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Abstract 

In this study we present the first Mg isotope data that record the fate of Mg during 

mineralisation of atmospheric CO2 in ultramafic mine tailings. At the Woodsreef Asbestos 

Mine, New South Wales, Australia, weathering of ultramafic mine waste sequesters 

significant amounts of CO2 in hydromagnesite [Mg5(CO3)4(OH)2·4H2O]. Mineralisation of CO2 

in above-ground, sub-aerially stored tailings is driven by the infiltration of rainwater 

dissolving Mg from bedrock minerals present in the tailings. Hydromagnesite, forming on the 

surface of the tailings, has lower δ26Mg (δ26MgHmgs = -1.48 ± 0.02 ‰) than the serpentinised 

harzburgite bedrock (δ26MgSerpentinite = -0.10 ± 0.06 ‰), the bulk tailings (δ26MgBulk tailings = -0.29 

± 0.03 ‰) and weathered tailings containing authigenic clay minerals (δ26MgWeathered tailings = 

+0.28 ± 0.06 ‰). Dripwater (δ26MgDripwater = -1.79 ± 0.02 ‰) and co-existing hydromagnesite 

(δ26MgHmgs = -2.01 ± 0.09 ‰), forming in a tunnel within the tailings, and nodular bedrock 

magnesite [MgCO3] (δ26MgMgs = -3.26 ± 0.10 ‰) have lower δ26Mg than surficial fluid (δ26Mg 

= -0.36 ‰) and hydromagnesite.  

Complete dissolution of source minerals, or formation of Mg-poor products during 

weathering, is expected to transfer Mg into solution without significant alteration of the Mg 

isotopic composition. Aqueous geochemical data and modelling of saturation indices, along 

with Rayleigh distillation and mixing calculations, indicate that the 26Mg-depletion in the drip 

water, relative to surficial water, is the result of brucite dissolution and/or precipitation of 

secondary Mg-bearing silicates and cannot be assigned to bedrock magnesite dissolution. 

Our results show that the main mineral sources of Mg in the tailings (silicate, oxide/hydroxide 

and carbonate minerals) are isotopically distinct and that the Mg isotopic composition of 

fluids and thus of the precipitating hydromagnesite reflects both isotopic composition of 

source minerals and precipitation of Mg-rich secondary phases. The consistent enrichment 

and depletion of 26Mg in secondary silicates and carbonates, respectively, underpins the use 

of the presented hydromagnesite and fluid Mg isotopic compositions as a tracer of Mg 

sources and pathways during CO2 mineralisation in ultramafic rocks. 
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1. Introduction 

Ultramafic mine tailings have the ability to capture and bind atmospheric CO2 in 

environmentally benign carbonate and hydrotalcite group minerals. Previous studies have 

demonstrated that CO2 mineralisation in fine grained Mg-rich waste minerals from asbestos, 

nickel and kimberlite mines occurs at significantly higher rates compared to natural CO2 

uptake by silicate-weathering (Wilson et al., 2009; Pronost et al., 2011; Oskierski et al., 

2013a; Wilson et al., 2014; Mervine et al., 2018; Turvey et al., 2018). This unintentional 

capture and storage of CO2 proceeds without additional energy input and is thus considered 

as a promising option for low-cost, low-energy sequestration of CO2 to mitigate climate 

change (e.g., Wilson et al., 2009; Kelemen et al., 2011; Power et al., 2013; Beaudoin et al., 

2017; Boschi et al., 2017; Harrison et al., 2019). If tailings facilities are designed to optimise 

CO2 uptake, CO2 sequestration in tailings may be able to render mining operations carbon 

neutral and provide negative emissions, storing up to 1.5 % of global annual greenhouse 

gas emissions (Power et al., 2013; Wilson et al., 2014; Siegrist et al., 2017). A detailed 

understanding of factors limiting natural CO2 mineralisation, and tools to assess CO2 storage 

efficiency, are crucial to unlock the full potential of CO2 capture and storage in mine tailings. 

Isotopic compositions have provided key insights into natural carbonation, especially the use 

of stable carbon isotopes to infer carbon sources and/or kinetic inhibition of CO2 dissolution 

into fluids (Wilson et al., 2010; Gras et al., 2017; Turvey et al., 2018) and the use of 

radiocarbon content to trace atmospheric CO2 incorporation into mine tailings (Wilson et al., 

2009; Oskierski et al., 2013a; Wilson et al., 2014; Oskierski et al., 2016, Turvey et al., 2018).  

Magnesium isotopic compositions are significantly fractionated during low temperature 

processes such as chemical weathering (e.g. Tipper et al., 2006, 2010; Huang et al., 2012), 

soil forming processes (e.g. Opfergelt et al. 2014), uptake by vegetation (e.g. Opfergelt et 

al., 2012; Mavromatis et al., 2014a; Pokharel et al., 2017), and carbonate mineral formation 

(e.g. Immenhauser et al., 2010; Li et al., 2012; Mavromatis et al., 2013), but not during 

magmatic differentiation and planetary accretion (e.g. Teng et al., 2007; Yang et al., 2009; 
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Teng et al., 2010). Similarly, the Mg isotopic composition of bulk peridotite, and of primary 

minerals in peridotite, is not significantly affected by serpentinisation but by weathering and 

hydrothermal carbonate alteration (Beinlich et al., 2014; Liu et al., 2017; Oelkers et al., 2019; 

Oskierski et al., 2019). As demonstrated by Oelkers et al., (2019) for injection of CO2-

bearing fluids into basalt, Mg isotopic compositions can thus be used to assess the fate of 

Mg during weathering and carbonation reactions. 

