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 22 

Abstract 23 

Authigenic magnesite, hydromagnesite and huntite associated with intensely altered 24 

and serpentinized ophiolitic rocks in Attica (mainland Greece) occur predominantly 25 

as veinlets and nodules within a totally weathered former-serpentinite groundmass. 26 

Carbonate δ18O values are consistent with post-geothermal fluid temperatures 27 

between 25-70 ˚C, but mostly between 25-30 ˚C, from a dominantly meteoric-28 

sourced groundwater, indicating near-surface, low-temperature conditions. Despite 29 

the proximity of a volcanic centre with strong CO2 flux, 75% of the carbon isotope 30 

data imply little or no incorporation of this CO2 into the authigenic Mg-31 

(hydro)carbonates. Indeed, many δ13C values are more negative than soil-zone 32 

calcrete values, and in this setting Mg-(hydro)carbonate δ13C below -6‰ VPDB 33 

probably indicate disequilibrium effects in alkaline groundwaters. Geothermal fluids 34 

and groundwaters were mainly routed through structural conduits. Some of the low 35 

temperature hydromagnesite subsequently dehydrated to magnesite under near-36 

surface conditions, while huntite is likely a diagenetic transformation of 37 

hydromagnesite, forming close to the volcanic centre where fluid Mg/Ca ratios were 38 

low. The isotopic signatures are distinct from previously published Balkan-East 39 

Mediterranean magnesite data arrays but are consistent with many other ultramafic-40 

associated magnesium carbonates worldwide; their association with likely fluid 41 

compositions provide important context for Mg-(hydro)carbonate formation as 42 

geothermal conditions cool to near surface temperatures. 43 

 44 
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It has been known since the late 1960s (Barnes et al. 1967; Barnes & O’Neil 1969) 52 

that the weathering of serpentinized-peridotites, typically in ophiolite complexes, 53 

results in hyperalkaline groundwater that may react with atmospheric CO2 resulting 54 

in rapid precipitation of carbonate minerals. In the last few decades, interest in 55 

natural mineral carbonation, either as surface travertines or subsurface veins, has 56 

been reinvigourated as a safe and long-term method to sequester CO2 from the 57 

atmosphere (e.g. Cipolli et al. 2004; Kelemen & Matter 2008; Park & Fan 2004; 58 

Wilson et al. 2009). It has been estimated, for example, that 104 to 105 tons per year 59 

of atmospheric CO2 are converted to carbonate minerals (mainly magnesite and 60 

dolomite) during weathering and low temperature alteration of peridotites in Oman 61 

(Kelemen & Matter 2008). Natural carbonation can be accelerated by drilling, 62 

fracturing, and injection of purified CO2 at elevated temperatures and pressures, 63 

such as those encountered at shallow depth in the crust. In particular, maintaining 64 

a temperature of 80 oC optimizes CO2 uptake for in situ carbonation (Kelemen & 65 

Matter 2008). Experimental acid leaching of serpentinites produces magnesium-rich 66 

solutions which, when carbonated by bubbling with CO2, precipitate hydromagnesite 67 

at pH 9 (Teir et al. 2009) along with pyroaurite or coalingite in field tests (Okamoto 68 

et al. 2006). Hydromagnesite is both thermally stable (up to 300 oC) and quite 69 

insoluble in water, making it a candidate mineral for long-term storage of CO2. 70 

 71 

In parallel to the carbon-storage context and often stimulated by economic interest 72 

in magnesite for industrial end-uses, there has been growing consensus that most 73 

ultramafic-hosted magnesites form under near surface conditions with involvement 74 

of meteoric water (see recent overviews in Keleman et al. 2011; Oskierski et al. 75 

2013; Quesnel et al. 2013, 2016). While ‘low’ (typically <60 ˚C) temperatures of 76 

magnesite mineralization are often inferred (Keleman et al. 2011) - usually from 77 

oxygen isotope data - precise temperatures of carbonation are difficult to ascribe, 78 

partly because the parent fluid is often not well-constrained, and because the 79 

magnesite-water oxygen isotope fractionation factor is still not fully resolved (Chako 80 

& Deines 2008). The ‘temperature issue’ is beginning to be addressed using 81 

clumped isotopes (García del Real et al. 2016). Magnesite carbon isotope 82 

compositions below -12‰ are also problematic and have attracted quite diverse 83 

interpretations (as described recently by Oskierski et al. 2013).  84 

 85 
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In this context we have been studying authigenic hydromagnesite 86 

(Mg5(CO3)4(OH)2·4H2O), magnesite (MgCO3) and huntite (CaMg3(CO3)4) 87 

mineralization, present mainly as veins and nodules in ophiolitic rocks of the West 88 

Attica Peninsula, mainland Greece (Fig.1). The host rocks have not only been 89 

intensely altered and serpentinized (Stamatakis & Mitsis 2013), but in parts of the 90 

study area have also been affected by volcanic and post-volcanic activity. Moreover, 91 

the nodular Mg-(hydro)carbonate masses in particular, appear to have soil-zone 92 

characteristics, as has been described by others for magnesite (Schroll 2002; 93 

Eslami et al. 2015), hydromagnesite (Mupton & Thompson 1966) and huntite 94 

(Stanger & Neal 1994). 95 

 96 

We use stable isotope geochemistry to help better interpret the potentially complex 97 

geological conditions under which these Mg-(hydro)carbonates formed. The isotopic 98 

compositions of hydrothermal- and sedimentary-related Mg-(hydro)carbonates have 99 

been well-studied in the Balkan-East Mediterranean region (e.g. Fallick et al. 1991; 100 

Brydie et al., 1993; Zedef et al. 2000) and specifically for parts of Greece (Gartzos 101 

2004), providing a framework for interpretation. However, a feature of this study is 102 

our ability to constrain interpretations of the isotopic data with likely fluid 103 

geochemical and isotopic compositions, and geologically-related palaeosol 104 

carbonates, an attribute that is critical in constraining genetic models (García del 105 

Real et al. 2016). 106 

 107 

Geological, tectonic and geothermal features 108 

The study area is bounded by the towns of Alepochori- Schinos – Soussaki – Ag 109 

Theodoroi on the West Attica Peninsula (Fig. 1) comprising rocks of the Viotian 110 

and Pelagonian geotectonic zones. The ophiolites, outcropping mainly in the 111 

Gerania Mountains, comprise Middle to Upper Jurassic ultramafics, dominated by 112 

spinel lherzolites of Western Mediterranean type (Vakondios 1996); they are 113 

tectonized, mylonitized, serpentinized and accompanied by dunitic bodies and 114 

some gabbroic veins (Spiliadis 1965; Vakondios 1996). The ophiolites overlie 115 

Triassic-Jurassic limestones (excepting one localised outlier of Palaeozoic schists) 116 

and are covered by Neogene sedimentary rocks (Mettos et al. 1982, 1988; 117 
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Bornovas et al. 1984; Gaitanakis et al. 1985; Vakondios 1996; Kaplanis et al. 118 

