achieved after 2 hours. Whereas a limited 368 
influence of the digestion yield is obvious for δ

13
C values, no significant variations were 369 

observed for δ
18
O and Δ47 values after 40 min (<0.2 ‰ and <0.02 ‰, respectively; Test 370 

of acid digestion yield and related isotopic variations in Appendix B). The effect of lower 371 
yields (~80%) at 90°C and 1 hr is thus negligible for clumped-isotope measurements, 372 
which are undistinguishable from magnesium carbonates digested for longer periods of 373 
time. Evolved CO2 was continuously collected in a liquid-N2 cooled trap and cleaned 374 
using a procedure analogous to that of Dennis and Schrag (2010) and described in detail 375 
for the Imperial College laboratory in Dale et al., (2014). First, non-condensable gases 376 
were cryo-distilled from the liquid N2-cooled trap. Subsequently, water was separated 377 
from the gas by switching to a dry-ice ethanol cooled glass trap that retains water and 378 
releases the CO2. The dry CO2 gas was then passively passed through a glass trap filled 379 
with silver wool and another trap densely packed with Porapak Q (filled length: 13 cm, 380 
inner diameter: ~8 mm) held at −35°C. Finally, the purified CO2 gas was transferred to 381 
the mass spectrometer for analysis. 382 
 383 



MAIN TEXT | Clumped Magnesium Carbonates 

 
10 

3.3 Mass spectrometric analysis and data evaluation 384 
 385 
Carbonate samples were analyzed for clumped-isotope compositions in the Qatar 386 

Stable Isotope Laboratory at Imperial College London, UK. Mass spectrometric analyses 387 
were performed with two Thermo MAT 253 following analytical procedures described 388 
by Dale et al. (2014). A measurement consists of 8 acquisitions with 7 cycles per 389 
acquisition. Each cycle included a peak center, background measurements and an 390 
automatic bellow pressure adjustment aimed at a 15V signal at mass 44. The sample gas 391 
was measured against an Oztech standard (δ

13
CVPDB = −3.63 ‰, δ

18
OVPDB = −15.79 ‰; 392 

and δ
13

CVPDB = −3.62 ‰, δ
18

OVPDB = −15.73 ‰, respectively). Heated gases (1000°C), 393 
water-equilibrated gases (25°C, 50°C, 80°C) and two carbonate standards (Carrara 394 
Marble, ETH3) were measured regularly and used for conversion to the carbon dioxide 395 
equilibrium scale (CDES) of Dennis et al. (2011). Raw data (Δ47 values) were linearity 396 
corrected using heated gas data, following the approach of Huntington et al. (2009). 397 
Water-equilibrated and heated CO2 gases established an absolute reference frame as 398 
proposed by Dennis et al. (2011). The values of Carrara Marble and ETH3 standards 399 
were determined based on this equilibrated gas scale (0.312 and 0.634 ‰, respectively). 400 
Adding the acid-fractionation correction used in Dennis et al. (2011) and Meckler et al. 401 
(2014) leads to or close to the accepted values (0.385-0.403 ‰ for Carrara Marble and 402 
0.705 % for ETH3 - “Iso C” in Meckler et al. 2014). Small differences may be due to the 403 
statistical nature of the data and because we independently determined the value of these 404 
carbonate standards. The correction for acid fractionation was added to the sample values 405 
after transfer of the linearity corrected value into the absolute reference frame. 406 
Contamination was monitored using signals from masses 48 and 49 and measurements 407 
were rejected based on elevated 48 and 49 signals (Kluge et al., 2015).  408 

Carbonate δ
18

OVPDB and δ
13

CVPDB values were determined concurrently with the 409 
clumped-isotope measurements. Oxygen isotope ratios were calculated using the acid 410 
fractionation factors of Das Sharma et al. (2002) for magnesite and hydromagnesite 411 
(assumed to be similar to magnesite) and Rosenbaum and Sheppard (1986) for dolomite. 412 
Mixtures of carbonate minerals (sample Mg-1) were evaluated using the corresponding 413 
fractionation factors for aragonite (Kim and O’Neil, 1997) and the relative ratio of the 414 
carbonate fractions.  415 

The analytical uncertainties of Δ47, δ
18

O and δ
13

C measurements were calculated 416 
by Gaussian error propagation. We used the standard error (SE) of the mean in the case 417 
of replicate analyses and the standard deviation for a single measurement (1σ: ±0.02 ‰ 418 
for Δ47, ±0.2 ‰ for δ

18
O, and ±0.1 ‰ for δ

13
C). The typical standard deviation of a single 419 

measurement was deduced from the long-term analysis of carbonate standards and agrees 420 
with the sample reproducibility. 421 
 422 

4. Results 423 
 424 

Natural (n=19) and synthetic (n=4) magnesite and hydrous magnesium carbonate 425 
samples were analysed at least twice and up to six times, except for two samples (Table 426 
2). Average measured Δ47 values, acid fractionation correction, acid fractionation-427 
corrected Δ47 values, and δ

18
OVSMOW and δ

13
CVPDB compositions are summarized in Table 428 

2. Measurement data (reference gases, standards, and samples) are provided as an 429 
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electronic annex file. To determine the acid-correction applicable to magnesium 430 
carbonates, we evaluate the calcite Δ47-T relationship of Kluge et al. (2015) against the 431 
synthetic samples and natural samples with known temperatures of formation (Section 432 
4.1). Details on the computations of corresponding O (18

Ofluid) and C (13
CCO2) isotopes 433 

of the mineralizing fluid are included in Sections 4.4 and 4.5, respectively.  434 
 435 

4.1 Δ47 acid reaction correction for magnesite and hydrous magnesium carbonates 436 
 437 
Carbon dioxide gas (CO2(g)) produced from phosphoric acid digestion of mineral 438 

carbonates was analyzed mass-spectrometrically to determine the clumped-isotope value 439 
(Δ47) of each sample. The conversion of solid carbonate into CO2(g) via acid digestion 440 
involves a fractionation for Δ47 (i.e. αCO2(g)- ) that is dependent on the acid digestion 441 
temperature (Tacid) and could be theoretically and experimentally different depending on 442 
the type of carbonate mineral (Guo et al., 2009; Murray et al., 2016). However, 443 
experimental and empirical data show that the effect of mineralogy during acid digestion 444 
is negligible for CaCO3 polymorphs (Wacker et al., 2014; Defliese et al., 2015; Kluge et 445 
al., 2015; Kluge and John, 2015), siderite (Fernandez et al., 2014) and carbonate-bearing 446 
bioapatite (Eagle et al., 2011).  447 
 Magnesite, hydrous magnesium carbonates, and dolomite samples in this study 448 
were dissolved at Tacid = 90°C for internal consistency and because the reaction in 449 
phosphoric acid is slow at 25°C. The temperature difference of acid digestion thus 450 
requires an acid fractionation correction applied to the raw measurements relative to 25°C 451 
(by convention, Δ47 measurements are reported relative to values obtained by acid 452 
digestion at 25°C). Therefore, we compare the measured acid-uncorrected Δ47 values in 453 
the CDES of Dennis et al., (2011) with the calibration curve of Kluge et al. (2015) to 454 
assess the acid  fractionation correction between 25°C and 90°C relative to calcite. We 455 
compare it to the calibration of Kluge et al. (2015) because that study contains a large 456 
dataset, matches theoretical predictions, and was produced using the same techniques we 457 
employed at Imperial College. This approach is further justified as different carbonates 458 
exhibit the same Δ47-Tacid slope relationship albeit with different intercepts related to 459 
phosphoric acid reaction and slightly differing equilibrium constants (Schauble et al., 460 
2006; Guo et al., 2009; Fernandez et al., 2014; Kluge et al., 2015). 461 

The acid fractionation correction specific for magnesite and hydrous magnesium 462 
carbonates was evaluated using select samples of known temperature of crystallization 463 
(Table 1). The samples, highlighted in Table 1, include: (1) hydromagnesite from the Red 464 
Mountain mine adit (Section 2.3; sample DP12-10-crust at 11.3°C); (2) synthetic 465 
magnesite from olivine dissolution (Section 2.5; samples 0209 and 1210P at 60°C); (3) 466 
synthetic hydromagnesite (Section 2.6; samples Mg-1 and Mg-3 at 79.9 ± 0.5°C); and (4) 467 
metamorphic magnesite (Section 2.4.1; sample 14-05 Red at 450°C; thermodynamic field 468 
of stability of the mineral assemblage talc-dolomite-magnesite). In addition, we included 469 
select magnesite samples from Falk and Kelemen (2015) with well-constrained formation 470 
temperatures to increase the number of samples from six to twelve. Uncorrected acid 471 
fractionation Δ47 values in the CDES scale were calculated for the data of Falk and 472 
Kelemen (2015) by determining first the scaling factor for transfer into the CDES (ratio 473 
of columns T (values in 10

6
T
−2

) and R (Δ47,ARF in ‰) in the supplementary data file of 474 
Falk and Kelemen (2015) and then by applying such scaling factor to the acid-475 
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uncorrected Δ47 value (column Q in ‰). Falk and Kelemen (2015) assumed an almost 476 
identical value for Carrara Marble (0.395 ‰ after acid correction, see Table S3 in their 477 
supplementary). Our value for Carrara Marble after acid correction was 0.386-0.389 ‰ 478 
for different run periods and mass spectrometer (Kluge and John, 2015). 479 

The values of the acid fractionation corrections for magnesite and hydrous 480 
magnesium carbonates (marked samples in Table 1) were calculated using the 481 
unweighted arithmetic mean of the difference between measured raw Δ47 values (n=6) 482 
and the calcite calibration of Kluge et al. (2015) (Equation 3). The uncertainty of the 483 
calcite calibration was not taken into account. The resulting acid fractionation correction 484 
for combined magnesite and hydrous magnesium carbonate samples with known growth 485 
temperature from this study is 0.062±0.021‰ (n=6). Including the raw data of Falk and 486 
Kelemen (2015) (n=6) in the calculation of the acid-reaction yields a value of 487 
0.070±0.033‰ (n=12), within error of the average from the samples analysed here. 488 
Separating the samples into magnesite and hydromagnesite also produces similar results 489 
for both groups (0.072±0.038‰ and 0.064±0.022‰, respectively). Consistent with the 490 
findings for CaCO3 polymorphs, carbonate-bearing apatite, siderite, and dolomite 491 
(Wacker et al., 2014; Defliese et al., 2015; Eagle et al., 2011; Fernandez et al., 2014; 492 
Kluge and John, 2015), we find no significant difference between the acid fractionation 493 
correction for magnesite or hydromagnesite. Most experimentally determined acid 494 
fractionation values range from 0.07 to 0.09 ‰ (e.g., Passey and Henkes, 2012; Henkes 495 
et al., 2013; Wacker et al., 2013; Defliese et al., 2015) and cannot be distinguished from 496 
each other with the currently available data and measurement precision. Therefore, in the 497 
absence of more precise values we apply the same acid-fractionation correction of 498 
0.069‰ as in the study of Kluge et al. (2015). For dolomite samples we used the acid 499 
correction as for calcite (0.069‰) following Defliese et al. (2015). 500 
 The results of this approach are shown in Figure 8, where the acid fractionation-501 
corrected Δ47 values of the experimental and natural magnesite or hydrous magnesium 502 
carbonate samples randomly scatter around the calibration curve of Kluge et al. (2015) as 503 
defined by Equation 4. Our results suggest that an acid fractionation correction of 504 
0.069‰ can be applied to magnesite and hydrous magnesium carbonates and that the 505 
combined effects of differences in mineral structures and fractionation seem not to result 506 
in distinct acid fractionation between magnesium carbonates and other carbonate 507 
systems. The samples used for assessing the suitability of the acid-fractionation 508 
correction for magnesium carbonates (highlighted in Table 1 and shown in Fig. 8) have 509 
also been acid-corrected to 0.069‰ (Table 2) and are henceforth treated as the rest of the 510 
samples.  511 
 512 
4.2 Magnesium carbonate clumped thermometry  513 