In this study, we present Mg isotopic compositions of mineral and fluid samples that 

document the mineralisation of atmospheric CO2 in tailings of the Woodsreef Asbestos Mine, 

New South Wales, Australia. Our data represent the first record of isotopically distinct 

mineral sources of Mg in a serpentinised peridotite and they provide a framework for 

interpreting Mg isotope compositions associated with low temperature alteration of ultramafic 

rocks, including weathering of bedrock minerals, aqueous speciation of Mg in meteoric fluids 

and precipitation of hydrated Mg-carbonate minerals. We also report the first Mg isotope 

data for ultramafic-hosted hydromagnesite and demonstrate that Mg for carbon 

mineralisation in mine tailings is predominantly derived from the dissolution of silicate and 

hydroxide minerals rather than from recycling of bedrock carbonates. Our results also show 

that variations of the Mg isotopic composition of hydromagnesite reflect both the mineral 

source of Mg in the tailings and the removal of Mg from fluids by precipitation of secondary 

minerals. 

 

2. Study site and geological background 

2.1 New England Orogen 

The New England Orogen (NEO) stretches along the central part of the Eastern coast of 

Australia (Fig. A1). The Southern NEO consists of the Tamworth Belt with Early Devonian to 

late Carboniferous marine to non-marine, forearc sedimentary and minor volcanic rocks to 
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the west and the Tablelands Complex with middle Silurian to Carboniferous accretion-

subduction metasedimentary and metavolcanic rocks to the east (Vickery et al., 2010; 

Cawood et al., 2011). These two provinces are separated by the Peel-Manning Fault system 

(Vickery et al., 2010). The Southern NEO formed by accretion and amalgamation in a 

convergent plate margin along Eastern Gondwana during late Paleozoic and early Mesozoic 

times (Cawood et al., 2011). 

 

2.2 Great Serpentinite Belt 

The Great Serpentinite Belt (GSB), also called Great Serpentine Belt or Weraerai 

terrane, is a dismembered ophiolite sequence comprising variably serpentinised harzburgite, 

dunite and ultramafic melange, together with minor dolerite, plagiogranite, silica-carbonate 

rock (listvenite), blueschist and eclogite (Aitchison and Ireland, 1995; Ashley, 1997). 

Crystallisation of parts of the GSB has been constrained to the early Cambrian based on a 

U-Pb age of zircon in plagiogranite associated to the serpentinite sequence (530 ± 6 Ma; 

Aitchison and Ireland, 1995) but more recent zircon dating of serpentinite north of Woodsreef 

suggest formation ages of ~283-277 Ma (Milan et al., 2020). The GSB was emplaced along 

the Peel-Manning Fault during the early Permian, as indicated by thermal alteration by the 

Bundarra Plutonic Suite (267.2 ± 1.4 Ma; Cawood et al., 2011) and serpentinite interleaving 

with the Sakmarian Kensington Formation (Vickery et al., 2010). 

 

2.3 Woodsreef Serpentinite 

The Woodsreef Serpentinite, or Woodsreef Melange, crops out as a series of disjointed, 

fault-bounded blocks with steeply dipping contacts to the Peel-Manning Fault and the 

Nangarah Formation which dominate the GSB in the study area (Vickery et al., 2010). The 

Woodsreef Serpentinite hosts the only commercially significant chrysotile mineralisation in 
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the GSB, which is spatially associated with a North-trending shear zone (Fig. 1; Glen and 

Butt, 1981; Brown et al. 1992; O’Hanley and Offler, 1992).  

 

Fig. 1. a Aerial view of the Woodsreef Asbestos Mine showing four water-filled mine pits, waste rock dumps in 

the north-west and south, tailings in the south-east and locations of bedrock magnesite sample WOMP-M1 and 

water sample WO-DS. The red box shows the location of the tailings (panel b) and the inset shows the location of 

Woodsreef in northern NSW, Australia. Map data: Google AU. b Tailings pile and sampling locations. WO-TU 

and WO-TU-P1 indicate the location of the tunnel into the tailings. North-south extent of tailings is about 1 km. 

Map data: Google AU. c Geology of the Woodsreef Serpentinite showing lithologic units and outline of mine pits 

(black dashed line). Figure modified from Davis (2008).  

 

Minor trondhjemite, dolerite, gabbro and rodingite are present in the Woodsreef 

Serpentinite but partially serpentinised harzburgite, massive serpentinite and schistose 

serpentinite dominate the bedrock in the mined area (Fig. 1c; Glen and Butt, 1981; Brown et 
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al. 1992). Minor forsteritic olivine [Mg2SiO4], enstatite [MgSiO3] and diopside [MgCaSi2O6] 

are remnants of the harzburgite protolith, which has been transformed into serpentinite 

containing lizardite, chrysotile [Mg3Si2O5(OH)4], magnetite [Fe3O4], clinochlore 

[(Mg,Fe)5Al(Si3Al)O10(OH)8] and brucite [Mg(OH)2] during multiple serpentinisation-

recrystallisation events (O’Hanley and Offler, 1992). Subsequent hydrothermal alteration of 

serpentinite to silica-carbonate rock (listvenite) is common in the GSB but not present at 

Woodsreef (Ashley, 1997; Oskierski et al., 2013a). However, minor nodular, cryptocrystalline 

magnesite [MgCO3] present in one of the mine pit-walls indicates some carbonation of the 

bedrock prior to mining (Oskierski et al., 2013a). This nodular, often cauliflower-shaped 

magnesite (c.f. Fig. 3b in Oskierski et al., 2013c) is commonly associated with magnesite 

veins, which result from low-temperature (e.g. < 60 ° C) alteration of ultramafic rocks in the 

GSB (Brown et al., 1992; Ashley, 1997; Oskierski et al., 2013c; 2019). 