2013). 119 

The study area is well known for its intense tectonic and seismic activity, being 120 

located at the eastern end of the active Corinth Graben (Stiros 1995 and 121 

references therein). Three main deformation phases, from Triassic to Eocene 122 

times are described by Kaplanis et al. (2013) with high temperature ophiolite 123 

deformation apparent in places (Vakondios 1996); plastic deformation is clear both 124 

in the field and in thin section. Petrologic fabrics include intense undulatory 125 

extinction, crystal elongation, tectonic twinning of olivine, bending of the twinned 126 

crystals and exsolution of clinopyroxene in orthopyroxene (Cassard 1980; 127 

Vakondios 1996).  128 

The degree of serpentinization does not increase with depth; rather, alteration of 129 

the ophiolite is most intense close to the carbonate basement over which it was 130 

thrust as allochthonous nappes (Bornovas et al. 1984, Gaitanakis et al. 1985). In 131 

the centre of the main ophiolite body, the degree of serpentinization and tectonic 132 

deformation is relatively weak (Vakondios 1996). By contrast, rocks of the north 133 

coastline of the study area (Schinos to Alepochori; Fig. 1) show intense 134 

serpentinization associated with a tectonic mélange comprising blocks of limestone 135 

and ophiolite (Fig. 1b).  On the NW edge of the Pisia thrust (Schinos area LS-1 136 

and LS-2 Fig. 1) the ultramafics are a loose serpentinitic breccia completely 137 

weathered to Mg-clays and often wet from modern groundwater seepage. 138 

Similarly, at the east edge of the Gerania thrust the peridotites are intensely 139 

sheared, resulting in a mylonite amphibolitic sole that overlies 100 m of strongly 140 

sheared ophiolitic mélange (Kaplanis et al. 2013). High serpentinite content is thus 141 

recorded at both the top of the nappe pile and deeper down in the sole, a 142 

geometry that suggests fluid flow was localised in faulted and thrusted zones. .  143 

To the east and south the ultramafic rocks are overlain by 1 km of Upper Neogene 144 

marlstones, claystones, sandstones, conglomerates and thin (<1 m thick) lignites 145 

(Marinos 1951; Papp & Steininger 1979; Bentham et al. 1991; Collier & Dart 1991). 146 

Geophysical, structural, geochronological and geomorphological data indicate that 147 
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the Psatha, East Alkyonides, Schinos and Pisia faults (Holocene-active normal 148 

faults in the north part of the study area, LS-1, Fig. 1) are still active structures 149 

(Leeder et al. 2005; Gawthorpe et al. 2017) that accumulated some 360 m of 150 

footwall relief over ~2.2 Ma (Leeder et al. 2008). 151 

Soussaki volcanic system 152 

The southern part of the study area (Crommyonia) is not only tectonically and 153 

seismically active, but has also suffered volcanic activity, constituting the NW end 154 

of the Aegean volcanic arc. The Soussaki geothermal field (star symbol on Fig. 1), 155 

has locally altered ultramafics in the Soussaki and Agia Marina regions (LS-6, 7 156 

and 8 on Fig. 1) and probably originates from volcanic intrusion into carbonate 157 

rocks at depth; a wide zone of rock has also been heated to around 225 oC by 158 

conduction (Demange & Gauthier 1992). Small outcrops of dacitic rocks are 159 

remnants of late-Pliocene to Quaternary (4.0-2.3 Ma) volcanic activity (Fytikas et 160 

al. 1986; Pe-Piper & Hatzipanagiotou 1997). The fluids localized in the ophiolites 161 

mainly come from a reservoir in limestones and dolomites at 900-1080 m depth 162 

(Vrellis et al. 1991). Borehole fluids have a mean temperature of 70 oC 163 

(Anonymous 1999) and are enriched in CO2 and Ca2+ from reaction with host 164 

carbonates (Demange & Gauthier 1992). Today, post-volcanic activity is restricted 165 

to argillization processes, hydrothermal alteration-mineralization, acid leaching 166 

(acid rock drainage), fumaroles and thermal waters (Dotsika et al. 2009). In 167 

places, a weak mineralization of vein-stockwork magnesite is evident, having been 168 

commercially exploited on a small scale before 1939 (sites at Metalleion, Mnimata 169 

(LS-5 on Fig.1); authigenic minerals, mainly sulphates from volcanic emanations, 170 

are also present (Kyriakopoulos et al. 1990).  171 

From late Pliocene times through to the present day,, extensional tectonic activity 172 

and sea-level changes have impacted the hydrological system causing leakage at 173 

the intersection of E-W and NW-SE trending faults, which allowed connection 174 

between the various geothermal reservoirs, regional groundwater and the surface. 175 

The ophiolite-hosted groundwater in the southern part of the study area is thus 176 

thought to consist of a deeply-sourced hot water mixed with descending meteoric 177 

water or ingressed seawater (see also isotope section). The hydrochemistry and 178 
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stable isotope values of thermal fluid samples collected from a 750 m deep well 179 

at Soussaki show a clear relationship with seawater (Dotsika et al. 2009). These 180 

hot waters have small enrichments in Cl- and Na+, a large enrichment in Ca2+, K+, 181 

Li+, HCO3
- and SiO2 and depletion in SO4

2- and Mg2+ with respect to local seawater, 182 

and are attributed to the interaction of seawater with rocks. 2H and 18O of the 183 

deep Soussaki well water are close to those  of local seawater and indicate mixing 184 

between seawater and arc-type magmatic water (ATMW) with a large contribution 185 

from the former (Dotsika et al. 2009; Kelepertsis et al. 2001).  186 

Gas emanations have CO2 as the main component (>950 mmol/mol), and CH4 and 187 

H2S as minor components; the diffuse output of hydrothermal CO2 from fumaroles 188 

and mofettes is about 630 gs-1 (54.4 Mgd-1) estimated for an area of 0.015 km2 at 189 

Theiochoma (LS-8 on Fig. 1), while the focused output is about 26 gs-1 (2.2 Mgd-1; 190 

D’Alessandro et al. 2006).  The CO2 has δ13C values between -1 to -2‰ VPDB, 191 

suggesting a predominant source of CO2 from decarbonation reactions in the 192 

limestones (D’Alessandro et al. 2005). The CO2 interacts with the geothermal waters 193 

to generate acidity which in-turn promotes rock-water interaction with quantitative 194 

leaching of cations and re-equilibration reactions (cf. Panichi et al. 2000).  195 

 196 

Sampling and analytical techniques 197 

We collected 115 mineralogical samples and 11 groundwater samples from wells, 198 

springs and fountains; sample localities (LS) are marked on Fig. 1 and specific 199 

details are given in Tables 1-4. Only the hard, concretionary, massive, white 200 

magnesite could be identified with confidence in the field; all other occurrences 201 

required powder X-ray diffraction (XRD) to confirm mineralogy. The XRD was a 202 

Bruker Model 5005 operated using Cu K radiation at 40 kV and 40 mA with 0.020° 203 

or 0.010° step size and 1.0 to 3.0 sec. step time. Mineral identifications were made 204 

with the EVA 10.0 Bruker DIFFRACplus software. In addition microfabrics were 205 

studied with a JEOL JSM-5600 scanning electron microscope (SEM) and an 206 

OXFORD LINK ISIS 300EDS electron probe microanalyzer (EPMA) was used for 207 

semi-quantitative elemental analysis.  The system was operated at 20KV, 0.5nA and 208 

50 sec dead time. 209 
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Water chemistry (metals) was measured using atomic absorption spectroscopy 210 

(AAS - Perkin Elmer model 1100b) while anions and the other chemical analyses 211 

were measured with a HACH: DR 4000 spectrophotometer, digital titrator and 212 

conductivity-TDS meter.  213 

Stable isotope analyses were made on 35 carbonate sub-samples. Powdered 214 

samples (100 mesh) were reacted under vacuum with 103 percent H3PO4 (specific 215 

gravity 1.92) at 100°C in a hot block. At least eighteen hours were allowed for the 216 

reaction. The resultant CO2 was then purified in the extraction line by the standard 217 

procedure of McCrea (1950).  The ratios of 18O/16O and 13C/12C of the samples were 218 

analyzed on a triple collector mass spectrometer (ISOGAS, SIRA-10). A 1σ 219 

precision of ±0.3‰ or better for both carbon and oxygen isotopes was usually 220 

realized, although minor isotopic heterogeneity cannot be ruled out for some 221 

samples; this does not affect the conclusions drawn later. During the acid (H3PO4)-222 

carbonate reaction, the δ18O value of the released CO2 is not the precise 223 

representative of the original carbonate mineral. For this reason δ18O values must 224 

be obtained by using the oxygen isotope fractionation factor (103 ln α) which is 225 

specific for each mineral. For these magnesian carbonates we used a correction 226 

factor of 1.0093 (Rosenbaum & Sheppard 1986; see also Das Sharma et al. 2002). 227 