 514 
Clumped-isotope temperatures of natural and experimentally produced 515 

magnesium carbonates were calculated using the acid-corrected 47 values following the 516 
calibration of Kluge et al. (2015) (cf. Equation 4) and are given in Table 2. The 47 values 517 
and clumped-isotope temperatures for cryptocrystalline magnesite and hydrous 518 
magnesium carbonates are shown in detail in Figure 9a. Computed clumped-isotope 519 
temperatures for cryptocrystalline magnesite from Red Mountain (California) range from 520 
15.9 to 31.6°C, with a mean of 23.3 ± 5.8°C. Austrian magnesite (Kraubath deposit) 521 
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records a temperature of 28.2 ± 2.5°C; Turkish (Tutluca deposit) magnesite yields 24.0 ± 522 
5.2°C; and Iranian (Derakht-Senjed deposit) magnesite yields 21.7 ± 8.0°C. Hydrous 523 
magnesium carbonates sampled from surface rocks along the 400-km latitudinal transect 524 
in California preserve temperatures between 14.2 to 22.7°C, and average 20.0 ± 3.9°C. 525 
Mine adit carbonate sample DPT12-10-crust (hydromagnesite, minor dypinguite), which 526 
was used for the acid fractionation calculation (Section 4.1), exhibits a mineralization 527 
temperature of 16.7 °C ± 1.5°C, whereas coexisting DPT12-10-salt (nesquehonite) (not 528 
used in the acid correction calibration) yielded an anomalous mineralization temperature 529 
of 40.2 ± 3.8°C (Fig. 9a) .  530 

Figure 9b displays the high-temperature metamorphic carbonate samples as well 531 
as the low-temperature carbonates shown in Figure 9a. High-temperature magnesite 532 
(Isua, Greenland), which was used for the acid fractionation calculation (Section 4.1), has 533 
a clumped-isotope temperature of 490°C (+60, −40 °C), whereas coexisting dolomite has 534 
a temperature of 326 ± 20°C. High-temperature dolomite (Vermont) records a clumped-535 
isotope temperature of 360°C (+70, −50°C) (Fig. 9b). Temperature uncertainties for the 536 
high-temperature samples are asymmetrically distributed because the 47-T curve is less 537 
steep in comparison to low-temperature samples, which results in lower temperature 538 
uncertainty for the same 47 measurement error.  539 

 540 
4.3 Calculated 18

O composition of magnesite and dolomite mineralizing fluids 541 
 542 
18

Ocarbonate and 13
Ccarbonate values of all natural samples are presented in Table 2 543 

and displayed in Figure 10a relative to the Vienna Standard Mean Ocean Water 544 
(VSMOW) and Vienna Pee Dee Belemnite (VPDB), respectively. Computed oxygen 545 
isotope ratios of mineralizing fluids (18

Ofluid, VSMOW) in equilibrium with 546 
cryptocrystalline magnesite, hydrous magnesium carbonates, and high-temperature 547 
carbonate samples are presented in Table 3 and plotted in Figure 10b. The δ

18
Ofluid 548 

compositions were calculated using the corresponding clumped-isotope temperature of 549 
each carbonate (Table 2) and applying the fractionation equations for H2O-magnesite and 550 
H2O-hydromagnesite reported by Aharon (1988). We adopt the H2O-magnesite oxygen 551 
isotope exchange of Aharon (1988) calibrated with dolomite data (magnesite 2 in 552 
Aharon, 1988) to facilitate comparison with other deposits as it has been widely applied 553 
to the study of cryptocrystalline magnesite, and reconciles experimental data (based on 554 
dolomite) with theoretical predictions for the H2O-magnesite system (Fig. A6). 555 
Additional H2O-magnesite, H2O-hydromagnesite, and H2O-dolomite fractionation 556 
equations are summarized in Table A2 and shown for comparison in Fig. A6 (O’Neil and 557 
Barnes, 1971; Matthews and Katz, 1977; Aharon, 1988; Vasconcelos et al., 2005; 558 
Chacko and Deines, 2008). We include these calibrations because there are no 559 
experimental data on oxygen isotope fractionation for the H2O-magnesite system. We 560 
note that the oxygen isotope exchange equations of Aharon (1988) and O’Neil and 561 
Barnes (1971) are internally consistent, closely resemble experimental data, and yield 562 
δ

18
Ofluid compositions that correspond to possible natural fluid sources. Fig. A6 highlights 563 

the clustering of the oxygen isotope exchange equations available for dolomite, 564 
magnesite, hydromagnesite, and calcite. We find that using the H2O-magnesite equation 565 
of Chacko and Deines (2008) results in much lower δ

18
Ofluid compositions that do not 566 

match the oxygen isotope composition natural waters. For example, the corresponding 567 
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δ
18

Ofluid values for Red Mountain magnesite using Chacko and Deines (2008) would 568 
range from −10.4 to −14.8‰, which are values seldom described for California. The 569 
18

Ofluid composition in equilibrium with metamorphic dolomite (Isua, Greenland and 570 
Vermont) was determined using the dolomite calibration of Vasconcelos et al. (2005).  571 

As shown in Figure 10b, the Red Mountain (California), Austrian, Turkish and 572 
Iranian cryptocrystalline magnesite samples have 18

Ofluid compositions within the range 573 
of present-day meteoric fluids. Similarly, hydrous magnesium carbonates collected from 574 
surface exposures exhibit a range in 18

Ofluid values consistent with meteoric water in 575 
coastal California. In contrast, the coexisting high-temperature magnesite and dolomite 576 
(Isua, Greenland), and dolomite (Vermont) fall within the 18

Ofluid composition range of 577 
metamorphic/connate fluids. 578 

 579 

4.5 Calculated 13
C composition of mineralizing carbonate species, CO2 (g)  580 

 581 
Computed 13

C values of CO2(g) in equilibrium with the carbonates (13
CCO2(g), 582 

VPDB) are given in Table 3 and shown in Figure 10b. The 13
CCO2(g) values are 583 

calculated based on the expanded equation of Aharon (1988), which is applicable for both 584 
dolomite and magnesite:  585 
 586 
13

C (CO2(g))  = 13
Ccarbonate−3.168(10

6
/T

2
)+7.6663(10

3
/T) −2.6312  (5) 587 

 588 
where T is the clumped-isotope temperature in K (Table 2) and 13

Ccarbonate is the 589 
measured carbon isotope composition (Tables 2 and 3). Although other magnesite-CO2(g) 590 
fractionation relationships exist (Fig. A7; Golyshev et al. (1981) and Chacko and Deines 591 
(2008), we apply Aharon (1988) for internal consistency and because it is based on data 592 
and calculations used to derive the widely used H2O-magnesite relationship described in 593 
Section 4.4. 594 
  Figure 10b shows the calculated 13

CCO2(g) values for California (Red Mountain), 595 
Austrian, Turkish, and Iranian cryptocrystalline magnesite, which exhibit values that 596 
broadly correspond to 13

C compositions of organic sources (plant CO2, soil, petroleum) 597 
and carbon contained in silicate and oxide minerals that constitute representative 598 
ultramafic rocks (i.e. non-carbonate CO2 in Fuex and Baker, 1973). Additionally, hydrous 599 
magnesium carbonates from surface exposures in California display a range in 13

C 600 
(CO2(g)) that also coincides with that of cryptocrystalline magnesite.  In contrast, mine 601 
adit precipitates show correlation with modern-day values of atmospheric CO2. High-602 
temperature magnesite and dolomite (Isua, Greenland), and dolomite (Vermont) have 603 
corresponding 13

C (CO2(g))  compositions of magmatic origin (Fig. 10b and Table A5).  604 
 605 
4.6 Evaluation of clumped-isotope temperatures and δ

18
O and δ

13
C compositions 606 

relative to geological constraints  607 
 608 
4.6.1 Red Mountain (California) cryptocrystalline magnesite 609 

 610 
Samples of cryptocrystalline magnesite from Red Mountain yield temperatures in 611 

the range of 15.9 to 31.6 °C with a mean value of 23.3 ± 5.8 °C (Table 2; Figs. 9a and 612 
11). These temperatures are lower than typical serpentinization temperatures in 613 
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continental settings (85-115 °C in chrysotile-lizardite mineralogies; Wenner and Taylor, 614 
1971), in agreement with the observation that magnesite vein mineralization postdates 615 
serpentinization in the host peridotite rock. The calculated δ

18
Ofluid composition of the 616 

fluid in isotopic equilibrium with Red Mountain cryptocrystalline magnesite (between 617 
−6.8 and −11.2 ‰; Table 3 and Fig. 10b) is broadly consistent with the composition of 618 
spring, river, and meteoric waters local to the Del Puerto peridotite area (−7.1 to −8.7 ‰) 619 
(Barnes and O’Neil, 1969; Blank et al., 2009), and the annual mean rainfall δ

18
O value in 620 

California (−6 and −10 ‰; Kendall and Coplen, 2001). Although these results suggest a 621 
dominating influence of surface meteoric waters in the magnesite mineralization process, 622 
our data do not categorically rule out sourcing from and mixture of fluids of different 623 
δ

18
Ofluid compositions. For example, California oil-field waters and connate/metamorphic 624 

fluids range from −8.14 to +5.93 ‰ (White et al., 1973) and are hosted in sedimentary 625 
and metasedimentary units of the Franciscan Formation and the Great Valley Sequence, 626 
which underlie and are in tectonic contact with the Del Puerto ophiolite and peridotite. 627 
The relatively enriched metamorphic waters in the California Coast Ranges have a δ

18
O 628 

of 7‰ (Barnes et al., 1973), which constrains the δ
18

O value of possible fluids at Red 629 
Mountain to between −8.7 and 7 ‰. Using the δ

18
O value (3.14 ‰) of waters hosted in 630 

the Franciscan Formation (Barnes et al., 1973), we obtain a mixture of up to 84±14 % 631 
meteoric water and 16±14 % Franciscan Formation water. The Red Mountain magnesite 632 
deposit is likely a system dominated by meteoric waters that potentially exchanged with 633 
fluids from the underlying rocks, namely the Franciscan Formation and the Great Valley 634 
Sequence. Such a model may be correlative with the proposed near-surface epithermal 635 
model of Pohl (1990) for the formation of cryptocrystalline magnesite deposits.  636 