 

2.4 CO2 mineralisation in the Woodsreef mine tailings 

Between 1906 and 1983, 550 kt of chrysotile were extracted from the Woodsreef 

deposit, mostly in large scale open-pit operation (Brown et al., 1992). This resulted in about 

24.2 Mt of mine tailings from milling of serpentinite spread out over an area of about 0.5 km2 

(Fig. 1a, b) and a separate 75 Mt of waste rock and weathered overburden (Fig. 1a; Brown 

et al. 1992; Laughton and Green, 2002). Post-depositional textures observed in the mine 

tailings can be used to distinguish alteration that occurred after mining from prior alteration of 

the bedrock (Fig. 2). 
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Fig. 2. Post-depositional alteration textures observed in the Woodsreef tailings. a Vertical crusts developed on 

the slope of the tailings. Cobble in the centre is 3-4 cm across. b Horizontal crust in depression on top of the 

tailings. c White coatings on serpentinite cobbles at the base of the tailings.  d Encrustation developed 3-4 cm 

below tailings surface (Sample WO18). Tweezer tips are about 1 cm apart.  e Backscatter electron image of 

cross section through vertical crust showing serpentinite grains cemented by authigenic clay. f Backscatter 

electron image showing serpentinite grains cemented by hydromagnesite (modified from McCutcheon et al., 

2017).  
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These post-depositional textures include vertical crusts (Fig. 2a), resulting from 

recessive weathering of fine-grained material on the slopes of the tailings, horizontal crusts 

(Fig. 2b), precipitating due to evaporation of rainwater in depressions on top of the tailings, 

cobble coatings, forming from moisture-films around serpentinite cobbles (Fig. 2c), and 

cements binding larger serpentinite fragments both on the surface and within the tailings pile 

(Fig. 2e, f; Oskierski et al., 2013a; McCutcheon et al., 2017). These textural features are 

related to the interaction of the fine grained tailings material with CO2-bearing meteoric 

waters and hence to weathering after deposition of the tailings. The associated carbon 

mineralisation represents the most recent fluid-rock interaction in the geological history of 

the material (Oskierski et al., 2013a). The mineralogy of the tailings changes with depth, with 

higher contents of carbonates, e.g. hydromagnesite [Mg5(CO3)4(OH)2·4H2O], and lower 

abundances of brucite at the surface as compared to deeper within the tailings pile (Turvey 

et al. 2018). This has been interpreted to represent conditions of abundant and limited CO2 

supply during the alteration of brucite, respectively (Oskierski et al., 2016; McCutcheon et 

al., 2017; Turvey et al., 2018). Hydromagnesite also forms from a drip water that discharges 

into a tunnel built into the northern part of the tailings (location of sample WO-TU in Fig 1b). 

The carbonation of ultramafic tailings at Woodsreef can be illustrated through the following 

set of equations for dissolution of CO2 (1), dissociation of carbonic acid (2), bicarbonate (3) 

and water (4), and dissolution or precipitation of serpentine (5), forsterite (6), brucite (7), 

magnesite (8) and hydromagnesite (9): 

    CO2(g)  +  H2O(liquid)  ⇌  H2CO3(aq)       (1) 

       H2CO3(aq)  ⇌  H
+

(aq)  +  HCO3
-
(aq)        (2) 

        HCO3
-
(aq)  ⇌  H

+
(aq)  +  CO3

2-
(aq)       (3) 

         OH
-
(aq)  +  H

+
(aq)  ⇌  H2O(l)        (4) 

 Mg3Si2O5(OH)4(s)  +  6 H
+

(aq) ⇌  3 Mg
2+

(aq)  +  2 H4SiO4(aq)  +  H2O(l)       (5) 

Mg2SiO4(s)  +  4 H
+

(aq) ⇌  2 Mg
2+

(aq)  +  H4SiO4(aq)      (6) 

           Mg(OH)2(s)  +  2 H
+

(aq) ⇌  Mg
2+

(aq)  +  2 H2O(l)      (7) 
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           MgCO3(s)   ⇌  Mg
2+

(aq)  +  CO3
2-

(aq)      (8) 

       Mg5(CO3)4(OH)2·4H2O(s)  ⇌  5 Mg
2+

(aq) + 4 CO3
2-

(aq) + 2 OH
-
(aq) + 4 H2O(l)    (9) 

 

The high δ18O, δ13C and F14C (fraction of modern carbon with F14C = 1 equivalent to 

100 per cent modern carbon) values of hydromagnesite indicate that it has formed from 

evaporating rainwaters incorporating atmospheric CO2, rather than recycled carbon from 

bedrock carbonates such as magnesite (Oskierski et al., 2013c). A combination of 

radiocarbon-based tracing of atmospheric CO2 and quantification of carbonate content 

based on X-ray diffraction (XRD) data suggests that up to 6900 t of atmospheric CO2 have 

been sequestered in the tailings pile since closure of the mine in 1983 (Oskierski et al., 

2013a; Turvey et al., 2018). 