The hydromagnesite has been assigned the same factor as magnesite. The results 228 

are reported as delta values (δ‰) on the VSMOW and VPDB scales for oxygen and 229 

carbon respectively, and calibration of the laboratory working standard gas was via 230 

NBS 19 reacted at 25 °C. 231 

The oxygen isotopic composition of water samples was measured using a 232 

modification of the 25 °C CO2 equilibration method of Epstein & Mayeda (1953). In 233 

the automated gas interface linked to an AP 2003 mass spectrometer, 1 mL of each 234 

water was equilibrated with 300 L of CO2 (in He) in a 12 mL exetainer. The 235 

equilibrated CO2 was dried and transferred by the He flow to the mass spectrometer 236 

for determination of 18O/16O. The hydrogen isotopic composition of water samples 237 

was determined by the method of Donnelly et al. (2001) whereby 1L aliquots were 238 

reduced to H2 over chromium metal at 825 °C and the 2H/1H measured on an Optima 239 

or VG 602 mass spectrometer. Data are reported as δ‰ values relative to VSMOW 240 

and calibration was via international water standards. External precision and 241 

accuracy at 1σ were ±0.15‰ for δ 18O and ±2‰ for δ 2H. 242 
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 243 

Results 244 

Mg-(hydro)carbonate field relations and mineralogy 245 

Mg-(hydro)carbonates are found mainly in the highly altered and sheared 246 

ultramafics close to the tectonic contact with Triassic carbonates (Fig. 1b) or in the 247 

regions affected by volcanic activity (Fig. 2a). Light microscopy shows network 248 

alteration in the earthy serpentinite host rocks, with relics of olivine, orthopyroxene, 249 

spinel, plagioclase, calcite and opaques. X-ray diffraction identified three Mg-250 

(hydro)carbonates; magnesite, hydromagnesite and huntite, usually as single 251 

phases (Fig. 3 and Table 1) not mixed assemblages. In some samples, magnesite 252 

and huntite, or magnesite and hydromagnesite coexist, but never huntite and 253 

hydromagnesite.  254 

In the field most Mg-(hydro)carbonates appear as veinlets or dispersed nodules in 255 

an earthy groundmass, some with a distinctive ‘cotton-ball’ morphology. Away from 256 

these areas only local vein magnesite mineralization was observed (Fig. 2b) and 257 

none of it has been deformed. 258 

In the south of the study area (around Ag Theodoroi; Fig. 1), white nodular, 259 

botryoidal to nephroid accumulations of hard magnesite are common (Fig. 4a and 260 

b), while disseminated soft huntite nodules are rare. Scattered hydromagnesite 261 

nodules, up to 3 cm in diameter, occur in a distinct horizon immediately above the 262 

contact between the serpentinite and locally underlying Palaeozoic schists. 263 

Magnesite concretions are developed in a 10 m thick zone, above the 264 

hydromagnesite nodules, parallel to this contact.  265 

In the south-central volcanic-affected area around Soussaki (LS-8), Ag Marina (LS-266 

6) and Ag Dimitrios (LS-7; Fig. 1) hydromagnesite is common (Figs. 4c and d) with 267 

huntite only present in the close vicinity of volcanic/hydrothermal activity. The host 268 

rock here is an earthy serpentinite, with patchy silicification and hydrothermal 269 

staining. Nodules of huntite, up to 2 cm in diameter, are scattered throughout these 270 

highly altered rocks, and huntite is also present in boudinage layers up to 2 cm thick. 271 

Magnesite occurs mainly as layers of white nodules, crusts and cauliflower forms, 272 

some mm to several cm in thickness. Hydromagnesite cotton balls, up to 4 cm in 273 
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diameter (Figs 4c and d), and hydromagnesite fissure fillings are locally present 274 

(Figs 5a and b), sometimes close to huntite occurrences, but without any clear 275 

spatial or paragenetic association. Their association with faults (Fig. 4c) suggests 276 

the presence of ‘diatreme-like’ zones of alteration.  In several hydromagnesite 277 

nodules a Mg-Fe-(Ni-rich) hydroxyl- carbonate type mineral of the pyroaurite group 278 

(Mg6Fe+32(CO3)(OH)16·4H2O) occurs (Table 2). 279 

In the north of the study area, the totally altered/weathered ultramafics (LS-1 and 280 

LS-2, Fig. 1) contain a horizon of disseminated hydromagnesite cotton balls >10 m 281 

thick (Fig. 6a) and near Schinos they can comprise almost 30% of the rock mass 282 

(Fig. 6b). The cotton balls range from millimeter to about 2 cm diameter (Fig. 6c; 283 

exceptionally up to ~5 cm diameter). Light microscopy reveals mainly serpentine 284 

with accessory minerals, calcite, talc, muscovite, plagioclase and opaques. At some 285 

outcrops, hydromagnesite also forms a highly friable network of fissure filling 286 

veinlets and crusts, resembling ‘micro-stockwork’ (Fig. 6d).  In places where shear 287 

deformation occurred the cotton-balls and/or massive hydromagnesite stringers, 288 

with subordinate  pyroaurite, form a honey-comb that rims rounded hard blocks of 289 

unaltered or altered  serpentinite, ‘floating’ in  the earthy groundmass (Figs 6a and 290 

b; cf. Mupton & Thompson 1966; De Wit et al. 1977; Chidester et al. 1978; Norrell 291 

et al. 1989). Tension cracks are also filled by hydromagnesite and in some places 292 

they have been disturbed by neotectonic action forming micro-faults in the fillings. 293 

Hard ‘lettuce-leaf’ magnesites are developed near the present-day ground surfaces 294 

in intensely altered earthy-clay (formerly ultramafics) of greenish or yellowish-brown 295 

colour; these lettuce-leaf magnesites occur above hydromagnesite cotton-ball 296 

accumulations (Figs 7a and b). 297 

 298 

Microfabrics and elemental micro-analyses 299 

Scanning electron microscopy shows that all the Mg-(hydro)carbonates are 300 

authigenic forming well-developed micro-crystals ranging from 0.5 to 20 m. Typical 301 

chemical compositions from elemental microanalysis are shown in Table 2. 302 

Magnesite and huntite crystals are typically <2 m in size (Figs. 3a and c), much 303 

smaller than the flakey hydromagnesite crystals that are >20 m and exceptionally 304 

>200 m (Figs 3b; see also Stamatakis 1995). Hydromagnesite may form pore 305 
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fillings on smaller, earlier formed hydromagnesite crystals and crystallinity is 306 

typically best-developed where pore-filling euhedral hydromagnesite blades are 307 

common (Figs 8a). Hydromagnesite frequently forms large aggregations with 308 

pyroaurite, as well as serpentine, with pyroaurite crystals developing on 309 

hydromagnesite blades (Fig. 8b). Magnesite may show colloform texture and there 310 

is evidence of limited alteration to dolomite (Table 2) through a network of veinlets.  311 

 312 

Water chemistry and Mg/Ca ratio 313 

Chemical analysis of shallow surface spring waters (Table 3) from the highly altered 314 

serpentinite in the north of the study area, close to the contact with the limestone, 315 

show pH values >8.6, magnesium content between 87-154 mg L-1, calcium content 316 

<3 mg L-1, and bicarbonate content between 371-578 mg L-1. Spring waters 317 

emerging in the area between Schinos and Mavro Limni (LS-1, Fig. 1), where 318 

hydromagnesite cotton-balls are particularly widespread, have pH values of 9 to 9.3, 319 

Mg2+ of 87 to 89 mg L-1 and a molar Mg/Ca ratio ~180 (Table 3).  320 

Deeper groundwater from the Soussaki volcanic region is a mixture of seawater and 321 

a small component of meteoric/volcanic water (Dotsika et al. 2009; Kelepertsis et al. 322 