 637 
4.6.2 Austrian magnesite (Kraubath)  638 

 639 
The Kraubath magnesite, the classic locality for cryptocrystalline magnesite in 640 

Austria (Redlich, 1909; Kralik et al., 1989; Zachmann and Johannes, 1989; Horkel et al., 641 
2009), exhibits a formation temperature of 28.2 °C. This temperature is much lower than 642 
the previously suggested limit of 80 °C for the deposit (Ece et al., 2005), but it is 643 
consistent with the temperature range between 13 and 42 °C proposed by Kralik et al. 644 
(1989) (Table A1 and Fig. 11). Using the clumped-isotope temperature, the calculated 645 
mineralizing δ

18
Ofluid composition is –9.1 ‰, which is virtually identical to present-day 646 

surface waters in Austria (–8.6 to –8.7 ‰; Kralik et al., 1989) and consistent with 647 
historical δ

18
Ofluid compositions of meteoric water in Austria (–14.29 to –6.23 ‰; 648 

IAEA/WMO, 2015; Fig. 10b and Table A5).  649 
 650 

4.6.3 Turkish magnesite (Tutluca open pit, Eskisehir, Turkey) 651 
 652 
The clumped-isotope temperature for Tutluca magnesite is 24.0 °C, lower than 653 

estimated using conventional oxygen isotope thermometry for the Tutluca deposit with 654 
37.9 °C (Kahya and Kuşcu, 2014) and other large magnesite vein complexes in Turkey at 655 
~80 °C (Zedef et al., 2000; Table A1 and Fig. 11). Our temperature places the 656 
mineralizing δ

18
Ofluid composition at –9.4 ‰, depleted with respect to the modern 657 

meteoric water oxygen isotope composition (–5.0 ‰) assumed for the Turkey (used by 658 
Kahya and Kuşcu (2014), reported by Zedef et al., 2000), but consistent with 659 
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representative freshwater springs and lakes in Turkish basins (~ –5.4 to  –12.0 ‰; Leng 660 
and Marshall, 2004) and within the range of historical δ

18
Ofluid compositions of meteoric 661 

water in Turkey (–11.22 to –3.61 ‰; IAEA/WMO, 2015; Fig. 10b and Table A5).  662 
 663 

4.6.4 Iranian magnesite (Derakht-Senjed, Iran) 664 
 665 
Iranian magnesite from Derakht-Senjed records a clumped-isotope temperature of 666 

21.7 °C, indicating equilibrium from a fluid with δ
18

Ofluid of –13.95 ‰, which is depleted 667 
with respect to reported δ

18
Ofluid of stream waters in Iran (–4.43 to –3.45 ‰; Mirnejad et 668 

al., 2008), but in agreement with the range of precipitation representative of Iran that can 669 
reach values of ~ –15 ‰ (IAEA/WMO, 2015; Fig. 10b and Table A5). Our clumped-670 
isotope temperature data suggest that Derakht-Senjed magnesite formed at shallow depths 671 
and at low temperature, in agreement with the other cryptocrystalline magnesite deposits 672 
examined in the present study and with other Iranian magnesite deposits where the range 673 
of mineralization temperatures is thought to be between 20 and 44 °C (Table A1 and Fig. 674 
11; Mirnejad et al., 2008).  675 
 676 
4.6.5 Hydrous magnesium carbonates (California Coast Ranges) 677 
 678 

Hydrous magnesium carbonates from surface exposures in the California Coast 679 
Ranges preserve clumped-isotope temperatures between 14.2 to 22.7 °C (Fig. 9a). These 680 
temperatures coincide with the maximum monthly average temperatures for each location 681 
at the onset (October) and culmination (April-May) of the rainy season in California 682 
(Figs. A4-A5). McLaughlin hydromagnesite, the northernmost sample (Fig. 1b), 683 
preserves a clumped-isotope temperature of 22.7 °C, which is typically reached at the 684 
beginning of the rainy season in October and at its end in April (Fig. A4a-A4b). Although 685 
temperatures of ~22.7 °C are exceeded during the summer months (May to September), 686 
the lack of rain and low humidity during those months are likely unfavorable for the 687 
formation of hydromagnesite at the surface (Fig. A4b). Similarly, hydromagnesite at Del 688 
Puerto likely precipitates in October-November or February-April when the clumped-689 
isotope temperature (14.2°C) coincides with the maximum daily temperatures (Figs. A4c-690 
A4d and A5). Artinite and hydromagnesite from New Idria, the southernmost samples, 691 
precipitate exclusively in the rainy season that begins in October and extends to May 692 
(Fig. A4e-A4f). Our observations are comparable with the seasonality of carbonate soil 693 
and paloesol formation determined in other climatic zones, including Arizona, Nevada, 694 
Tibet, Pakistan, and India (Quade et al., 2013) and New Mexico (Breecker et al., 2009). 695 
The clumped-isotope temperatures determined for hydrous magnesium carbonates 696 
corroborate the dependence on seasonality (i.e. coupled temperature and water supply) in 697 
the formation of hydrous magnesium carbonates prevalent in the Mediterranean climate 698 
(Csa, Köppen climate classification system; Kesseli, 1942; Kauffman, 2003) of the 699 
California Coast Ranges.  700 

Calculated δ
18

O compositions of water in equilibrium with hydrous magnesium 701 
carbonates span from −4.7±0.1 ‰ at McLaughlin, to −5.8±0.2 ‰ at Del Puerto, and to 702 
−6.5±0.1 ‰ (hydromagnesite and artinite) at New Idria. These compositions agree with 703 
the modern range of meteoric water δ

18
O compositions for California (cf. White et al., 704 

1973; Barnes et al., 1973; Kendall and Coplen, 2001; Blank et al., 2009). 705 
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Hydromagnesite samples in close contact with soil profiles and vegetation (Fig. 4a, 706 
McLaughlin MCL-2; Fig. 4c, Del Puerto RC1; Fig. 4e, New Idria 09-NI-3) exhibit more 707 
depleted values in 13

C (up to −13.69 ‰; Table 2) with respect to artinite (Fig. 4f, 10-NI-708 
1; −5.69 ‰, Table 2) that is away from biogenic sources of CO2 and was collected from 709 
an isolated pool of shallow water. The corresponding values of 13

CCO2(gas) for 710 
hydromagnesite range between −34.0 and −26.2 ‰, which suggests the strong input of 711 
biogenic CO2 derived from C3 plants (13

C <−24 ‰; Fig. 10b; e.g., Oskierski et al., 712 
2013). The calculated value of 13

CCO2(gas) for New Idria artinite (−18.5 ‰) is less 713 
depleted with respect to the hydromagnesite samples and points to a higher input of 714 
atmospheric CO2 for mineralization (13

C ~ −6 ‰; Fig. 10b). The 13
C composition of 715 

hydrous magnesium carbonates probably preserves the biological signature of endemic 716 
and often unusual ultramafic/serpentine C3 flora, which includes trees and shrubs, 717 
herbaceous perennials and annuals in a combination of chaparral and grassland 718 
ecosystems (Kruckeberg, 1992; Harrison et al., 2006).  719 
 720 
4.6.6 Mine adit hydrous magnesium carbonates (Red Mountain mine) 721 
 722 

The hydromagnesite-dypingite sample (DPT12-10 Crust) from Red Mountain 723 
yields a temperature of 16.7 ± 1.5 °C (Table 2; Fig. 9a), which is broadly consistent with 724 
the expected temperature constrained by the temperature at the mine of 11.3 °C (Fig. 5a). 725 
In turn, disequilibrium effects are evident in the relatively lower 47 values in the 726 
nesquehonite (DPT12-10 Salt) that translate to a temperature of 40.2 ± 3.8 °C (Table 2; 727 
Fig. 9a). Infiltrating water that coats the surface adit walls and ceilings controls the 728 
formation of these carbonates. Airflow and circulation at 200 m from the adit entrance 729 
are very limited (Fig. 5a), but sufficient to exchange with atmospheric CO2 through the 730 
adit entrance; however, temperatures of ~40 °C are never reached within the mine. The 731 
loss of accumulated dissolved inorganic CO2 while alkalinity is maintained in thin water 732 
films and droplets results in supersaturation and precipitation of abundant crustiform 733 
hydromagnesite-dypingite, followed by nesquehonite. Textural differences suggest that 734 
the hydromagnesite-dypingite and nesquehonite represent different episodes of carbonate 735 
precipitation on the adit walls (Fig. 5a-c). We address the anomalously high 736 
mineralization temperature of nesquehonite (DPT12-10 Salt) in Section 5.4.  737 

 738 
4.6.7 Dolomite and magnesite in talc-carbonate veins, Isua (Greenland)  739 

 740 
Measured values of 47 in cogentic magnesite (sample 14-05 Red) and dolomite 741 

(sample 14-05 White) from the Isua Supracrustal Belt (ISB), Greenland are 0.326 and 742 
0.358 ‰, and correspond to temperatures of 490 (+60 °C, −40 °C) and 326 ± 20 °C, 743 
respectively (Fig. 9b; Table 2). The calculated clumped-isotope temperature of magnesite 744 
(490 °C) is consistent with theoretical predictions of metasomatism and alteration of 745 
ultramafic rocks in Isua, whereas the coexisting dolomite preserves a temperature that is 746 
~165°C lower. The clumped-isotope temperature of Greenland dolomite represents the 747 
blocking temperature rather than formation temperature (see Section 5.5).  Using the 748 
clumped-isotope temperature for magnesite, the δ

18
Ofluid of the mineralizing fluid was 749 

+4.6 ‰, which is a representative composition consistent with fluids of metamorphic 750 
origin (range +3 to +20 ‰; Sheppard, 1986; Fig. 10b; Table A5). The δ

13
Cmag and δ

13
Cdol 751 
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values are virtually identical, −3.2  and −3.3 ‰, respectively, and consistent with other 752 
reported metacarbonates in Isua that range in δ

13
C from ~ −7.6 to −1.1 ‰ (Van Zuilen et 753 

al., 2003). The ISB experienced a number of metamorphic events (Nutman et al., 1984; 754 
Nutman et al., 1996) and the antigorite+talc+magnesite assemblage is interpreted as 755 
representing retrograde metamorphism (Nutman et al., 1996). The talc-carbonate veins 756 
crosscut oceanic antigorite (sample 15-05; Pope et al., 2012), which suggests that the 757 
veins postdate serpentinization and are related to mobilization of a late-stage CO2-rich 758 
metamorphic fluids under retrograde conditions. 759 
 760 
4.6.8 Dolomite associated with talc-magnesite deposit (Ludlow, Vermont) 761 

 762 
Dolomite from Vermont (sample 08SVT-4A) has a Δ47 value of 0.348 ‰ and 763 

yields a clumped-isotope temperature of 360 °C (+70 °C, −50 °C; Table 2, Fig. 9b), 764 
which is slightly lower than the expected range of alteration (430-490 °C; Table 1). 765 
Applying the clumped-isotope temperature of 360 °C (+70 °C, −50 °C), dolomite formed 766 
from a fluid with a δ

18
Ofluid value ranging from 2.3 to 4.5 ‰. However, the clumped-767 

isotope temperature of Vermont dolomite appears to represent a blocking temperature 768 
rather than a formation temperature (see Section 5.5), so that the calculated δ

18
Ofluid 769 

values of the mineralizing fluid are relatively lower by 1 ‰. At a temperature of 430 °C 770 
(maximum clumped-temperature within error and lower limit of theoretical prediction), 771 
the δ