 

2.5 Fluids interacting with the mine tailings  

Fluids interacting with the tailings can generally be grouped into stream waters, 

which are associated with ephemeral streams that are intercepted by the tailings, and 

rainwater, which runs along the surface and percolate through the tailings (Oskierski et al., 

2016). Dissolved ions in stream waters may partially originate from the country rock (Ca, Na, 

K) but Mg concentrations that are about two orders of magnitude higher suggest that Mg in 

these fluids is predominantly derived from the tailings. This is also consistent with the high 

reactivity of the tailings that results from the fine grain size (and high surface area) of the 

material. Rainwaters, responsible for the majority of CO2 mineralisation, interact only with 

the tailings (Oskierski et al., 2016). Both types of fluid are moderately alkaline, bicarbonate-

dominated and Mg-rich, consistent with typical “Mg-HCO3“ or “Type I waters” that result from 

the interaction of meteoric water with ultramafic rocks (O’Neil and Barnes, 1971; Bruni et al., 

2002; Kelemen et al., 2011; Beinlich and Austrheim, 2012; Oskierski et al., 2016; Paukert 

Vankeuren et al., 2019). Stable hydrogen and oxygen isotopic compositions relative to local 
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meteoric water and local evaporation lines demonstrate that only stagnant waters on top and 

at the base of the tailings have evaporated while the other sampled fluids have not 

undergone significant evaporation (Oskierski et al., 2016). Due to variable grainsize of the 

deposited material and varying degrees of cementation and thus pore space and 

permeability, it is difficult to estimate flow velocities for fluids percolating through the tailings. 

Hydromagnesite formed by rainwater has high δ18O values (δ18OHmgs > 26.1 ‰, 

VSMOW, for vertical and horizontal crusts), suggesting that evaporation is the main process 

controlling the formation of carbonate crusts on the surface of the tailings (Oskierski et al., 

2013c). Inside the tailings, rainwaters partly evolve under CO2-limited conditions due to the 

reduced ingress of atmospheric CO2 into the tailings at depth (Oskierski et al., 2016), as has 

been observed in other tailings storage facilities (e.g., Gras et al., 2015). Rainwater 

percolating through the tailings and discharging into a tunnel at the base of the tailings (WO-

TU) is thus undersaturated with respect to atmospheric CO2 (Oskierski et al., 2016). 

Absorption of atmospheric CO2 into the drip water together with evaporation control 

carbonate supersaturation and precipitation in these fluids (Oskierski et al., 2016).  

 

3. Methods 

3.1 Samples 

Samples were taken from the tailings and the mine pit of the Woodsreef Asbestos 

Mine. Sampling locations, coordinates, sample type, textural context, mineralogy and the 

XRD traces of the samples used in this study are shown in Fig. 1 a, b, Table 1 and Fig. A2, 

respectively.  
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Table 1        
Origin, sample type, textural context and mineralogy of investigated samples     

Sample ID 
Coordinates 
Latitude  Longitude Sample type and textural context Preparation 

Major 
phases 

Minor 
phases Trace phases 

Bedrock        
WO-CC-S 30.415168 150.741306 Serpentinite cobble, silting pond picked Liza, Fo 

 
Brc, Mag 

WOMP-M1b 30.404057 150.733639 Bedrock magnesite, vein in pit picked Mgs 
 

Pyr, Liza 

Bulk tailings 
       

WO-T2top 30.409173 150.739281 Bulk tailings bulk Liza  
 

Pyr, Mag, Qz, Hmgs 

Crusts and coating 
      

WO14-1-DSC 30.410758 150.739337 Horizontal crust residue drilled Liza  Clay Pyr, Mag, Hmgs 

WO14-1CD 30.410758 150.739337 Horizontal carb. crust picked Hmgs Serp Pyr 

WO15-1DSC 30.411086 150.738871 Vertical crust residue picked Fo, Serp Hmgs 
 

WO15-1-C 30.411086 150.738871 Vertical carb. crust bulk Liza  Hmgs Mag, Pyr, Qz 

WO18W 30.410306 150.738501 Carb. encrustation below tailings surface picked Hmgs Liza  Pyr 

WO-CC-C 30.415168 150.741306 Carb. crust on cobble, silting pond picked Hmgs 
 

Liza, Qz, Pyr 

WO-TU-P1 30.407788 150.739534 Carb. crust at drip water discharge point picked Hmgs Liza  Pyr 

Fluids 
       

WO-TU 30.407788 150.739534 Drip water discharging into tunnel unfiltered n.a. n.a. n.a. 

WO-DS 30.409505 150.737331 Emerging downstream of tailings unfiltered n.a. n.a. n.a. 