2001). Element concentrations are thus related to the seawater source with 323 

magnesium concentrations 120-377 mg L-1, and calcium concentrations of 64-210 324 

mg L-1, (Kelepertsis et al. 2001) yielding a molar Mg/Ca ratio ~3.5. For further 325 

comparison, streams precipitating tufa (CaCO3) in the N Peloponnese (Table 3) 326 

have much lower molar Mg/Ca ratios around 0.4. 327 

 328 

Stable isotopes 329 

The Mg-(hydro)carbonates analyzed for stable isotopes were of two main types.  330 

Type 1: 30 samples of near-surface cauliflower crusts, veinlets or nodular cotton 331 

balls of magnesite, hydromagnesite or huntites, in altered earthy serpentinite. These 332 

samples constitute the main focus of our study and are further subdivided in Table 333 

1 into those within a few hundred metres of the moffettes and/or the associated 334 

hydrothermal zones, and those further than a few hundred meters and up to 10 km 335 

distant from obvious hydrothermal effects.  336 
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Type 2: Magnesite veins hosted in either ultramafic bedrock; (3 samples) or 337 

Neogene marl (2 samples). These samples were taken for comparison with Type 1. 338 

These samples have a wide range of δ13C values (-15.5 to +7.3‰) while δ18O values 339 

are more constrained, mostly between +25 and +30‰. The data are shown in Table 340 

1 and plotted on Figure 9. Where replicates or triplicates had significantly poorer 341 

reproducibility than analytical precision (Table 1), we infer likely natural 342 

heterogeneity. The isotopic compositions (δ2H and δ18O) of water samples for the 343 

study area (springs, boreholes, seawater) are compiled in Table 3. Groundwater 344 

from springs and wells in the study area has δ18O in the range -5.3 to -8.3‰. The 345 

water isotopic compositions mostly plot, as expected, close to the East 346 

Mediterranean Meteoric Water Line (Craig 1961). Samples from the Soussaki 347 

geothermal well have the isotopically heaviest compositions around -5.3‰, while 348 

those from the Gerania Mountains have a mean value of -7.4‰. A full discussion of 349 

local meteoric water δ2H and δ18O relationships is given in Dotsika et al. (2009) and 350 

the regional situation is described in Dotsika et al. (2010). 351 

 352 

Discussion and Interpretations 353 

 354 

Field appearance 355 

The presence of Mg-(hydro)carbonate veinlets and nodules within a totally 356 

weathered former-serpentinite groundmass is a common attribute of near-surface, 357 

low temperature alteration of serpentinite bodies. The New Idria serpentinite of 358 

California (Mumpton & Thompson 1966) is a much cited ‘type example’ with O’Neil 359 

& Barnes (1971) describing the hydromagnesite there as ‘…clearly a weathering 360 

product of brucite and serpentinite.’ Our northern area sites in particular bear strong 361 

resemblance to New Idria in both appearance and mineralization. We also note that 362 

the predominantly nodular morphology of the Mg-(hydro)carbonates, particularly the 363 

‘cotton-ball’ form, is similar to that of saline minerals such as ulexite that grow 364 

displacively in brine soaked mudflats (Smoot & Lowenstein 1991). In our study we 365 

interpret nodular growth to be similarly displacive in altered serpentinite groundmass 366 

which is more or less permanently wet, either below the groundwater table or in 367 
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zones of groundwater flow. Where volcanic and hydrothermal activity has affected 368 

the serpentinites the Mg-(hydro)carbonate mineralization is more complex (see 369 

above) but field relations are not fundamentally different, excepting the obvious 370 

hydrothermal staining, and the more brittle nature of the bedrock caused in part by 371 

patchy silicification. The lack of deformation in veins points to post compression 372 

tectonics mineralization. 373 

 374 

Stable isotopes 375 

While published data (e.g. Fallick et al. 1991; Brydie et al. 1993; Gartzos 2004; 376 

Zedef et al. 2000) on the isotopic composition of hydrothermal- and sedimentary-377 

related Mg-(hydro)carbonates in Balkan-East Mediterranean region provide context 378 

we have interpreted our data from first principles in the framework of both known 379 

and likely fluid isotopic compositions and the most plausible paragenesis of the 380 

specific samples analysed. Where we have calculated equilibrium isotopic 381 

compositions for magnesite we have used the fractionation factor of Deines (2008) 382 

for carbon, and used the H2O-magnesite oxygen isotope exchange of Aharon (1988) 383 

calibrated with dolomite data, partly as it has been widely used for cryptocrystalline 384 

magnesites, but also because García del Real et al. (2016) found it yielded realistic 385 

fluid compositions when using clumped isotope temperatures.  386 

 387 

As outlined above, thermal fluids (60 - 75 ˚C) sampled at 750 m in the Soussaki 388 

borehole have δ18O values ~+2‰ and δ2H between +2.2 and +7.7‰ VSMOW, 389 

essentially seawater mixed with <10% Arc-Type Magmatic Water. CO2 gas samples 390 

from this borehole and nearby Soussaki cave have δ13C values of -1 to -2 ‰ VPDB 391 

consistent with CO2 sourced from decarbonation of basement limestone. The field 392 

for magnesite precipitated in equilibrium with this fluid is marked on Figure 9. Near-393 

surface well-waters in this region have δ18O values ~ -5‰ and δ2H ~ -32‰ (Table 394 

3), less negative than the regional meteoric water described below and perhaps 395 

indicating a contribution from deep thermal waters. 396 

Springs in the Gerania Mountains and in the north of the study area (Table 3) have 397 

δ18O values of -6.4 to -8.3‰ (excepting one unusual value of -4.6‰ from a waterfall 398 

site). This range is consistent with the interpolated regional mean annual rainfall 399 
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δ18O of ~-6 to -8‰ (OIPC v.2.2, Bowen & Revenaugh 2003) depending on elevation. 400 

The groundwaters have temperatures ~20˚C and pH between 8 and 9 (Table 3), 401 

typical of spring waters that have reacted with ultramafic rocks (e.g. Barnes & O’Neil 402 

1969). HCO3- concentrations are high (350-600 mg L-1); we have not measured the 403 

δ13C of the dissolved inorganic carbon (DIC; mainly HCO3- and CO32- at these pH’s), 404 

but the range for ambient or mildly thermal waters in the Aegean region, including 405 

ultramafic terrains, is between -8 and -15.5‰ (Gartzos 2004; Dotsika et al. 2009). 406 

For context, fifty one modern-Late Pleistocene soil-zone calcretes in the nearby 407 

Corinth and Megara Basins have a mean δ13C of  -8.7‰, the most negative value 408 

being -10.2‰ (Table 4). In practice this implies that most soil-zone dominated DIC 409 

in the study area is unlikely to have δ13C much below -10‰. The field for Mg-410 

(hydro)carbonates precipitated in equilibrium with meteoric fluids of this type at 20 411 

˚C is marked on Figure 9. This predicted equilibrium field for magnesite is ~6‰ more 412 

positive in δ18O than the measured calcrete values, in good agreement with the 413 

calcite-magnesite offset calculated by Chako & Deines (2008) at this temperature, 414 

and as extrapolated from the data of Tarutani et al. (1969). 415 

 416 

Oxygen isotopes. Mg-(hydro)carbonate δ18O values >+28‰ (most of the data in 417 

this study) can be explained as near equilibrium compositions from local meteoric 418 

waters at temperatures between 25-30 ˚C (Fig. 9). Temperatures around 30 ˚C are 419 

consistent with magnesite 18O inferred temperatures from many other studies (e.g. 420 

Kadir et al. 2013; Kahya & Kuşcu 2014; Oskierski et al. 2012) including Quesnel et 421 

al. (2016) and García del Real et al. (2017) where clumped isotopes were used to 422 

help constrain temperatures. The remaining lower values probably result from mixed 423 

fluids with temperatures above 40 ˚C, but we cannot be definitive about 424 

temperatures, as mixed fluid compositions are not well-enough constrained.  425 

 426 

Carbon isotopes. There is a clear grouping of Type 1 hydromagnesite and 427 

magnesite samples that mostly come from the north of the study area (LS 1 and 2; 428 