18
Ofluid value of 4.5 ‰ coincides with the general δ

18
Ofluid compositional field of 772 

metamorphic waters (+3 to +20 ‰; Sheppard, 1986).  773 
The clumped-isotope temperature (360 °C, +70 °C, −50 °C) of Vermont dolomite 774 

lies within the range of estimated temperatures (210-550°C) for metamorphic zones in 775 
Southeastern Vermont (Sheppard and Schwarcz, 1970). However, measured δ

18
Odol 776 

(+10.95 ‰) and δ
13

Cdol (−12.85 ‰) compositions are respectively ~ 2 ‰ and 10 ‰ lower 777 
than other dolomite in the area (Sheppard and Schwarcz, 1970). The isotopic 778 
compositions of Vermont dolomite probably reflect the influence of the reduced 779 
carbonaceous, graphite-bearing sulfidic biotite schist that encloses the host serpentinite 780 
and buffers the activity of CO2 according to water-graphite equilibria (e.g. Robinson et 781 
al., 2006) and likely supplied CO2 for carbonate mineralization. Although δ

13
C 782 

compositions of the graphitic schist surrounding the talc-magnesite-dolomite deposit are 783 
not available, graphite in the neighboring Waits River Formation, eastern Vermont, 784 
ranges in δ

13
Cgraphite composition from −11.9 to −14.3 ‰ (Stern et al., 1992) and resemble 785 

the carbon isotope composition of dolomite at Ludlow. For comparison, metamorphosed 786 
sedimentary rocks in Isua, Greenland preserve graphite with compositions between −16  787 
and −9 ‰ in equilibrium with siderite at 400-500 °C (Perry and Ahmad, 1977).  788 

 789 

5. Discussion 790 
 791 
Most natural and synthetic carbonates precipitate at or near homogenous isotope 792 

exchange equilibrium with respect to the carbonate ion contained in the mineral phase (cf. 793 
Equation 2 and Fig. A2) (e.g., Eiler, 2011) and yield clumped-isotope temperatures 794 
generally consistent with expected formation temperatures (e.g., Eiler et al., 2014). 795 
Notable exceptions include speleothems (Kluge and Affek, 2012; Kluge et al., 2014) and 796 
low-temperature corals (Saenger et al., 2012). These exceptions have been explained by 797 
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kinetic effects possibly associated with bicarbonate-carbonate (de)hydration and 798 
(de)hydroxylation, pH variations, and biologically induced effects. In the case of 799 
magnesium carbonates, we explore here additional geologic and experimental constraints 800 
that point to both consistent and discrepant values of Δ47 and resultant clumped-isotope 801 
temperatures.  802 

 803 
5.1 Synthetic magnesium carbonates  804 

 805 
Perhaps the most significant limitation concerning the application of clumped 806 

isotopes to magnesium carbonates is the paucity of data required for robust calibration 807 
and standardization of heterogeneous isotope exchange between magnesite and H2O as 808 
well as homogeneous isotope exchange (Equation 2) required for clumped-isotope 809 
thermometry. In part, the limitation derives from the difficulty associated with magnesite 810 
precipitation from solution at low (<25 °C) and standard ambient temperatures and the 811 
propensity to form hydrous magnesium carbonates (e.g., Deelman, 1999; Hänchen et al., 812 
2008; Bénézeth et al., 2011). Our data indicate that synthetic hydromagnesite (Section 813 
2.6; samples Mg-1 and Mg-3) yields Δ47 values that result in clumped-isotope 814 
temperatures (n=2; 79.2 ± 4.6 °C) virtually identical to the known precipitation 815 
temperature of 79.9 ± 0.5 °C (Tables 1 and 2; Fig. 11).  816 

In contrast, the magnesite samples produced from dissolution of forsterite in a two 817 
fluid phase system (H2O and CO2) at 60 °C and 100 bars (samples 0209 and 1210P) 818 
record anomalously high Δ47 values (about 0.03 ‰ above the calibration line) that yield 819 
clumped-isotope temperatures (n=2; 45.8 ± 6.5 °C) lower by ~15 °C (Table 2 and Fig. 820 
11). These results could be due to (1) statistical variability; (2) a pH-dependent speciation 821 
effect; or (3) magnesite formation after the experiment was stopped (during cooling and 822 
degassing). The standard error of samples measured in 3-5 replicates is typically 0.015-823 
0.010‰. Thus, the olivine dissolution samples are within 2-3 standard errors of the 824 
calibration line. Taking into account the uncertainty of the calibration line, the deviation 825 
could be statistically insignificant. On the other hand, pH-dependent speciation of the 826 
dissolved inorganic carbonate (DIC) species (i.e. H2CO3, HCO3

−
 and CO3

2−
) have a 827 

distinct equilibrium clumped-isotope signature (Δ47) that is preserved by the mineral 828 
depending on formation conditions (Hill et al., 2014). These experiments were 829 
maintained at low pH (4.5-5.5) (Johnson et al., 2014) and could theoretically be affected 830 
by pH-induced disequilibrium in the Δ47 values of the DIC pool. Theoretical calculations 831 
of Hill et al. (2014) suggest that mineral formation at low pH could cause an offset to 832 
higher Δ47 values on the order of about 0.03 ‰, which results in lower clumped-isotope 833 
temperatures. Although this Δ47 offset is similar to our measurements (~ 0.03 ‰), pH 834 
effects proposed by Hill et al., (2014) and Tripati et al., (2015) appear not to affect 835 
experimentally grown carbonates at pH 8.3-10.5 (Tang et al., 2014) and natural 836 
travertines at pH 5.6-9 (Kele et al., 2015). Because we cannot exclude either the 837 
influence of a statistical artifact or possible DIC speciation effects from our analysis, we 838 
suggest that either could explain the deviation between measured and expected values. 839 
These results reveal the complicated nature of magnesite formation, and emphasize the 840 
need for additional multiphase precipitation and dissolution-precipitation experiments 841 
and further theoretical and experimental investigations of pH effects in the clumped 842 
isotope system. In contrast, carbonates precipitated from solution following recipes from 843 
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McCrea (1950) and Kim and O’Neil (1997) used for equilibrium calibrations of clumped-844 
isotope measurements produce consistent results as demonstrated by the hydromagnesite 845 
samples (Mg-1 and Mg-3) presented in this study.  846 
 847 
5.2 Cryptocrystalline magnesite 848 

 849 
Cryptocrystalline magnesite displays a relatively uniform Δ47 composition 850 

irrespective of the type (nodular, stockwork vein, massive vein) and locality (Table 2). 851 
The Δ47 compositions yield a clumped-isotope temperature range from 15.9 to 31.6 °C 852 
(mean of 23.7 ± 5.0 °C) for the various types and different localities (California, Austria, 853 
Turkey, Iran) and are broadly consistent with the clumped-isotope temperatures reported 854 
for similar magnesite samples from Oman (Table A1; 23-26 ± 2 °C; n=2; Streit et al. 855 
2012) and New Caledonia (Table A1; 26-42 °C; n=7; Quesnel et al., 2016). Calculated 856 
clumped-isotope temperatures lie in the lower range of temperatures for cryptocrystalline 857 
magnesite based on classical oxygen isotope thermometry (range from 10 to 100°C; 858 
Table A1 and Fig. 11).  859 

 Cryptocrystalline magnesite appears to be a widespread alteration product of 860 
dunite, peridotite, and serpentinite related to ophiolite bodies worldwide (Pohl, 1990; 861 
Abu-Jaber and Kimberley, 1992b; Schroll, 2002). Genetic models for the formation of 862 
ultramafic-hosted cryptocrystalline magnesite proposed to date are varied and appear to 863 
be site-specific (Petrov, 1980; Pohl, 1990; Jedrysek and Halas, 1990; Fallick et al., 1991; 864 
Abu-Jaber and Kimberley, 1992a; Zedef et al., 2000; Ghoneim et al., 2003; Gartzos, 865 
2004; Ece et al., 2005; Kelemen, 2008; Mirnejad et al., 2008; Jurković et al., 2012; Streit 866 
et al., 2012; Oskierski et al., 2013; Quesnel et al., 2013; Kahya and Kuşcu, 2014; Ulrich 867 
et al., 2014; Quesnel et al., 2016), and largely depend on stable carbon and oxygen 868 
isotope compositions. Based on structural relationships, the serpentinization of peridotite 869 
at each deposit is a result of tectonic and geochemical processes that appear to restrict the 870 
formation of cryptocrystalline magnesite to upper crustal levels after serpentinization. In 871 
general, cryptocrystalline magnesite exhibits 18

Omgs compositions from >22 to 40 ‰ 872 
and 13

Cmgs values between −21.0 and −4 ‰ (Table  A3; Fig. 10a; Kralik et al., 1989; 873 
Oskierski et al., 2013), consistent with the compositions reported here (Table 2 and Fig. 874 
10a). These relatively large ranges in stable isotope values, along with structural 875 
observations, have led to at least two end-member models of cryptocrystalline magnesite 876 
mineralization in ultramafic rocks.     877 

Cryptocrystalline magnesite has been inferred to form as the result of either 878 
supergene or hydrothermal mineralization processes, or a combination of both. Supergene 879 
models assume dissolution and leaching of ultramafic rocks in weathering zones, where 880 
infiltrating meteoric waters transport magnesium and biogenic- and atmospheric-derived 881 
CO2, precipitating magnesite at low temperatures. The cryptocrystalline morphology and 882 
the discrete presence of shrinking or dehydration cracks have been interpreted to 883 
represent supergene mineralization of hydrous magnesium carbonates as precursors to 884 
cryptocrystalline magnesite (Lesko, 1972). Although some magnesite deposits are clearly 885 
associated with laterite weathering zones (Quesnel et al., 2013), most magnesite deposits 886 
do not occur in close relation to laterites (Pohl, 1990). In contrast, a hydrothermal origin 887 
requires moderate to higher temperatures to provide conditions for the release of 888 
mineralizing CO2 (e.g., via decarboxylation and decarbonation reactions during thermal 889 
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contact metamorphism; Zedef et al., 2000). Genesis in hydrothermal environments also 890 
requires the creation of large open volume space and/or a fracturing mechanism to form 891 
large magnesite veins (maximum vein thickness ~45 m (Mantudi/Euboea, Greece; Pohl, 892 
1989; Pohl, 1990); and Red Mountain magnesite ~36 m) and the possible coupled 893 
tectonic and syn-deformation filling of tensional structures (Quesnel et al., 2013). The 894 
wide range of 18

Omgs and 13
Cmgs compositions of worldwide magnesite also suggests a 895 

variety of sources of water and CO2, and variable water/rock ratios. Because hypogene, 896 
hydrothermal, and connate fluids can be of meteoric origin (Kelemen and Matter, 2008; 897 
Carreira et al., 2008; Kelemen et al., 2011), discriminating between two modes of 898 
magnesite formation may not be possible without additional field-specific constraints. 899 
 Figure 10a shows measured  δ

18
Omgs and δ

13
Cmgs compositions of 900 

cryptocrystalline magnesite from this study (California, Austria, Turkey and Iran; Table 901 
2) juxtaposed with the δ