Brc = brucite, Fo = forsterite, Hmgs = hydromagnesite, Liz = lizardite, Mgs = magnesite, Mag = magnetite, Pyr = pyroaurite, Qz = quartz 
aSmall proportions of chrysotile may be present as well, but diagnostic peaks of antigorite are absent (Oskierski et al., 2013c) 

 

bData from Oskierski et al., 2018      
n.a. = not applicable       
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A dark cobble (WO-CC-S) from the base of the tailings and nodular magnesite 

extracted from the wall of the Central mine pit (WOMP-M1) represent the serpentinised 

harzburgite bedrock and bedrock carbonate, respectively (Fig. 1a, b; Table 1). Bulk tailings 

are represented by a sample extracted from a 70 cm deep trench in one of the lower 

terraces of the tailings pile (WO-T2top; Fig. 1b). Samples of a vertical and a horizontal crust 

on the tailings, shown in Figs. 2a and b, respectively, were physically split into carbonate-

rich fractions (WO14-1-CD, WO15-1-C) and the corresponding carbonate-poor fractions 

(WO14-1DSC, WO15-1DSC). Sample WO18W is a white, nodular encrustation that has 

formed 3-4 cm below the surface of the tailings (Fig. 2d). White coatings (WO-CC-C; Fig. 2c) 

on coarse serpentinite cobbles, form either on the slope of the tailings or within silting ponds 

at the base of the pile at Woodsreef (Oskierski et al., 2016). A white carbonate crust and drip 

water have been extracted from a tunnel inside the tailings pile (WO-TUs and WO-TU; Fig. 

1b). Water sample WO-DS (Fig. 1b), collected downstream of the tailings, represents a 

mixture of surface run-off from the tailings but also contributions from ephemeral streams 

intersected by the tailings. Fluid composition, pH, temperature and aqueous speciation are 

shown in Table A1. Contributions of Mg to the fluids from external sources are unlikely to be 

discerned due to the high Mg content and reactivity of the mine tailings (Table A2). Water 

samples were left to settle for at least 48 h before sub-aliquots for Mg isotope measurements 

were extracted. 

 

3.2 Sample preparation and characterisation 

Some samples were extracted from hand specimens to enrich carbonate-bearing 

crusts or the associated residual tailings material by picking of grains/fragments while other 

samples were used in bulk. Both bulk samples and separates were ground in an agate 

mortar and their mineralogy determined by XRD using a GBC Enhanced Multi-Materials 

Analyser or a PANalytical Empyrean XRD using Match! Software with the Crystallography 
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Open or RRUFF databases or PANanalytical HighScore with the ICDD PDF4+ database, 

respectively.  

We further used an acetic acid leach to determine the Mg isotopic composition of the 

labile carbonate fraction in samples that could not be physically separated. These samples 

were suspended in excess clean 1 N acetic acid for 1 hour and centrifuged at 3000 rpm for 5 

minutes before separation of solid and supernatant by decantation. The supernatant, 

containing Mg from the labile minerals, was decanted into a Teflon beaker and 0.4 mL of 

clean concentrated HNO3 was added and evaporated at low temperature. The leached 

residue was washed using MilliQ-water and then left to dry. The samples subjected to acetic 

acid leach consist of hydromagnesite and lizardite, with minor pyroaurite 

[Mg6Fe2(CO3)(OH)16·4H2O], magnetite and quartz (Table 1). Acetic acid is commonly used to 

selectively dissolve carbonate minerals in the presence of clay minerals (e.g. DePaolo et al., 

1983; Poppe et al., 2001) and previous studies have demonstrated that only minor amounts 

of Mg can be extracted from serpentine minerals in 1 N acetic acid (e.g. Raschman et al., 

2007; Teir et al., 2007), while magnetite and quartz can be considered as unreactive. 

 

3.3 Mg isotope analysis 

The magnesium isotopic compositions of bulk samples, separates, leachates, leached 

residues and water were determined following the method described in Mavromatis et al. 

(2014b). Samples were digested in mixtures of concentrated HNO3 or HF-HNO3, evaporated 

to dryness and dissolved in 1 N HNO3. About 20 μg of Mg was used for column chemistry in 

10 mL Bio-Rad Poly-prep columns for chromatic Mg separation from matrix elements, with > 

99 % Mg-recovery achieved. The ratio of cation/Mg of all samples was < 0.001 as 

determined by ICP-MS. A standard glass cyclonic spray chamber was used for magnesium 

isotope measurements with a Thermo Scientific ‘Neptune’ Multi Collector ICP-MS at 

Géosciences Environnement Toulouse (GET), France. Solutions of ~0.3 M HNO3 typically 
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contained Mg concentrations of ~600 ppb, to give intensities of ~10-12 V for 24Mg, while total 

procedural blanks were generally below 2 mV. Sample-standard bracketing was used for 

correction of instrumental mass fractionation effects and all data are presented as δxMg with 

respect to the standard DSM-3 (δxMg = (xMg/24Mg)sample/(xMg/24Mg)DSM3-1) × 1000), with x 

referring to either 26Mg or 25Mg. All of the samples were run in triplicates with the mean 

values presented in Table 2 along with data for the standards used.  