Fig. 1), furthest away from the volcanic centre. This is the area where the better-429 

formed cotton ball morphologies are found, and where groundwaters mostly have a 430 

meteoric water signature (see above). These samples have negative δ13C values 431 
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below -8‰. Magnesites with very negative δ13C are not uncommon (e.g. Fallick et 432 

al. 1991; Zedef et al. 2000; Gartzos 2004; Kahya & Kuşcu 2014) and have typically 433 

been interpreted as resulting from isotopically light CO2 sourced from thermally 434 

decomposing organic matter in metasediments inter-thrusted with ophiloite. 435 

However, in our study area there is no credible source of inter-thrust organic-rich 436 

metasediments. Thin lignites are present in some of the overlying Neogene 437 

sediments (Bentham et al. 1991; Collier & Dart 1991) but there is no evidence that 438 

they have either interacted with hydrothermal fluids, or have had any effective 439 

connectivity with the underlying aquifer. 440 

Weathering-derived magnesites with δ13C down to -13‰ have been interpreted as 441 

equilibrium values with soil-zone CO2 derived from decomposition of plant organic 442 

matter (Jedrysek & Halas 1990; Oskierski et al. 2012). We think this unlikely in our 443 

case because local soil-zone calcretes (Table 4) do not have δ13C below -10‰: 444 

equilibrium co-precipitated magnesites from these soil-waters at ~ 25 ˚C should not 445 

have δ13C lower than about -4‰ using the fractionation offset of Deines (2008). As 446 

almost half of our (hydro)magnesite δ13C values are much more negative than this, 447 

we interpret them as likely evidence for isotopic disequilibrium caused by the high 448 

groundwater pH. 449 

When gaseous carbon dioxide interacts with alkaline aqueous fluid, a series of 450 

kinetic isotope fractionations occur, mainly favouring the light isotopes of carbon and 451 

oxygen which then can be preferentially incorporated into any carbonate 452 

precipitated. It is difficult to predict the expected carbonate δ13C and δ18O for 453 

geological samples because, as Usdowski & Hoefs (1986, 1988,1990) have shown, 454 

the kinetic fractionations are a function of the solution chemistry, its hydrodynamic 455 

properties, degassing history, and the evolution of its pH. Also, oxygen isotope 456 

exchange with the parental fluid can subsequently occur, bringing carbonate δ18O 457 

back towards isotopic equilibrium with the fluid.  Suffice here to note that if the CO2 458 

is predominantly atmospheric (δ13C ~ -7‰) then carbonates with δ13C ≤ -15‰ are 459 

readily generated from alkaline (or once alkaline) solutions. Both field and 460 

experimental data show that travertine forming from calcium hydroxide spring water 461 

with pH >10.5  is influenced by uptake of atmospheric CO2; the resulting isotopic 462 

fractionation yields 18O values ~7 to 12‰ more negative than equilibrium values, 463 

and 13C ~10 to 15‰ more negative than equilibrium values (O’Neil & Barnes 1971; 464 
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Clark et al. 1992; Fourcade et al. 2007). Moreover, there is limited field data 465 

(Andrews et al., 1997) suggesting these effects are still evident in waters with pH 466 

>9. The implied 13C shift in our lowest temperature (hydro)magnesite data is 467 

consistent with such disequilibrium (Fig. 9). 468 

As the δ18O values for this northern group (LS 1 and 2; Fig. 1) of Type 1 samples 469 

appear close to equilibrium it seems likely that decoupling between carbon and 470 

oxygen isotope fractionation occurred. For oxygen, isotope exchange with H2O after 471 

kinetic fractionation, but before carbonate precipitation, would yield carbonate with 472 

a near-equilibrium composition, an effect not seen in carbon because there was no 473 

large pool of carbon to exchange with. 474 

While we cannot be definitive regarding fractionation and re-equilibration, our data 475 

agree well with recent studies where a near-surface, low-temperature, meteoric-476 

water origin for ultramafic-hosted magnesites has been proposed (Oskierski et al. 477 

2012; Quesnel et al. 2013, 2016) and also in the classic work of O’Neil & Barnes 478 

(1971). Data fields from these studies are shown in Figure 9 for comparison with our 479 

values. Interestingly both the recent studies consider the possibility that 480 

disequilibrium effects, particularly for 13C, are important; however, Oskierski et al. 481 

(2012) dismiss them as unlikely, while Quesnel et al. (2016) are equivocal about 482 

their role.  483 

Most of the other Type 1 magnesites have 13C values typically between -6 and -484 

2.5‰ (blue symbols, Fig. 9), compositions that are close to equilibrium with soil-485 

zone CO2 (Fig. 9). There is also a group of Type 1 samples, including all the huntites, 486 

collected close to the volcanic centre (orange symbols, Fig. 9) with 13C values 487 

between -4 and +2‰, again close to equilibrium with soil-zone CO2. 13C values 488 

>0‰ probably incorporated CO2 sourced from decarbonation /dissolution of 489 

basement limestone. Four samples, including the two Type 2 vein magnesites that 490 

intrude Neogene marls (Table 1), have 13C values between +4 and +7.3 ‰, and 491 

three of these have the lowest 18O values measured in the study. The isotopically 492 

enriched carbon values evoke a fluid with a large component of the thermal 493 

Soussaki fluid ‘end-member’ composition (Fig. 9), although the δ18O values are not 494 

diagnostic: indeed, none of these samples are located close to the volcanic centre. 495 

A clumped isotope study is required to be more definitive on this issue.  496 
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 497 

Vein magnesites 498 

The three Type 2 vein magnesites that intrude ultramafics have relatively constant 499 

isotopic composition with 13C values between -9.2‰ and -9.9‰ and δ18O between 500 

+27.8‰ and +28‰. These values may represent an earlier phase of mineralisation, 501 

or possibly re-equilibration of original stockwork mineralization with younger mixed 502 

fluids.  While these values are consistent with those described by Fallick et al. (1991) 503 

for Yugoslavian magnesite deposits, our proposed source of isotopically-light 504 

carbon is different, in accord with the geological context. 505 

 506 

Paragenesis 507 

The field relations and isotopic data point overall to a near-surface, low-508 

temperature hydrothermal/weathering source for the Mg-(hydro)carbonate 509 

minerals. The hydrothermal signature may be pre- and/or co-genetic with 510 

weathering, and while we cannot constrain temperatures attained in the past, the 511 

isotope data show that most of the Mg-(hydro)carbonates in this study formed (or 512 

re-equilibrated) at temperatures at or below 30 ˚C. This interpretation, supported 513 

by similar recent field case studies (Oskierski et al. 2012; Quesnel et al. 2013, 514 

2016) conflicts with earlier laboratory work (Hänchen et al. 2008; Möller 1989; 515 

Sayles & Fyfe 1973; Stevula et al. 1978) where magnesite does not precipitate 516 

until fluid temperatures are in the range 60-120 ˚C.  517 

The volcanic centre in the south of the study area may have supplied geothermal 518 

CO2 contained in hydrothermal fluids and gases that interacted with the ultramafic 519 

bedrock;  520 

Mg3Si2O5(OH)4 + 3CO2 + 2H2O → 3MgCO3 + 2SiO2 + 4H2O. 521 

although the isotopic record of temperatures >40 ˚C is very limited. This generic 522 

reaction does not capture the likely complexity of initial incongruent dissolution 523 

with an initial exchange of surface Mg2+ with H+ on a brucite type surface (Stumm 524 

1992), but the silicification observed in the vicinity of the volcanic centre is 525 

predicted. The spatial distribution of heavy alteration and carbonation in the 526 
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tectonically deformed zones implies later, normal-faulting-associated fracture-527 

controlled access for hydrothermal gases and fluids into domains in the 528 

ultramafics. This normal faulting initiated in the late Pliocene (Gawthorpe et al. 529 