18
Omgs and δ

13
Cmgs compositional fields of additional worldwide 902 

cryptocrystalline magnesite deposits (Compilation data and references in Table A4). 903 
Additionally, according to Figure 10b, discerning the source of the CO2 for each specific 904 
cryptocrystalline magnesite deposit will require detailed appraisal of the local sources of 905 
CO2 in each deposit. For example, the δ

13
Cmgs compositions of the mineralizing CO2 are 906 

typically within a range associated with biogenically processed carbon, including 907 
hydrocarbons (petroleum) or a mix of plant-derived inputs. In contrast, the computed 908 

δ
18

Ofluid values of the mineralizing fluid for cryptocrystalline magnesite reflect in large 909 
part the isotopic compositions of meteoric water representative for each area (Sections 910 
4.6.2, 4.6.3 and 4.6.4). Although cryptocrystalline magnesite deposits presented here are 911 
disseminated with respect to geologic setting and time, the restricted range of Δ47 912 
compositions and resulting temperatures could indicate a relatively consistent set of 913 
geologic processes that lead to the formation of cryptocrystalline magnesite in 914 
serpentinized peridotite rocks. Our clumped-isotope data indicate that percolation and 915 
mixing of meteoric surface waters to form the cryptocrystalline magnesite deposits 916 
worldwide are typical for large-scale carbonation of ultramafic rocks.  917 

 The formation of cryptocrystalline magnesite by meteoric fluids does not imply 918 
that other geologic processes can be excluded, particularly those that help explain the 919 
morphology and size of the veins, or the intense brecciation that often accompanies 920 
magnesite deposits.  For example, Quesnel et al. (2013) proposed that active tectonics 921 
play a role in the formation of large volumes of cryptocrystalline magnesite. Although it 922 
is possible that cryptocrystalline magnesite may form in disequilibrium with the 923 
mineralizing solution, so far the maximum isotopic disequilibrium that yields lower than 924 
expected temperatures in carbonates is recorded in surface corals at ~10 °C (Eiler et al., 925 
2014) and the olivine-magnesite experiments at ~15 °C, which may exhibit pH 926 
disequilibrium effects (Section 5.1). Even if a similar enrichment mechanism of 

13
C-

18
O 927 

bonds were operative during the formation of cryptocrystalline magnesite, which would 928 
yield anomalously cold temperatures, it would have to be an extreme effect that yields a 929 
temperature difference far greater than 10 °C. Such effect has been documented in rapid 930 
carbonate precipitation in high pH solutions (Schmid, 2011). It is assumed that 931 
cryptocrystalline magnesite precipitates from a solution sensu stricto, but textural 932 
evidence has been interpreted to indicate an origin from a colloidal solution or as gel 933 
(Bodenlos, 1950; Pohl, 1990) as implied by its name, gel magnesite (see textures in Figs. 934 
2a-2c). In this case, materials such as cryptocrystalline magnesite derived from colloidal 935 
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solutions or as gels may preserve unique clumped-isotope compositions (Δ47) and thus 936 
anomalous resultant temperatures. Colloidal solutions and gels have unique geochemical 937 
characteristics (e.g. high surface area, irregular electric surface charge and ion exchange 938 
potential, anomalous water properties; Brinker and Scherer, 1990) that could cause 939 
significant effects on stable and clumped isotope systematics on both the solution and 940 
resultant crystalline material. The relatively low clumped-isotope temperature (23.7 ± 5.0 941 
°C; range from 15.9 to 31.6 °C) points to a long-lived interaction with relatively cold 942 
meteoric water, which constitutes either the mineralizing fluid itself or an overprinting 943 
fluid that exchanges isotopically with cryptocrystalline magnesite or drives 944 
recrystallization. In the latter cases, the ensuing isotope-exchange reactions could occur 945 
at the surface of the highly porous (high surface area) cryptocrystalline magnesite (Figs. 946 
2a-2c) or promote partial to full dissolution and recrystallization, as suggested for marine 947 
carbonates (Maher et al., 2006; Fantle et al., 2010) and experimental studies of C and Mg 948 
isotope exchange between hydromagnesite and the co-existing fluid (Mavromatis et al., 949 
2012; Mavromatis et al., 2015). Hence, we cannot categorically rule out the possibility 950 
that cryptocrystalline magnesite may have been emplaced at higher temperatures and 951 
overprinted by fluids to record <31.6°C (average 23.7 ± 5.0°C) clumped-isotope 952 
temperatures (Fig. 11). In either case, the influence of meteoric water in mediating the 953 
formation of cryptocrystalline magnesite worldwide deposits is unequivocal. 954 

  955 
5.3 Hydrous magnesium carbonates (California Coast Ranges) 956 

 957 
Surface hydrous magnesium carbonates from the California Coast Ranges 958 

preserve clumped-isotope temperatures between 14.2 to 22.7 °C (Fig. 9a), consistent with 959 
the maximum monthly average temperatures for each location at the onset (October) and 960 
culmination (April-May) of the rainy season in California (Fig. A4-A5). We infer that 961 
nucleation and growth of hydrous magnesium carbonate phases in the California Coast 962 
Ranges occur due to two synchronous processes: when surface waters permeate the 963 
sheared serpentinite and serpentinized peridotite during the period of October-April and 964 
surface temperatures reach values between 14 to 23 °C, as determined by clumped-965 
isotope temperatures. 966 

Clumped-isotope temperatures for hydrous magnesium carbonates in California 967 
are consistent with thermodynamic calculations and phase relations estimated for artinite 968 
and hydromagnesite. Artinite is stable at lower pCO2 than hydromagnesite (Dandurand 969 
and Schott, 1977) and because very small nodules of hydromagnesite develop along the 970 
artinite fibers (see Cisneros 1977), we suggest that the New Idria artinite forms along the 971 
stability field of both hydromagnesite and artinite at log(pCO2[bars]) of −6 to −5 972 
(Dandurand and Schott, 1975; Königsberger et al., 1999). Similarly, using the clumped-973 
isotope temperatures for McLaughlin and New Idria hydromagnesite at 22.7 and 21.1°C, 974 
respectively, hydromagnesite stability occurs between log(pCO2[bars]) of −5 to −3 975 
(Dandurand and Schott, 1975; Königsberger et al., 1999). Although hydromagnesite is 976 
considered to be a metastable phase that transforms to magnesite (Bénézeth et al., 2011), 977 
we found no textural or crystallographic evidence of cogenetic magnesite in the hydrous 978 
magnesium carbonates.  979 

Clumped-isotope temperatures and stable isotope compositions of hydrous 980 
magnesium carbonates record the effect of local latitudinal variations along the central 981 
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portions of the California Coast Ranges. The relatively low δ
13

C values for hydrous 982 
magnesium carbonates reflect the incorporation of biogenic CO2 (Fig. 10b). Calculated 983 
δ

18
Ofluid compositions (−4.7±0.1 ‰ at McLaughlin; −5.8±0.2 ‰ at Del Puerto; and 984 

−6.5±0.1 ‰ at New Idria; Table 3) agree with the range of meteoric water δ
18

O 985 
compositions for California (Fig. 10b; cf. White et al., 1973; Barnes et al., 1973; Kendall 986 
and Coplen, 2001; Blank et al., 2009) and exhibit relative depletion in 

18
O from north to 987 

south.  A similar trend of variability of isotope composition as a function of latitude is 988 
also observed in the measured δ

2
H values of the hydrous magnesium carbonates, where 989 

relatively less depleted δ
 2

H are recorded at McLaughlin (−122.9  ± 1.4‰), and become 990 
increasingly depleted to the south, such that δ

 2
H at Del Puerto is −129.9  ± 1.3‰, and 991 

−132.0  ± 1.3‰ at New Idria (Table A6; Methods for δ
2
H measurements in Appendix B). 992 

Calculated mineralizing δ
18

Ofluid and δ
2
H values of hydrous magnesium carbonates 993 

decrease with decreasing latitude. This observation is best explained by local 994 
meteorological conditions related to latitudinal variations along the central portions of the 995 
California Coast Ranges (Fig. 1B). Hydrous magnesium carbonates form at relatively 996 
similar elevations (Table S3) and are effectively at the same distance from the Pacific 997 
Ocean (Fig. 1B), minimizing topographic and ‘continental effects’ (Poage and 998 
Chamberlain, 2001; Breecker et al., 2009; Mix et al., 2011; Winnick et al. 2014). Latitude 999 
effects appear to influence the isotopic composition of mineralizing meteoric waters and 1000 
resultant hydrous magnesium carbonates along the California Coast Ranges. In this case, 1001 
clumped-isotope temperatures offer a means for calculating the δ

18
Ofluid compositions of 1002 

precipitation and surface waters, extending the use of clumped-isotope thermometry to 1003 
help discern factors controlling the isotopic composition of fluids in continental settings. 1004 
 1005 
5.4 Mine adit hydrous magnesium carbonates (Red Mountain mine) 1006 

 1007 
Hydromagnesite+dypingite (sample DPT12-10-crust) from the Red Mountain adit 1008 

yields a temperature of 16.7 ± 1.5 °C that is broadly consistent with inferred mine adit 1009 
temperature (11.3 °C). In contrast, disequilibrium effects are evident in the relatively 1010 
lower 47 values of the nesquehonite (sample DPT12-10-salt) that translate to an apparent 1011 
temperature of 40.2 ± 3.8 °C (Table 2; Fig. 9a). The main difference between crustiform 1012 
hydomagnesite-dypingite and nesquehonite appears to be the timing of mineralization, 1013 
whereby the last episode of mineralization (nesquehonite) reflects progressive 1014 
evaporation that promotes nesquehonite saturation via CO2 degassing in the water-rich 1015 
droplets, which are the last and longer-lived features of a moist adit wall. Degassing of 1016 
CO2 mediates carbonate precipitation in thin films to form speleothems (Buhmann and 1017 
Dreybrodt, 1985; Dreybrodt, 1999) and can result in substantial kinetic effects in 1018 
clumped-isotope compositions, consistent with similar observations in calcium 1019 
carbonates in caves (Affek et al., 2008; Daëron et al., 2011; Kluge and Affek, 2012; 1020 
Kluge et al., 2013; Affek et al., 2014) and experimental analogs (Affek and Zaarur, 1021 
2014). Comparable to calcium carbonate speleothems, nesquehonite records clumped-1022 
isotope compositions that result in anomalously warmer temperatures related to kinetic 1023 
factors associated with dehydroxylation (Eiler et al., 2014) or dehydration (Affek and 1024 
Zaarur, 2014) of HCO3

−
 and ensuing CO2 degassing. Such effects are also recognizable 1025 

in the enrichment by ~3.3‰ in the δ
13

C compositions (δ
13

C of hydromagnesite+dypingite 1026 
is 3.94‰ and nesquehonite is 7.31‰; Table 2). Similar kinetic effects have been reported 1027 
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for hydrous magnesium carbonate mine adit coatings (e.g., lansfordite, MgCO3·5H2O) in 1028 
subarctic conditions (Beinlich and Austrheim, 2012). We rule out the possibility of 1029 
microbial mediation in mine adit magnesium carbonate precipitation and therefore “vital 1030 
effects” in the isotopic and clumped-isotope compositions because evidence of microbial 1031 
activity (e.g., microbial mats, mucous biofilms or microbialites) is not present (Fig. 5).  1032 
 1033 
5.5 High temperature metamorphic magnesium carbonates  1034 
 1035 