Table 2 
       

Magnesium isotopic composition of analysed samples 
    

  

Sample ID Sample type 
Mg-
fraction 

δ26MgDSM-

3 (‰) 2σ 
δ25MgDSM-

3 (‰) 2σ n 

Bedrock        

WO-CC-S Serpentinite cobble bulk -0.10 0.06 -0.03 0.03 3 

WOMP-M1a Bedrock magnesite bulk -3.26 0.10 -1.67 0.01 3 

Bulk tailings        

WO-T2top Bulk tailings bulk -0.29 0.03 -0.18 0.03 3 

WO-T2top(ac)b  acetic -1.10 0.01 -0.55 0.04 3 

WO-T2top(res)c  residue -0.21 0.02 -0.10 0.03 3 

Crusts and coatings       

WO14-1-DSC Horizontal crust non-carb. bulk +0.28 0.06 +0.13 0.05 3 

WO14-1CD(ac)b Horizontal carb. crust   acetic -1.47 0.04 -0.75 0.05 3 

WO14-1CD(res)c  residue -0.40 0.02 -0.20 0.05 3 

WO15-1DSC Vertical crust non-carb. bulk -0.45 0.06 -0.23 0.03 3 

WO15-1-C(ac)b Vertical carb. crust   acetic -1.37 0.03 -0.73 0.03 3 

WO15-1-C(res)c  residue -0.27 0.03 -0.14 0.02 3 

WO18W(ac)b Carb. encrustation acetic -1.58 0.06 -0.83 0.01 3 

WO18W(res)c  residue -0.56 0.06 -0.29 0.05 3 

WO-CC-C Carb. crust on cobble bulk -1.48 0.02 -0.76 0.03 3 

WO-TU-P1 Carb. crust in tunnel bulk -2.01 0.09 -1.06 0.05 3 

Fluids        

WO-TU Drip water in tunnel bulk -1.79 0.02 -0.95 0.02 3 

WO-DS Stream water bulk -0.36 0.04 -0.17 0.02 3 
Standards 

       

JDo-1 
 

bulk -2.43 0.04 -1.23 0.04 6 

BE-N 
 

bulk -0.27 0.05 -0.14 0.03 3 

CAM1 
 

bulk -2.62 0.06 -1.33 0.05 15 

OUMg   bulk -2.82 0.07 -1.42 0.05 15 

a Data from Oskierski et al., 2019       
b Supernatant from acetic acid leach       
c Residue remaining after acetic acid leach       

 



 16 

Replicate δ26Mg analyses of Mg reference standards typically yielded reproducibility 

better than 0.07 ‰ (2σ). This precision is similar to that reported earlier from our laboratory 

(e.g. Pearce et al., 2012, Mavromatis et al., 2014a, 2016; Perez-Fernandez et al., 2017; 

Schott et al., 2016; Beinlich et al., 2018,). Standard materials processed as samples yielded 

isotopic compositions similar to those reported previously (Table 2), i.e. JDo-1: δ26Mg = -

2.35 ± 0.15 ‰, n = 66 (Shalev et al., 2018); BE-N: δ26Mg = -0.41 ± 0.19 ‰, n = 3 

(Wombacher et al., 2009); CAM-1: δ26Mg = -2.61 ± 0.05 ‰, n = 247 (Shalev et al., 2018); 

OUMg: δ26Mg = -2.72 ± 0.02 ‰, n = 3 (Pearce et al., 2012). All error estimates in tables and 

text are given as 2 standard deviations (2σ). 

 

3.4 Geochemical modelling 

PHREEQC (Parkhurst and Appelo, 2013) together with the wateq4f database was 

used for geochemical modelling of saturation indices and aqueous Mg speciation of waters 

from the study site (Oskierski et al., 2016). Carbonic acid dissociation constants of 

Stefansson et al., (2013), the formation constants of MgCO3
o and MgHCO3

+ determined by 

Stefansson et al., (2014) and the Mg hydrolysis constant of Palmer and Wesolowski (1997) 

were included in the database. The distribution of aqueous species was used to estimate the 

Mg isotopic composition of aqueous Mg2+ relative to the bulk fluid, based on the theoretical 

fractionation factors from Schott et al., (2016) at the measured fluid temperature. Table A1 

lists the concentrations of major anions and cations, Mg-speciation, fractions of Mg-species, 

interpolated fractionation factors for species, as well as the Mg-isotope fractionation and 

saturation indices calculated for the fluid samples. 

 

4. Results 

4.1 Mineralogy 
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Lizardite and olivine are the dominant minerals in the serpentine cobble WO-CC-S 

representing the bedrock, with brucite and magnetite present as trace phases (Table 1). This 

agrees with previous descriptions of the bedrock lithologies and mineralogy at Woodsreef 

(Glen and Butt, 1981; O’Hanley and Offler, 1992). The nodular bedrock carbonate from the 

mine pit consists of magnesite, with traces of lizardite and associated pyroaurite (WOMP-

M1; Oskierski et al., 2019). Lizardite dominates the bulk tailings sample (WO-T2top) but 

trace amounts of pyroaurite, magnetite, quartz and hydromagnesite are present.  

Horizontal (WO14-1CD) and vertical carbonate-rich crusts (WO15-1-C, WO18W), 

formed during weathering of the tailings, generally consist of hydromagnesite but contain 

lizardite as a minor phase along with traces of pyroaurite, magnetite and quartz. The 

corresponding, physically separated non-carbonate fractions (WO14-1DSC, WO15-1DSC) 

are dominated by lizardite and olivine, respectively, but WO14-DSC shows a broad low 

angle feature suggesting the presence of a poorly crystalline clay mineral, whereas WO15-

1DSC contains minor hydromagnesite. The cobble coating (WO-CC-C) and crust from the 

discharge point of drip water into the tunnel (WO-TU-P1) are both composed of 

hydromagnesite with minor to trace amounts of lizardite, pyroaurite and quartz. Previous 

studies have consistently identified lizardite (± chrysotile), pyroaurite, hydromagnesite, 

magnetite, brucite and quartz as the dominant phases present in the tailings at Woodsreef, 

whereas some common trace phases such as calcite, dolomite, coalingite, chlorite and 

enstatite are not detected in the current set of samples (Slansky, 1983; Kmetoni, 1984; 

Oskierski et al., 2013a; 2016; Turvey et al., 2017; 2018).  