2017). 530 

The dissolution of residual olivine and orthopyroxene during low temperature 531 

hydrothermal reaction or weathering would also promote both excess Mg2+ and 532 

alkalinity to pore waters, both of which are important controls on the precipitation 533 

of Mg-carbonates. 534 

Mg2SiO4 + 4H2CO3 → 2Mg2+ + H4SiO4 + 4HCO3- 535 

MgSiO3 + 2H2CO3 → Mg2+ + SiO2 + 2HCO3- + H2O 536 

Metastable hydromagnesite is well documented in heavily weathered ultramafic 537 

rocks (Mumpton et al. 1965; Mumpton & Thompson 1966; Brideau et al. 2007) when 538 

CO2-bearing groundwater is available at shallow depth. Hydromagnesite probably 539 

precipitated directly from magnesium and bicarbonate-rich solutions at 540 

temperatures around 25-30 ˚C based on the 18O values.  541 

The near-surface water chemistry data in our study has some typical characteristics 542 

of spring waters from weathered ultramafic rocks (Barnes & O’Neil 1969, O’Neil & 543 

Barnes 1971, Papastamataki 1977), but with important differences.  On the whole, 544 

published ultramafic spring water data have higher pH (9.95-11.86) than in our 545 

study, and lower Mg/Ca ratios typically <0.1 and only rarely up to ~8 (e.g. Cipolli et 546 

al. 2004, Marques et al. 2008). Spring waters from Mesozoic peridotites and 547 

serpentinites, that host vein and stockwork magnesite deposits (but not 548 

hydromagnesite or huntites), have pH values 7.5-9.3, lower magnesium contents 549 

(max 127 ppm), higher calcium contents (9 ppm - 66 ppm) and low molar Mg/Ca 550 

ratio (mean <4) (Stamatis & Gartzos 1999).  551 

Spring waters near Schinos, where hydromagnesite cotton-balls are particularly 552 

widespread, have the highest pH values in our study (9 to 9.3), Mg2+ of 87 to 89 mg 553 

L-1 and a high molar Mg/Ca ratio ~180 (Table 3). These characteristics are 554 

consistent with water in equilibrium with atmospheric CO2 (modelled in REACT; 555 

Bethke 1996) and supersaturated with respect to magnesite, but with the high 556 
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Mg/Ca ratio providing impetus for hydromagnesite rather than magnesite 557 

precipitation (Müller et al. 1972). The low Ca2+ concentrations largely prevented 558 

aragonite formation, excepting a few local occurrences. The isotopic values of the 559 

hydromagnesites, despite possible disequilibrium effects, are mostly consistent with 560 

a shallow meteoric-sourced fluid around 25-30 ˚C with CO2 sourced mainly from the 561 

atmospheric and/or soil CO2 in the surface weathering zone.  562 

The minor but significant presence of pyroaurite group minerals is best explained by 563 

partial oxidation of soluble Fe2+, liberated from mineral decomposition (Hansen & 564 

Taylor 1990; Taylor et al. 1991). We note that a pCO2 below 10-6 atm. allows brucite 565 

conversion to pyroaurite group minerals (Hostetler 1960; Hostetler et al. 1966), 566 

although as at New Idria (Mupton & Thompson 1966), brucite is typically not 567 

preserved (now dissolved?) in the heavily weathered zones.  568 

In the Schinos area (LS-1, Fig. 1), the Mg-HCO3 waters also have high Cr(VI) 569 

concentrations (up to 120 μg/L; Pyrgaki et al. 2016). This water chemistry promotes 570 

formation of a Mg-Fe-(Ni-rich) hydroxyl-carbonate type mineral of the pyroaurite 571 

group (Mg6Fe3+2(CO3)(OH)16•4H2O). This is similar to the Querceto area of coastal 572 

Tuscany (Langone et al. 2013) where spring waters, sourced from serpentinite 573 

bedrock with Fe-rich brucite, show evidence for ongoing brucite dissolution coupled 574 

with precipitation of hydromagnesite as crusts and veinlets, accompanied by minor 575 

Mg-rich layered double hydroxides. These Ni2+ and Cr3+ rich layered double 576 

hydroxide group minerals behave as an electrochemical cell promoting the oxidative 577 

leaching of Cr3+ as the soluble CrO42– ion. Pyroaurite group mineralization in the 578 

present study was probably restricted to a shallow groundwater mixing zone, just 579 

below the groundwater table where Eh-pH characteristics allowed their formation 580 

(Taylor et al. 1991). 581 

In this study huntite was only found close to the Soussaki volcanic centre where 582 

the groundwater molar Mg/Ca ratio is ~3.5 (Kelepertsis et al. 2001). This value is 583 

low compared with the high Mg/Ca ratios measured in the north study area spring 584 

waters where hydromagnesite is common, and suggests that huntite formed as 585 

diagenetic transformation of early formed hydromagnesite by locally sourced Ca-586 

rich fluids (see also Alderman 1965; Kinsman 1967; Stamatakis 1995). The 18O 587 

values imply fluid temperatures ~30 ˚C during diagenetic transformation and the 588 
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huntite 13C values, mostly between -4 and +2‰, are consistent with some CO2 589 

and Ca2+ sourced from decarbonation/dissolution of basement limestone. Most of 590 

the non-vein magnesites have similar isotopic compositions to the huntites and 591 

may originate by dehydration reactions (see Mumpton & Thompson 1966; 592 

Hostetler et al. 1966; Zhang et al. 2000).   593 

In the north of the study area, dehydration of hydromagnesite to magnesite (Zhang 594 

et al. 2000; Hänchen et al. 2008; Boschi et al. 2009) may explain the presence of 595 

‘lettuce leaf’ magnesite with colloform texture stratigraphically above 596 

hydromagnesite at near-surface outcrops: at least 3 magnesite samples (blue dots 597 

Fig. 9) have disequilibrium isotopic characteristics (particularly the very negative 598 

13C values) consistent with meteoric-sourced fluids around 25 ˚C with CO2 mainly 599 

from the atmosphere. 600 

The five vein-type magnesites may represent an earlier phase of mineralization 601 

associated with more active volcanic conditions, regional extensional stress and 602 

abundant geothermal CO2. Three of the isotopic compositions are consistent with 603 

those described by Fallick et al. (1991) for Yugoslavian magnesite deposits. This 604 

said, we cannot be confident that their compositions have not re-equilibrated with 605 

cooler hydrothermal and weathering fluids. 606 

 607 

Conclusions 608 

 609 

In common with other studies of Mg-(hydro)carbonate mineralization in 610 

serpentinized ultramafic rock masses, the serpentinizing fluids and subsequent 611 

infiltrating groundwaters exploited structural conduits, both thrust-associated and 612 

from normal faulting. The latter faulting initiated in the late Pliocene (Gawthorpe et 613 

al. 2017) and continues to the present day. These normal faults may provide the 614 

main connection between the shallow subsurface and deeper zones deformed by 615 

Alpine tectonics. Thus mineralization is broadly syn-tectonic, but it post-dates Alpine 616 

compression.  Structural routing of fluids helped control the position of the local 617 

water table to enable near-surface weathering and carbonation within the rock 618 

mass. Further, in common with a number of recent studies, our Mg-619 
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(hydro)carbonate 18O values suggest that most of the Mg-(hydro)carbonate 620 

mineralization occurred at temperatures between 25-30 ˚C despite the proximity of 621 

a volcanic centre with fluid temperatures locally up to 70 ˚C. 622 

 623 

Our study shows specifically that:  624 

 625 

1. Despite the proximity of a volcanic centre with strong CO2 flux, 75% of the 626 

carbon isotope data imply little or no incorporation of this CO2 into the 627 

authigenic Mg-(hydro)carbonate. Indeed, 13C more negative than -6‰, may 628 

be influenced by disequilibrium effects associated with high pH fluids. In our 629 

study, local area calcrete 13C fixes the most likely negative equilibrium 630 

calcite value to ~-10‰. If the predicted fractionation offset between calcite 631 

and magnesite (Deines 2008) is robust, then equilibrium magnesite values 632 

from groundwater equilibrated with soil CO2 at 20 ˚C are unlikely to be below 633 