Measured values of 47 in magnesite from the Isua Supracrustal Belt (ISB), 1036 
Greenland correspond to temperatures of 490 °C (Fig. 9b; Table 2), whereas the 1037 
coexisting dolomite records a temperature of 326 °C. Only magnesite reproduces 1038 
clumped-isotope temperatures in agreement with theoretical predictions of metasomatism 1039 
and alteration of ultramafic rocks in Isua (cf. Section 2.4.1). The discrepancy in clumped-1040 
isotope temperatures between the two carbonate phases appear to be related to differences 1041 
in apparent equilibrium blocking temperature in relation to 

13
C-

18
O bond reordering. 1042 

The apparent equilibrium blocking temperature refers to the measured Δ47 value 1043 
and clumped-isotope temperature where the internal reordering of the isotope-exchange 1044 
reaction, as expressed in Equation 2, is negligible and does not proceed in any direction 1045 
(Stolper and Eiler, 2015). Under most natural conditions, the apparent equilibrium 1046 
blocking temperature for magnesite is at least ~490 °C as recorded by the magnesite 1047 
(Isua, Greenland) (Table 2), which is higher than calcite by ~300 to 350 °C (blocking 1048 
temperature of calcite: ~150-200 °C; Dennis and Schrag, 2010) and dolomite by at least 1049 
~200°C (blocking temperature of dolomite ranges between 260 and 350 °C (Ferry et al., 1050 
2011; Vandeginste et al., 2014). It follows that the dolomite coexisting with magnesite 1051 
(Isua, Greenland) records a temperature of 326 °C, which lies within the range of 1052 
apparent blocking temperatures of dolomite. Additionally, dolomite (Ludlow, Vermont) 1053 
has a 47 composition that corresponds to a clumped-isotope temperature of 360 °C 1054 
(Table 2, Fig. 9b), which is below the expected mineralization temperature for the talc-1055 
magnesite-dolomite system (cf. Table 1; Section 2.4.2), but is within error of the range of 1056 
proposed blocking temperatures for dolomite (260-350 °C). 1057 

We thus suggest that magnesite preserves higher clumped-isotope temperatures 1058 
than both calcite and dolomite, and can function as a clumped-isotope carbonate 1059 
geothermometer with a broader temperature application range. We assume that the 1060 
Greenland magnesite-dolomite vein cooled faster than sedimentary and metamorphosed 1061 
carbonates (e.g., marble) and thus preserves the original crystallization temperature of the 1062 
metasomatic event, given that the apparent equilibrium blocking temperature is a function 1063 
of cooling rate (Stolper and Eiler, 2015). The sampled magnesite+dolomite+talc vein 1064 
appears to have formed as a single-stage fracture and does not present a reaction aureole 1065 
or folding, which may be indicative of secondary resetting by subsequent heating. This 1066 
possibility allows us to assume that the vein was not affected by post-mineralization 1067 
isotopic re-ordering due to thermal changes (e.g., Henkes et al., 2013). However, 1068 
temperature limits based on clumped-isotope compositions in magnesite need to be 1069 
further evaluated in regard to solid-state reordering (e.g., Henkes et al., 2014) and 1070 
explored in other geologic settings where high temperature magnesite occurs and cooling 1071 
rates can be better approximated (e.g., sedimentary and diagenetic magnesite).  1072 
 1073 
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6. Implications for carbon capture and storage in ultramafic rocks 1074 
 1075 
Natural occurrences of magnesium carbonates from a broad range of geologic 1076 

environments provide fundamental constraints on carbon capture and storage (CCS) in 1077 
ultramafic rocks. The study of these natural analogues, such as those presented here, 1078 
complements the array of research methodologies directly applied to CCS, which include 1079 
laboratory experiments (e.g., Olsson et al., 2012; Johnson et al., 2014; Harrison et al., 1080 
2015), geochemical and fracture modeling (e.g., Rudge et al., 2010; Klein and Garrido, 1081 
2011; Bea et al., 2012; Paukert et al., 2012), and pilot and proposed injections of CO2, 1082 
such as the CarbFix project in Iceland basalts (Matter et al., 2009; Gislason et al., 2010; 1083 
Matter et al., 2011; Gislason and Oelkers, 2014) and in the Samail ophiolite in Oman 1084 
(Kelemen et al., 2013). Our results for cryptocrystalline magnesite from some of the 1085 
largest deposits in the world indicate that Δ47 compositions are surprisingly uniform. The 1086 
similar clumped-isotope temperatures, combined with calculated δ

18
Ofluid and δ

13
CCO2 1087 

values, suggest that circulating meteoric waters played an important role in the genesis of 1088 
the deposits. Likewise, preserved Δ47 compositions and clumped-isotope temperatures 1089 
record ambient conditions in the formation of hydrous magnesium carbonates in 1090 
ultramafic rocks, indicating that direct uptake of CO2 occurs readily at surface conditions. 1091 
These natural examples demonstrate that magnesium carbonate mineralization could be 1092 
replicated in engineered CO2 reactions in ultramafic rocks at the surface and shallow 1093 
depths, although the slow kinetics of such engineered reactions may render this approach 1094 
impractical (Johnson et al., 2014). Collectively, our results support the application of 1095 
clumped-isotope thermometry to guide the possible implementation of engineered 1096 
carbonation in ultramafic rocks and other lithologies. 1097 
 1098 