 

4.2 Mg isotopic composition of solid samples 

The bulk tailings are isotopically lighter (δ26Mg = -0.29 ± 0.03 ‰) than the ultramafic 

bedrock (δ26Mg = -0.10 ± 0.06 ‰; Table 2). Bedrock magnesite has extremely low δ26Mg, 

representing the lower end of Mg isotopic compositions recorded for magnesite so far (δ26Mg 



 18 

= -3.26 ± 0.10 ‰; Oskierski et al., 2019). The physically separated non-carbonate fractions 

of a horizontal and a vertical crust are isotopically heavier and lighter than the bulk tailings, 

respectively. The hydromagnesite-crust samples WO-CC-C and WO-TU-P1 both have low 

δ26Mg (δ26Mg of -1.48 ‰ and -2.01 ‰, respectively) but not as low as the bedrock 

magnesite.  

In all cases the acetic acid leach produces isotopically light leachates, corresponding 

to the labile fraction of easily decomposed minerals such as hydromagnesite, brucite and 

pyroaurite, and isotopically heavy residues. For the bulk tailings the labile, acetic leachable 

fraction is isotopically lighter (δ26Mg = -1.10 ± 0.01 ‰), whereas the acetic-leached residue 

is only slightly heavier (δ26Mg = -0.21 ± 0.02 ‰) than the bulk composition. The Mg isotopic 

compositions of leached residues of hydromagnesite-rich crusts (-0.56 ‰ < δ26Mg < -0.21 

‰) are similar to or lighter than the bulk tailings. This indicates that the acetic acid leach may 

not have completely dissolved all of the labile phases with low δ26Mg and that leached 

residues may not be used to constrain the Mg isotopic compositions of weathered lizardite or 

olivine. However, the Mg isotopic composition of labile fractions of hydromagnesite-rich crust 

samples (-1.58 ‰ < δ26Mg < -1.37 ‰) is consistent with physically separated 

hydromagnesite samples (-2.01 ‰ < δ26Mg < -1.48 ‰).  

 

4.3 Mg isotopic composition of fluid samples 

The results of our previous characterisation of the water samples are summarised in 

section 2.5 and Table A1. The Mg isotopic composition of stream/run-off water WO-DS 

(δ26Mg = -0.36 ± 0.04 ‰) is similar, within error, to that of the bulk tailings (δ26Mg = -0.29 ± 

0.02 ‰). Drip water sample WO-TU (δ26Mg = -1.79 ± 0.02 ‰) has similarly low δ26Mg as the 

hydromagnesite samples from the study site, with only a small apparent fractionation of Mg 

isotopes (Δ26Mgcarbonate-fluid = δ26Mgcarbonate – δ26Mgfluid = -0.22 ‰) between the fluid and co-

existing hydromagnesite from the drip site (Table 2). Geochemical modelling indicates that 
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both waters are undersaturated with respect to brucite, hydromagnesite and saturated with 

respect to magnesite and sepiolite but chrysotile is only supersaturated in WO-TU (Table A1; 

Oskierski et al., 2016).  In WO-TU and WO-DS 70.1 %, 24.4 %, 5.3 % and 91.5 %, 0.9 % 

and 7.6 % of total Mg occurs as Mg2+, MgCO3
o and MgHCO3

+ species, respectively (Table 

A1). Higher fractions of MgCO3
o and MgHCO3

+ species in WO-TU are a result of the higher 

pH in WO-TU (pH = 9.1) compared to WO-DS (pH = 7.5).   

 

5. Discussion 

5.1 Sources of Mg in the tailings 

Mineralisation of CO2 in post-depositional carbonate crusts and cements in sub-

aerially stored tailings is driven by the infiltration of rainwater into the tailings (Wilson et al., 

2009; Oskierski et al., 2013a, Wilson et al., 2014; Oskierski et al., 2016; Gras et al., 2017). 

Both concentration and amount of Mg added to the tailings via rainwater (0.2 mg/L Mg; total 

of ~ 3 t; Table A2) or as windblown dust (0.22 wt-% MgO; total of ~ 38 to 96 t, Table A2) are 

negligible compared to the Mg concentration in the fluids resulting from the interaction with 

the tailings (133 to 158 mg/L Mg; Table A1) and the Mg content in the tailings, respectively 

(37.3 wt-% MgO; total > 5 Mt, Table A2). This confirms that the Mg for CO2 mineralisation in 

hydromagnesite is derived from minerals in the tailings pile. 