-6‰. The importance of this effect may have been overlooked in earlier 634 

studies. 635 

2. In common with most work on low temperature magnesite mineralization, 636 

precise 18O-derived temperatures are not resolvable, partly because the 637 

parent fluid composition is not well-enough constrained, partly because the 638 

extent of fluid mixing is unknown, and also because the magnesite-water 639 

fractionation factor is not fully resolved (Chako & Deines 2008). This also 640 

makes potential disequilibrium effects on Mg-(hydro)carbonate 18O difficult 641 

to assign. These issues may simplify as the temperature dependence of 642 

clumped isotopes in magnesites are explored further, following the lead of 643 

Quesnel et al. (2016) and García del Real et al. (2017). 644 

3. At the outcrop scale we have some evidence to suggest that hydromagnesite 645 

will dehydrate under near-surface conditions to cauliflower or botryoidal-646 

nodular magnesites. Local formation of huntite, at shallow depths, is 647 

attributed to the diagenetic transformation of the earlier-formed 648 

hydromagnesite by Ca-rich fluids located near to the volcanic centre. 649 

 650 

 651 

 652 
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 965 

Figure and Table Captions 966 

Fig. 1.  (a) Locality and geological map of the study area, with inset map showing 967 

the study area in Greece. Lithologies: 1 Modern alluvium and scree; 2 Plio–968 

Pleistocene sediments 3 Plio-Pleistocene volcanics; 4 Middle–Upper Jurassic 969 

serpentinites; 5 Upper Jurassic–Lower Cretaceous clastic sediments; 6 Middle 970 

Jurassic–Lower Cretaceous Limestones; 7 Pleistocene-Recent faults and thrusts 971 

(and inferred faults and thrusts). The star symbol marks the position of the Soussaki 972 
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Volcanic centre. LS-X shows the position of mineralogical and water samples taken 973 

in this study, details of which are given in Tables 1-4. The Holocene-active 974 

Schinos/Pisia fault strand is located just south of Schinos and goes offshore near 975 

LS-1. (b) Schematic geological section through upper part of the nappe pile in NE 976 

of the study area (LS-2 on Fig. 1a) showing Jurassic serpentinites overthrust by 977 

Cretaceous limestones. Intense alteration of the serpentinites and hydromagnesite 978 

mineralization occurs in a zone immediately below the thrust contact. Below this 979 

altered zone the serpentinite is relatively unaltered. 980 

Fig. 2. (a) Type 1 white mineral assemblages of magnesite (MG), huntite (H) and 981 

hydromagnesite (HYM) as stringers, veinlets and cotton ball nodules in highly 982 

altered earthy serpentinite close to the Soussaki volcanic centre ( LS-8 Fig. 1; s-983 

107 samples, Table 1). Hammer is 30 cm long. (b) Type 2 vein magnesite cross-984 

cutting Neogene marls that overlie the Mesozoic ultramafics. S study area near 985 

Ag. Dimitrios, LS-7 on Fig. 1. Hammer is 30 cm long. 986 

Fig. 3. Representative x-ray diffraction patterns and SEM images. (a) magnesite: 987 

SEM inset shows rhombohedral, closely-packed, euhedral magnesite crystals that 988 

make up magnesite nodules (samples from LS6 and 8 in Fig. 1). (b) 989 

hydromagnesite: left SEM inset shows tabular, euhedral hydromagnesite crystals 990 

developed in pores spaces; smaller early formed hydromagnesite forms the pore 991 

rim; right SEM inset shows detail (white box in left image) of pore-filling tabular 992 

hydromagnesite (samples from LS-1 and 2 in Fig. 1).  (c) huntite: SEM inset shows 993 

euhedral rhombohedral huntite that forming a closely packed earthy mass (samples 994 

from LS6 in Fig. 1). 995 

Fig. 4. Type 1 (hydro)magnesites. (a) Botryoidal (cauliflower heads) of snow-white 996 

magnesite hosted in earthy altered serpentine. (b) Cauliflower head magnesite 997 

nodules in highly altered-earthy serpentinite. S study area near Ag Theodoroi (Fig. 998 

1; Ag. Theod. samples, Table 1). Camera case is 12 cm long. (c) Hydromagnesite 999 

cotton balls in highly altered bedrock above a prominent fault plane (white dashed 1000 

line). There are no hydromagnesite cotton balls in bedrock below (left of) the fault. 1001 

The fault may delineate the margin of a diatreme-like occurrence of alteration. (d) 1002 

Detail of 3(c) showing hydromagnesite cotton balls in highly altered bedrock. 1003 
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Camera case is 8 cm wide. S study area near Ag Marina (LS-6, Fig. 1; sample AG-1004 

TH-4-11, Table 1). 1005 

Fig. 5. Type 1 (hydro)magnesites. (a) Network of magnesite veins in indurated and 1006 

tectonized serpentinite bedrock. S central study area near Metalleio. (LS-5, Fig. 1; 1007 

sample 10, Table 1). Outcrop is about 2 m high. (b) Crystalline botryoidal radiating 1008 

hydromagnesite efflorescence on fracture surfaces in serpentinite. Central study 1009 

area (LS-3, Fig. 1; sample f2b, Table 1). 2 Euro coin is 2.6 cm diameter. 1010 

Fig. 6. Field morphology of Type 1 Mg-(hydro)magnesites in N study area near 1011 

Alepochori (LS-2, Fig. 1). (a) Cotton ball assemblages and veinlets of 1012 

hydromagnesite developed as ‘honeycomb’ within altered/earthy serpentine. Note 1013 

hydromagnesite rimming rounded blocks of more resistant partially altered 1014 

serpentine. (Sample ALEPO-2, Table 1). Hammer is 30 cm long. (b) Highly 1015 

brecciated earthy serpentinite, strongly mineralized by hydromagnesite. Outcrop is 1016 

about 6 m high. (c) Hard asymmetric crusts of magnesite around bedrock cores 1017 

(near the pen) and nodules, cotton-balls and fissure fillings of hydromagnesite in 1018 

altered serpentinite. (Sample AL2CF, Table 1). Pen is 15 cm long. (d) Fissures and 1019 

groundmass filled with white earthy hydromagnesite and nodular hydromagnesite, 1020 

developed in earthy serpentine in the vicinity of shear zones. These vein-fills occur 1021 

in the weathered rock and in cracks through more indurated host rock that was more 1022 

resistant to weathering. Pocket knife is 16 cm long. 1023 

Fig. 7. (a) Altered/earthy serpentine with Type 1 cotton ball assemblages of 1024 

hydromagnesite, N study area near Alepochori (LS-2, Fig. 1). Veinlets of hard 1025 

magnesite have developed in a discrete zone above level of notebook. These 1026 

veinlets have ‘lettuce leaf’ morphology when seen weathering out in three 1027 

dimensions.  Notebook is 20 cm long. (b) Detail of Type 1 magnesite veinlets with 1028 

‘lettuce leaf’ morphology from upper part of Fig. 7a. Finger is 6 cm long. 1029 

Fig. 8. SEM images of: (a) tabular, euhedral hydromagnesite crystals, and (b) 1030 

hexagonal, platy, pyroaurite micro-crystals developed on hydromagnesite blades.  1031 

Samples from LS-1 and 2 in Fig. 1). 1032 

Fig. 9.  Cross plot of stable carbon and oxygen isotope data isotope from Mg-1033 