7. Conclusions 1099 
 1100 

Our study demonstrates the application of carbonate clumped-isotope 1101 
thermometry in addressing the formation of a wide variety of magnesium carbonates in 1102 
ultramafic rocks. The broad range of samples presented here enables the study of portions 1103 
of the shallow crust where CO2-bearing fluids mediate the formation of cryptocrystalline 1104 
magnesite ore deposits, surface hydrous magnesium carbonates, and 1105 
hydrothermal/metamorphic carbonates and related talc ores. Determining the preserved 1106 
compositions of Δ47 compositions and corresponding clumped-isotope temperature of 1107 
cryptocrystalline magnesite provides a new framework for revisiting the paragenesis of 1108 
similar deposits worldwide (e.g. Fig. 10). We show that hydrous magnesium carbonates 1109 
formed at the surface in sheared serpentinized-peridotite rocks preserve clumped-isotope 1110 
temperatures consistent with average historical ambient temperatures, demonstrating the 1111 
importance of seasonality in the formation of hydromagnesite and artinite in the 1112 
California Coast Ranges. Likewise, clumped-isotope thermometry can be applied to high-1113 
temperature magnesite and dolomite, where results are broadly consistent with 1114 
thermodynamic and independent constraints, despite expected potential effects of isotopic 1115 
solid state re-ordering. Because of the more elevated apparent equilibrium blocking 1116 
temperature of magnesite relative to calcite and dolomite, magnesite can be used to 1117 
establish a broader magnesite geothermometer, and improve elemental solvus 1118 
thermometry of the carbonate systems, including those containing calcite and dolomite 1119 
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(e.g., Sheppard and Schwarcz, 1970). Magnesium carbonates hosted in ultramafic rocks 1120 
represent an important example of multiple processes that convert CO2 from fluid to solid 1121 
phase, a transformation that can be traced using carbonate clumped-isotope thermometry.  1122 
 1123 
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9. Figure Captions 1139 
 1140 
Figure 1. A. Location map of cryptocrystalline magnesite districts hosted in ultramafic 1141 
rocks and high-temperature magnesium carbonates. Additional sample information is 1142 
provided in Table 1. B. Distribution of ultramafic bodies in California and type of 1143 
magnesium carbonate collected from each locality. Samples for this study are from three 1144 
main areas: The McLaughlin serpentinite body in the Northern Coast Ranges; the Del 1145 
Puerto ophiolite and related serpentinized peridotite; and New Idria serpentinite. 1146 
Diamonds represent weather stations from which precipitation and temperature records 1147 
have been used to constrain the formation of hydrous magnesium carbonates. From north 1148 
to south: Blank diamonds correspond to stations in the vicinity of McLaughlin: (1) 1149 
Clearlake 4 SE, (2) Middletown, and (3) Calistoga. Filled diamonds represent stations 1150 
near Red Mountain and the Del Puerto roadcut hydromagnesite deposit: (4) Mount 1151 
Hamilton, (5) Gerber Ranch, (6) Del Puerto Road Camp, and (7) Diablo Grande. Semi-1152 
filled diamonds near New Idria indicate stations (8) Panoche 2-W, (9) Idria and (10) 1153 
Pinnacles National Monument. Exact location and distance to sampling site are shown in 1154 
Table A3.   1155 
 1156 
Figure 2. A. SEM photograph of Red Mountain magnesite fragments loaded on a 1157 
petrographic slide, which allows to show a 3D texture of the cryptonodules that dominate 1158 
the magnesite mineralization and discrete larger magnesite crystals. Note the high 1159 
porosity of cryptocrystalline magnesite. B. Detail of magnesite crystals within nodular 1160 
crystalline magnesite. C. SEM photograph of Red Mountain cryptocrystalline magnesite 1161 
from a thin section. Photograph shows the interior of a magnesite crystal in a matrix of 1162 
homogenous cryptonodular crystals of magnesite D. SEM photograph of hydromagnesite 1163 
and dypinguite from the mine adit of Red Mountain. Rose blades represent 1164 
hydromagnesite and dypingite exhibits a fibrous habit.  E. and F. SEM image detail of 1165 
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hydromagnesite blades from the Red Mountain crustiform carbonates.  1166 
 1167 
Figure 3. Examples of cryptocrystalline magnesite from Red Mountain, California 1168 
(USA). A. Massive magnesite vein at Red Mountain, thickness ~20m and several 1169 
hundred meters in horizontal and lateral extent.  Note sharp contacts with peridotite and 1170 
secondary amorphous silica slickenside. B. Stockwork magnesite. C. Magnesite nodule at 1171 
Red Mountain within a serpentine and peridotite matrix.  1172 
 1173 
Figure 4. Hydrous magnesium carbonates from surface exposures (California Coast 1174 
Ranges). A. Hydromagnesite veinlets, nodules, and coalesced nodules from an exposed 1175 
transect of massively sheared and friable serpentinite at the McLaughlin Reserve, 1176 
California. Notice distance from soil horizon and vegetation. Unreplaced blocks of 1177 
peridotite-serpentinite on the lower right corner of photograph. B. Hydromagnesite 1178 
spherical concretions embedded in serpentinite. If removed, the hydromagnesite nodules 1179 
leave a void round cavity. C. Hydromagnesite nodules and veinlets exposed along a 1180 
roadcut (Del Puerto Road) through the peridotite segment of the Del Puerto ophiolite, 1181 
California. Lower right section of photograph shows where the road begins. Note the 1182 
progression from fresh, unmineralized peridotite to shear serpentinite to hydrmagnesite 1183 
mineralization. D. Detail of mineralization at Del Puerto road. E. Hydromagnesite 1184 
nodules in sheared serpentinite of New Idria, California. F. Artinite crystals growing on 1185 
serpentinite surfaces in mine tailings of New Idria, California. (Photo credit for A and B: 1186 
D.E. Ibarra)   1187 
 1188 
Figure 5. Crustiform, hydrous magnesium carbonates from Red Mountain mine adit. A. 1189 
Map of level 3040 ft. (927 m) at Red Mountain showing the location of the carbonate 1190 
coatings and the temperature gradient prevalent at the mine. Temperature at the collection 1191 
site is constant at 11.3°C. Temperatures in sections ~>150 m from the adit entrance are 1192 
consistently 11.3±0.1°C regardless of time of the day. Temperature decreases from 1193 
14.0°C at 1 m from entrance to 12.2°C at 90 m, and at ~150 m the temperature reaches a 1194 
constant temperature of 11.3°C. Other sections of the mine at different levels exhibit 1195 
temperatures of 11.3±0.1°C, which suggest that our temperature estimate for prevalent 1196 
temperatures in the mine does not vary. B. Photograph showing the layered white 1197 
admixture of hydromagnesite and minor dypingite, and the nearly transparent 1198 
nesquehonite that develops at the end of the carbonate envelope. C. Photograph 1199 
highlighting the formation of nesquehonite over the hydromagnesite-dypingite crust and 1200 
the droplet-like nesquehonite. D. Cross-section detail of the interface between ultramafic 1201 
rock contact and crustiform hydrous magnesium carbonates. The carbonate preserves a 1202 
thin layer of ultramafic dust probably derived from mining operations. Hydromagnesite 1203 
and dypingite develop along the contact wall, differentiated by the creamy and white 1204 
color, and nodular habit. Nesquehonite develops at sharp contact with the 1205 
hydromagnesite-dypingite as the final stage of the mineralization and displays 1206 
transparent, salt-like bladed crystals.  1207 
 1208 
Figure 6. Magnesite-dolomite vein mineralization in ultramafic exposures in Isua, 1209 
Greenland, and sample example of dolomite from Vermont.  A. Talc-magnesite-dolomite 1210 
vein, thickness ~30 cm and several tens of meters in lateral extent. Vein cuts through 1211 
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>3715 Ma schistose and altered undifferentiated ultramafic rock, which includes 1212 
metasomatised dunites and layered peridotite (Nutman and Friend, 2009; Pope et al., 1213 
2012; Szilas et al., 2015). B. Detail of coeval magnesite-dolomite mineralization in 1214 
equilibrium with talc. Magnesite is readily identified by the reddish color, whereas 1215 
dolomite exhibits a white tone. C. Dolomite crystal from Ludlow, Vermont.  1216 
 1217 
Figure 7. Synthetic magnesite and hydromagnesite. A. SEM photograph of olivine-1218 
magnesite from experiments reported in Johnson et al. (2014). Note the spiral growth of 1219 
magnesite crystals on olivine surfaces. B. SEM photograph of the synthetic 1220 
hydromagnesite (Sample Mg-3) precipitated at 80°C following the methods of Kluge and 1221 
John (2015).  1222 
 1223 
Figure 8.  Samples of known temperature used to evaluate the acid fractionation 1224 
correction. Acid-corrected Δ47 values of experimental magnesite (black circles) and 1225 
hydromagnesite (filled triangles) samples in the CDES scale of Dennis et al. (2011) and 1226 
the magnesite samples (white circles) from Falk and Kelemen (2015).  We apply an acid 1227 
correction of +0.069 ‰, consistent with the fractionation for various carbonates, which 1228 
leads to a Δ47-T relationship of magnesite and hydromagnesite that follows the same 1229 
calibration line as for calcite. The polynomial fit of Falk and Kelemen (2015) is shown 1230 
for comparison. 1231 
 1232 
Figure 9. Acid-corrected Δ47 values and clumped-isotope temperatures of natural 1233 
magnesium carbonate samples. Also shown is the calibration line of Kluge et al. 2015 1234 
(Equation 4) employed to determine clumped temperatures. A. Δ47 values and clumped-1235 
isotope temperatures (acid corrected to +0.069 ‰) of cryptocrystalline magnesite 1236 
(circles; Red Mountain, CA (USA), Austria, Turkey and Iran); California Coast Ranges 1237 
surface hydrous magnesium carbonates (squares; McLaughlin, Del Puerto, New Idria); 1238 
and Red Mountain mine adit carbonates (triangles). Independent temperature for Red 1239 
Mountain mine adit samples (hydromagnesite and nesquehonite) is the temperature of the 1240 
mine (11.3°C). B. Δ47 values and clumped-isotope temperatures (acid corrected to +0.069 1241 
‰) of high-temperature magnesite and dolomite from Isua, Greenland and Vermont.  1242 
 1243 
Figure 10. Oxygen and carbon isotope compositions of magnesium carbonates and 1244 
corresponding mineralizing fluid (water and CO2). A. Measured values of oxygen and 1245 
carbon isotope compositions (Table 2) of: cryptocrystalline magnesite from this study 1246 
(Red Mountain, California, USA, Austria, Turkey and Iran; filled circles); worldwide 1247 
compilation of other cryptocrystalline magnesite deposits (data and references in Table 1248 
A1 and A4; gray field); hydrous magnesium carbonates (California Coast Ranges; brown 1249 
squares); mine adit carbonates (Red Mountain, California, USA; yellow triangles); and 1250 
high-temperature carbonates (Vermont; red rhomb and Greenland; orange rhomb). B. 1251 
Corresponding oxygen isotope composition of mineralizing solutions and carbon isotope 1252 
composition of mineralizing CO2 (Table 3). Box areas represent fields of average oxygen 1253 
isotope compositions of natural waters (Data in Table A5). Lower boxes represent global 1254 
ranges of carbon isotope compositions of CO2 reservoirs relevant to our discussion (Data 1255 
in Table A5).  1256 
 1257 
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Figure 11. Geologic or experimental (known temperature in °C) versus clumped-isotope 1258 
temperature (in °C). Data for geologic temperature estimates for cryptocrystalline 1259 
magnesite are given in Table A1. Error bars represent standard error between minimum 1260 
and maximum estimated temperatures for each location (Table A1). Data for geologic 1261 
temperature estimates for hydrous magnesium carbonates (California Coast Ranges) are 1262 
taken from Figs. A4 and A5. Errors bars represent standard error between minimum and 1263 
maximum temperatures recorded at weather stations (Table A3). The diagonal 1:1 line 1264 
represents the correlation between expected geologic or experimental temperatures in 1265 
relation to clumped-isotope temperature. Also shown: the hydrous magnesium carbonates 1266 
(yellow triangles) from the Red Mountain mine adit expected to have formed at 11.3 °C; 1267 
olivine-magnesite experiments (white triangles) at 60 °C and hydromagnesite 1268 
experiments at 80 °C (blue triangles). The arrows represent the deviation from expected 1269 
temperature for Red Mountain mine adit (nesquehonite, sample DPT12-10 Salt) (Section 1270 
5.4) and for synthetic magnesite from olivine dissolution experiments (samples 0209 and 1271 
1210P) (Section 5.1).  1272 
 1273 
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Table 1 Mineralogy, mode of formation, location, and inferred geologic or known temperature of magnesium carbonate formation 

Sample Mineralogy (*) Type 
Geologic / Experimental 

Temperature (°C)

Red Mountain cryptocrystalline magnesite (California)

SD10-2 magnesite massive vein 10 to 100°C (2)

DV10-27C magnesite massive vein 10 to 100°C (2)

DV10-21B magnesite stockwork vein 10 to 100°C (2)

DV10-21A magnesite nodule 10 to 100°C (2)

N6V-2A magnesite nodule 10 to 100°C (2)

RM-09-12-II magnesite breccia matrix 10 to 100°C (2)

DV10-6 magnesite massive vein 10 to 100°C (2)

Worldwide cryptocrystalline magnesite deposits

AU-15 magnesite vein Kraubath (Austria) 13 to 42°C (3)

070815-7 magnesite vein Eskişehir (Turkey) 37.9 to 80°C (3)

dhs23 magnesite vein Derakht-Senjed (Iran) 20 to 44°C (3)

Surface hydrous magnesium carbonates

MCL-2 hydromagnesite nodule McLaughin serpentinite (California, USA) 38°48'20.92"N, 122°22'57.82"W 35 to −2°C (4)

RC1 hydromagnesite nodule Del Puerto peridotite roadcut (California, USA) 37°24'37.10"N, 121°25'40.76"W 35 to −3°C (4)

09-NI-3 hydromagnesite nodule New Idria serpentinite (California, USA) 36°24'04.40"N, 120°40'32.76"W 40 to −8°C (4)

10-NI-1 artinite acicular cluster New Idria serpentinite (California, USA) 36°21'16.89"N, 120°40'34.99"W 40 to −8°C (4)

Red Mountain mine adit coatings

DPT12-10 Crust ()
hydromagnesite 

minor dypingite
crustiform Red Mountain mine adit (California, USA); Adit entrance 37°24'39.12"N, 121°28'18.75"W. 3040 ft. (927 m) level 11.3 ± 0.1°C (5)

DPT12-10 Salt nesquehonite crustiform Red Mountain mine adit (California, USA); Adit entrance 37°24'39.12"N, 121°28'18.75"W. 3040 ft. (927 m) level 11.3 ± 0.1°C (5)

High-temperature carbonates

14-05-Red () magnesite vein Isua (Greenland)  65°7'51.96"N, 50°9'59.94" 430 to 490°C (6)

14-05-White dolomite vein Isua (Greenland)  65°7'51.96"N, 50°9'59.94" 430 to 490°C (6)

08SVT-4A dolomite vein Talc mine in serpentinized peridotite (Ludlow, Vermont, USA) 430 to 490°C (6)

Olivine-magnesite experiments

0209 () olivine magnesite spiral growth lab experiment 60°C (7)

1210P () olivine magnesite spiral growth lab experiment 60°C (7)

Hydromagnesite experiments

Mg-1 ()
Hydromagnesite, 

minor aragonite 
flakes lab experiment 79.9 ± 0.1°C (8)

Mg-3 () hydromagnesite flakes lab experiment 79.9 ± 0.1°C (8)

(*) Determined via powder XRD. Refer to Fig. A1 for diffractograms of selected samples (5) Constant temperature inside the mine measured throughout the day on 25 February 2012 (Fig. 5)

(1) Plate number and coordinates in [brackets ] refer to mining maps in Bodenlos (1950) (6) Based on stability of coexisiting dolomite+magnesite+talc  (Bucher and Grapes, 2011)

(2) Stable isotope thermometry assuming δ
18

Ofluid compositions (Barnes et al . 1973) (7) Controlled laboratory temperatures (Johnson et al ., 2014)

(3) Austria: Kralik (1989); Turkey: Kahya and Kuşcu (2014) and Ece et al . (2005): Iran, Mirnejad et al . (2008) (8) Controlled laboratory temperatures (Kluge and John, 2015)

(4) Based on yearly averages from nearby weather stations shown in Fig. 1b. Data on Figs. A4 and A5 () Sample used for acid fractionation evaluation (Section 4.1)

Float sample; magnesite breccia with pink and purple matrix

Outcrop 37°24'49.0"N, 121°28'13.9"W. 3590 ft. (1094 m) level; highest point of Red Mountain deposit