(hydro) carbonates, showing fields for equilibrium Mg-(hydro) carbonates 1034 

precipitating from likely fluid end-members (blue boxes) based on Deines (2008) 1035 
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for carbon and the H2O-magnesite oxygen isotope relationship calibrated with 1036 

dolomite data (Aharon 1988). The Soussaki field accommodates possible fluid 1037 

δ18O from +2‰ (= +29 ‰ carbonate) to -1‰. Red dots represent Type 2 vein-type 1038 

magnesites in ultramafics and Neogene marl (M). The other symbols represent 1039 

Type 1 near surface crusts, cotton balls and veinlets. Dots = magnesite, open 1040 

circles = hydromagnesite and triangles = huntite. Orange colours are samples 1041 

close to the volcanic centre (LS-6, 7 and 8; Fig. 1), blue colours represent samples 1042 

km’s from the volcanic centre (LS-5; Fig. 1) and green colours represent samples 1043 

>10 km from the volcanic centre (N study area, LS1, 2 and 3; Fig. 1). The field 1044 

(1) for local calcretes are from Table 4. 1045 

Table 1. Mineralogical and stable isotope data for various Mg-(hydro) carbonates 1046 

hosted in altered ultramafics (unless specified otherwise) with sample context, trace 1047 

mineralogy and proximity to volcanic centre. LS sample localities are shown on Fig. 1048 

1, except Ag Theod (Agio Theodoroi) which is a small and isolated serpentinite 1049 

outcrop about 5.5 km E of LS-6 (Fig. 1). D, dolomite, S, serpentine. Where replicate 1050 

and triplicate variability significantly exceed analytical precision they likely indicate 1051 

natural heterogeneity. 1052 

Table 2. Indicative EMPA data for the main discrete mineral phases discussed in 1053 

this study. Analysis for Na, K and Co were below detection (bd) in all minerals. LS 1054 

sample localities are shown on Fig. 1. 1055 

Table 3. Geochemical data for water samples and contextual published data. LS 1056 

sample localities are shown on Fig. 1. Note that one sample from Mavro (Mavro 1057 

Limni) waterfall (*) returned reproducible, but unusually heavy isotopic 1058 

compositions. We cannot explain these values and conclude that the isotope sample 1059 

was probably compromised in some way. For this reason the values are excluded 1060 

from calculations of area means or detailed discussion. Precision at 1σ were 1061 

±0.15‰ for δ 18O and ±2‰ for δ 2H. Mean Soussaki groundwater data from 1062 

Kelepertsis et al. (2001) where T ranges (*) between 40-21 ˚C. Mean N. 1063 

Peloponnese spring water values from unpublished data of J.E. Andrews.  1064 

Table 4. Summary statistics of stable isotope compositions of local modern-late 1065 

Pleistocene palaeosol calcites measured by J. E. Andrews and from Brasier (2007).  1066 
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Table 1 

 

 Sample ID Sample context/mineralogy 
trace 
minerals 13C ‰ VPDB 

18O ‰ 
VPDB 

18O ‰ 
VSMOW 

 
 
Type 1: Near surface crusts, veinlets, cotton balls     

Close to volcanic centre      

 s107cwc LS-8, magnesite S 1.1 -0.6 30.3 

 s107k LS-8, magnesite  -0.4 -1.8 29.1 

 s107xw LS-8, magnesite  -13.4 -0.6 30.3 

 s10-7cw3 LS-8, magnesite & hydromagnesite S 0.1 -1.9 29 

 s107Nnd LS-8, hydromagnesite S -1.9 -1.6 29.3 

 AG-TH-12A LS-6, huntite  -4.4±0.08(3) -3.6±0.9(3) 27.2±0.9(3) 

 AG-TH-12B LS-6, huntite  -4.0±0.5(3) -2.9±1.0(3) 27.9±1.0(3) 

 AG-TH-12C LS-6, huntite  -4.3±0.3(3)  -3.2±0.6(3) 27.6±0.6(3) 

 s107 aw LS-8, huntite S 2.0 -1.8 29.1 

 s107blt LS-8, huntite  -0.1 -1.5 29.3 

South study area, kms from volcanic centre     

 smga Ag. Theod, magnesite D 6.6 -5.4 25.4 

 s-sc Ag. Theod, magnesite  -13.4 -0.6 30.3 

 AG-TH-1 LS-6, magnesite vein  -5.5 -2.7 28.1 

 SOUS-2-UP Ag. Theod, magnesite  -13.9±0.5(2) -1.5±0.8(2) 29.4±0.8(2) 

 
SOUS-1-
SZA Ag. Theod, magnesite  -2.7±0.2(2) -1.4±0.7(2) 29.5±0.7(2) 

 am4fcl LS-5, magnesite, cauliflower  -4.9 -1.9 29.0 

 amwvsi LS-6, magnesite vein S -10.1 -1.5 29.4 
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 ath31h LS-6, magnesite & huntite S -4.0 -2.6 28.2 

 ath31  LS-6, huntite & magnesite S -3.4 -3.3 27.5 

 am29 LS-6, huntite S -4.5 -3.0 27.8 

 AG-TH-4-11 hydromagnesite  -14.4±0.2(2) -1.0±0.3(2) 29.9±0.3(2) 

North study area, >10kms from volcanic centre     

 ALPX-2 LS-2, magnesite, hard-crust  -10.3±0.4(3) -1.9±0.7(3) 28.9±0.7(3) 

 al2cf LS-2, magnesite  -10.3 -1.4 29.5 

 mF1F LS-3, magnesite  5.6 -6.4 24.3 

 mpf2cl LS-1, hydromagnesite, cauliflower  -11.6 -0.8 30.1 

 ALEPO-2 LS-2, hydromagnesite  
-
12.0±0.05(2) 

-
0.9±0.07(2) 30.0±0.07(2) 

 ALEPO-4 LS-2, hydromagnesite nodule  
-
14.3±0.05(2) -1.3±0.2(2) 29.6±0.2(2) 

 ALEPO-6 LS-2, hydromagnesite crust  -14.9±0.6(3) -1.2±0.2(3) 29.7±0.2(3) 

 ALPX-1A LS-2, hydromagnesite  -14.0±0.3(2) 
-
1.0±0.01(2) 29.9±0.01(2) 

 f2b LS-3, hydromagnesite  -9.14 -2.2 28.64 

Type 2: Vein magnesites      

 1 LS-6 in ultramafics  -9.8 -3.2 27.7 

 10 LS-5, in ultramafics  -9.0 -3.2 27.6 

 11 LS-6 in ultramafics  -9.7 -2.7 28.1 

 s-plc LS-7, in Neogene marl  7.3 -2.8 28.1 

 ad4v LS-7, in Neogene marl D 3.8 -5.1 25.7 
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Table 2 

 Hydromagnesite Magnesite Dolomite Pyroaurite Serpentine 

 FAN-2 (LS-3) MP-1-B2 (LS-1) AGTH31 (LS-6) AGTH31 PRAE-3(LS-1) MP-1-B2 (LS-1) PRAE-3 & MP-1-B2 

 (n=2) (n=2) (n=3) (n=4) (n=3) (n=2) (n=2) 

        

MgO 42.0 42.0 42.9 23.3 34.4 33.5 41.6 

Al2O3 0.2 0.1 bd bd bd 0.2 0.4 

SiO2 0.2 0.1 0.1 0.2 0.1 0.1 41.6 

CaO 0.0 0.1 2.5 26.7 0.1 0.2 0.1 

Cr2O3 bd bd bd bd bd bd 0.1 

MnO bd bd 0.1 0.1 bd bd bd 

NiO bd bd bd bd 1.8 2.2 0.2 

FeO bd nd 0.2 0.3 bd bd bd 

Fe2O3 0.1 0.1 bd bd 24.6 24.1 3.8 

Total  42.5 42.4 45.8 50.6 60.9 60.3 87.8 
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Table 3 
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Table 4 

 

 MEAN MIN. MAX. STD. DEV. 

     

13C ‰ VPDB -8.7 -10.2 -7.1 0.76 

18O ‰ VSMOW +24.9 +21.44 +27.44 1.33 
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