Location

Outcrop 37°24'48.4"N, 121°28'08.9"W. 3520 ft. (1073 m) level

Adit entrance 37°24'41.6"N, 121°28'15.9"W, 3240 ft. (988 m) level. 714 ft. (218 m) from entrance. [5400 N, 4500 W Plate 42] (1)

Adit entrance 37°24'41.6"N, 121°28'15.9"W. 3240 ft. (988 m) level. 750 ft. (229 m) from entrance to the right. [5700 N and 4400 W Plate 42] (1)

Adit entrance 37°24'41.6"N, 121°28'15.9"W. 3240 ft. (988 m) level. 750 ft. (229 m) from entrance to the right. [5700 N and 4400 W Plate 42] (1)

Adit entrance 37°24'41.3"N, 121°27'51.0"W. 3230 ft. (985 m) level. 226 ft. (69 m) from entrance to the left. [4800 N and 2000 W Plate 46] (1)

Table 1



Sample replicates
Δ47 (raw) not acid 

corrected (‰)
1SD

Δ47  acid 

corrected (‰) 

(1)

T (°C)
Uncertainty  

(°C)

δ
13

C (raw) 

(‰) VPDB
1SD

δ
18

O (raw) 

(‰)
1SD

δ
18

O acid 

corrected (‰) (2) 

VSMOW

Red Mountain cryptocrystalline magnesite (California)

SD10-2 6 0.609 0.012 0.678 31.6 1.8 -11.30 0.00 37.72 0.09 28.00

DV10-27C 3 0.623 0.003 0.692 26.8 0.7 -10.63 0.18 36.53 0.22 26.82

DV10-21B 3 0.655 0.024 0.724 15.9 4.5 -10.73 0.07 37.62 0.13 27.90

DV10-21A 3 0.619 0.010 0.688 28.1 2 -10.53 0.09 36.96 0.06 27.25

N6V-2A 3 0.650 0.016 0.719 17.5 3.1 -10.78 0.16 36.98 0.36 27.27

RMO-09-12-II 1 0.633 0.702 23.2 6.7 -12.21 0.10 36.48 0.20 26.77

DV10-6 3 0.642 0.034 0.711 20.2 6.4 -11.79 0.20 37.35 0.53 27.63

Worldwide cryptocrystalline magnesite deposits

AU-15 2 0.619 0.010 0.688 28.2 2.5 -14.57 0.01 36.23 0.14 26.52

070815-7 2 0.631 0.022 0.700 24 5.2 -10.52 0.06 37.06 0.07 27.35

dhs23 3 0.638 0.039 0.707 21.7 8 -4.95 0.60 33.53 1.27 23.85

Surface hydrous magnesium carbonates

MCL-2 3 0.635 0.019 0.704 22.7 3.8 -13.69 0.01 36.99 0.03 27.28

RC1 2 0.660 0.002 0.729 14.2 0.5 -7.26 0.07 37.77 0.17 28.05

09-NI-3 3 0.639 0.018 0.708 21.1 3.4 -13.33 0.08 35.62 0.13 25.92

10-NI-1 2 0.636 0.015 0.705 22.1 3.5 -5.69 0.46 35.26 0.72 25.56

Red Mountain mine adit coatings

DPT12-10 Crust 2 0.653 0.006 0.722 16.7 1.5 3.94 0.01 41.41 0.19 31.65

DPT12-10 Salt 2 0.586 0.013 0.655 40.2 3.8 7.31 0.59 42.16 0.51 32.40

High-temperature carbonates

14-05 Red 3 0.254 0.011 0.323 490 +60 −40 -3.10 0.11 16.47 0.19 7.11

14-05 White 3 0.289 0.011 0.358 326 20 -3.27 0.06 15.78 0.13 6.27

08SVT-4A 2 0.279 0.021 0.348 360 +70 −50 -12.85 0.05 20.35 0.02 10.95

Olivine-magnesite experiments

0209 4 0.573 0.025 0.642 45.6 4.8 0.80 0.29 20.03 0.57 10.47

1210P 1 0.572 0.641 45.9 7.9 -45.32 0.20 21.19 0.20 11.62

Hydromagnesite experiments

Mg-1 3 0.499 0.010 0.568 79.9 2.8 -17.70 0.06 -16.96 0.27 13.54

Mg-3 4 0.502 0.023 0.571 78.4 5.8 -16.76 0.01 -16.14 0.01 14.33

SD=Standard deviation

(1) Acid correction value (0.069‰) for Δ47 compositions from Kluge et al. (2015)

(2) Acid correction at digestion temperature 90°C from Das Sharma et al. (2002)

Table 2 Δ47, clumped-isotope temperatures, δ
18

O, and δ
13

C values of natural and laboratory magnesium carbonate samples.

Table 2



 Table 3 Calculated δ
18

Owater and δ
13

CCO2 of mineralizing fluids using the respective clumped-isotope temperature

Sample
Clumped 

T (°C)

uncertainty 

(°C)

δ
18

O (‰) (1) 

VSMOW
α (1)

δ
18

O water 

(‰) (1) 

VSMOW

α (2)

δ
18

O water 

(‰) (2) 

VSMOW

α (3)

δ
18

O water 

(‰) (3) 

VSMOW

α (4)

δ
18

O water 

(‰) (4) 

VSMOW

α (5)

δ
18

O water 

(‰) (5) 

VSMOW

α (6)

δ
13

C CO2(g) 

(‰) (6) 

VPDB

α (7)

δ
13

C CO2(g) 

(‰) (7) 

VPDB

Red Mountain cryptocrystalline magnesite (California)

SD10-2 31.6 1.8 28.00 1.0350 -6.8 1.0300 -2.0 1.0291 -1.1 1.0388 -10.4 1.0308 N.A. 1.0117 -22.7 1.0196 -30.3

DV10-27C 26.8 0.7 26.82 1.0363 -9.1 1.0311 -4.2 1.0301 -3.2 1.0401 -12.8 1.0318 N.A. 1.0124 -22.7 1.0203 -30.3

DV10-21B 15.9 4.5 27.90 1.0394 -11.1 1.0337 -5.6 1.0325 -4.4 1.0431 -14.6 1.0342 N.A. 1.0141 -24.5 1.0222 -32.2

DV10-21A 28.1 2 27.25 1.0359 -8.4 1.0308 -3.5 1.0298 -2.5 1.0398 -12.0 1.0315 N.A. 1.0122 -22.4 1.0201 -30.0

N6V-2A 17.5 3.1 27.27 1.0389 -11.2 1.0333 -5.8 1.0321 -4.7 1.0427 -14.8 1.0338 N.A. 1.0139 -24.3 1.0219 -32.0

RMO-09-12-II 23.2 6.7 26.77 1.0373 -10.1 1.0319 -5.0 1.0308 -3.9 1.0411 -13.7 1.0325 N.A. 1.0129 -24.8 1.0209 -32.5

DV10-6 20.2 6.4 27.63 1.0382 -10.1 1.0326 -4.9 1.0315 -3.7 1.0419 -13.7 1.0332 N.A. 1.0134 -24.9 1.0214 -32.5

Worldwide cryptocrystalline magnesite deposits

AU-15 28.2 2.5 26.52 1.0359 -9.1 1.0308 -4.1 1.0298 -3.2 1.0397 -12.7 1.0315 N.A. 1.0122 -26.4 1.0201 -34.0

070815-7 24 5.2 27.35 1.0371 -9.4 1.0317 -4.3 1.0307 -3.2 1.0409 -13.0 1.0324 N.A. 1.0128 -23.0 1.0208 -30.7

dhs23 21.7 8 23.85 1.0377 -13.4 1.0323 -8.2 1.0312 -7.1 1.0415 -16.9 1.0329 N.A. 1.0132 -17.9 1.0212 -25.6

Surface hydrous magnesium carbonates

MCL-2 22.7 3.8 27.28 1.0374 -9.8 1.0320 -4.6 1.0327 -5.2 1.0412 -13.4 1.0327 N.A. 1.0130 -26.3 1.0210 -34.0

RC1 14.2 0.5 28.05 1.0399 -11.4 1.0341 -5.9 1.0346 -6.3 1.0436 -14.9 1.0346 N.A. 1.0144 -21.4 1.0225 -29.1

09-NI-3 21.1 3.4 25.92 1.0379 -11.5 1.0324 -6.3 1.0330 -6.9 1.0417 -15.1 1.0330 N.A. 1.0133 -26.2 1.0213 -33.9

10-NI-1 22.1 3.5 25.56 1.0376 -11.6 1.0322 -6.4 1.0328 -7.0 1.0414 -15.2 1.0328 N.A. 1.0131 -18.5 1.0211 -26.2

Red Mountain mine adit coatings

DPT12-10 Crust 16.7 1.5 31.65 1.0392 -7.2 1.0335 -1.8 1.0340 -2.3 1.0429 -10.8 1.0340 N.A. 1.0140 -9.9 1.0221 -17.7

DPT12-10 Salt 40.2 3.8 32.40 1.0329 -0.5 1.0283 4.0 1.0292 3.2 1.0367 -4.1 1.0292 N.A. 1.0105 -3.1 1.0183 -10.8

High-temperature carbonates

14-05 Red 490 +60 −40 7.11 1.0025 4.6 1.0029 4.2 1.0039 3.2 0.9981 9.0 1.0056 N.A. 0.9980 -1.1 1.0019 -5.0

14-05 White 326 20 6.27 1.0074 -1.1 1.0061 0.2 1.0068 -0.6 1.0019* 4.4 1.0085 -2.2 0.9987 -1.9 1.0026 N.A.

08SVT-4A 360 +70 −50 10.95 1.0066 4.3 1.0052 5.7 1.0060 4.9 1.0005* 10.4 1.0077 3.2 0.9984 -11.3 1.0024 N.A.

Olivine-magnesite experiments

0209 45.6 4.8 10.47 1.0317 -20.5 1.0272 -16.3 1.0265 -15.6 1.0354 -24.3 1.0282 -17.2 1.0098 -8.9 1.0175 -16.4

1210P 45.9 7.9 11.62 1.0316 -19.4 1.0272 -15.2 1.0264 -14.4 1.0353 -23.1 1.0281 -16.1 1.0098 -54.6 1.0175 -61.7

Hydromagnesite experiments

Mg-1 79.9 2.8 13.54 1.0231 -9.3 1.0217 -8.0 1.0214 -7.7 1.0283 -14.4 1.0231 -9.3 1.0064 -23.9 1.0135 -30.8

Mg-3 78.4 5.8 14.33 1.0231 -8.5 1.0219 -7.4 1.0216 -7.1 1.0286 -13.8 1.0233 -8.7 1.0065 -23.1 1.0137 -30.0

Bolded values are used in the discussion and to construct Fig. 10b (4) α and δ
18

Owater from Chacko and Deines (2008) Magnesite (*Dolomite)

(1) α and δ
18

Owater from Aharon (1988) [Dolomite included] Magnesite (5) α and δ
18

Owater from Vasconcelos (2005) Dolomite 

(2) α and δ
18

Owater from Aharon (1988) [Dolomite excluded] Magnesite (6) α and δ
13

C CO2(gas) from Aharon (1988)  Magnesite and Dolomite

(3) α and δ
18

Owater from Aharon (1988) Hydromagnesite (7) α and δ
13

C CO2 (gas) from Golyshev et al. (1981) Magnesite

Table 3
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