The mineralogy of freshly deposited, unaltered tailings can be best described as a 

mixture of remnant phases from the protolith (olivine, pyroxene), phases formed during 

bedrock serpentinisation (lizardite ± chrysotile, magnetite, brucite) and during low 

temperature carbonation of the bedrock (magnesite) (Oskierski et al., 2013a; Turvey et al., 

2018). In agreement with bedrock lithology (Fig. 1c), samples representing the bulk tailings 

are dominated by serpentinite, with serpentine (lizardite + chrysotile) making up between 80 

and 90 % of bulk tailings samples, magnetite up to 5 % and brucite up to 3 % (Turvey et al., 
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2017). Protolith olivine and pyroxene account for up to 5 % and 2.5 %, respectively, while 

bedrock carbonates occur in trace amounts up to 0.5 % (Oskierski et al., 2013a; Turvey et 

al., 2017).  Accordingly, the δ26Mg of the bulk tailings (δ26Mg = -0.29 ± 0.03 ‰) is only 

slightly lower than that of the serpentinite bedrock at Woodsreef (δ26Mg = -0.10 ± 0.06 ‰; 

Table 2; Fig. 3).  

 

Fig. 3. Magnesium isotopic composition (δ26MgDSM) of samples from the Woodsreef tailings showing sources of 

Mg and carbonation products. Samples from Woodsreef and elsewhere in the GSB are shown as full and open 

symbols, respectively. Boxes and bars correspond to the range of isotopic compositions given in the literature 

and the dashed line represents the composition of bulk tailings. aOskierski et al., (2019); bTurvey, 2018; cBeinlich 

et al., (2014); dHin et al., (2017); eLai et al., (2015); fLiu et al., (2017); gPogge von Strandmann et al., (2015); 

hTeng et al., (2010); iEbner et al., (2019); jDe Obeso et al., (2020); kShirokova et al., (2013). Serp. = serpentinite; 

Ol = olivine, Opx = orthopyroxene, Cpx = clinopyroxene, Ant = antigorite, Serp = serpentine (unspecified), Brc = 

brucite, Mgs = magnesite, Hmgs = hydromagnesite, Ht = hydrotalcite.  

As illustrated in Fig. 3, Mg isotopic compositions of both bulk tailings and bedrock 

serpentinite are consistent with pristine terrestrial basalts (e.g. Huang et al., 2015) and 
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peridotites (e.g. Yang et al., 2009; Beinlich et al., 2014; Pogge von Strandmann et al., 2015), 

as well as bulk silicate Earth (Fig. 3; Teng et al., 2010; Lai et al., 2015; Hin et al., 2017). 

Mineral separates of olivine, orthopyroxene, clinopyroxene and antigorite from partly 

serpentinised ultramafic rocks have similar δ26Mg as bulk peridotites and serpentinites (Fig. 

3) and there is no relationship between Mg isotopic composition and degree of 

serpentinisation (Beinlich et al., 2014; Liu et al., 2017). This suggests that serpentinisation 

does not significantly affect mineral or bulk rock Mg isotopic composition (Beinlich et al., 

2014; Liu et al., 2017), and, consequently, olivine, pyroxene and serpentine in the tailings 

can be considered to have similar Mg isotopic compositions. 

Brucite is a minor (< 3 %, Turvey et al., 2017) but highly reactive component of the 

mine tailings. Under conditions relevant for rainwater infiltration into the tailings, i.e. ambient 

temperature and pH 5 to 6, the rates of brucite dissolution (R = 4.68 ∙ 10-8 mol m-2 s-1, 

Pokrovsky and Schott, 2004) are about two orders of magnitude higher than those of other 

potential Mg sources in the tailings, i.e. forsterite (R = 7.08 ∙ 10-10 mol m-2 s-1, Pokrovsky and 

Schott, 2000), magnesite (R = 4.49 ∙ 10-10 mol m-2 s-1, Pokrovsky and Schott, 1999), 

chrysotile (R = 3.47 ∙ 10-12 or 2.09 ∙ 10-12 mol m-2 s-1 based on Mg and Si concentration, 

respectively, Thom et al., 2013) and magnetite (R = 1.02 ∙ 10-10 and 0.31 ∙ 10-10 mol m-2 s-1 

for different types of magnetites in White et al. 1994). The inverse relationship of brucite and 

hydromagnesite abundance with depth in the Woodsreef tailings further points to brucite 

being a source of Mg for hydromagnesite formation, whereas the homogeneous distribution 

of magnetite is consistent with its lower reactivity (Turvey et al., 2018). Consequently, brucite 

is often considered as the primary source of Mg during natural carbonation of mine tailings 

and it has been linked to increases in pore water pH, carbonation rate and yield, as well as 

the CO2 storage capacity of tailings in laboratory carbonation experiments (Pronost et al., 

2011; Harrison et al., 2013; Assima et al., 2014; Boschi et al., 2017). At Woodsreef, brucite 

predominantly occurs in lizardite mesh rims (Offler and O’Hanley, 1992) and could thus not 

be physically separated for the present study. Micro-analysis of Mg isotopic compositions is 
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developed for carbonates (e.g. Sadekov et al., 2020) but requires homogeneous and matrix-

matched standards which are currently not available for brucite. Natural brucite from the 

Mount Keith Nickel Deposit in Western Australia has lower δ26Mg (δ26Mgbrucite = -1.11 ± 0.12 

‰, n = 4; Turvey, 2018) than coexisting serpentine (δ26Mgserpentine = -0.15 ± 0.42 ‰, n = 3; 

Δ26Mgserp-brucite = -0.96 ‰; Turvey, 2018). Brucite at Mount Keith has formed under similar 

conditions as at Woodsreef, i.e. serpentinisation of peridotite at temperatures < 350 ° C 

producing lizardite ± brucite mesh cell textures (Offler and O’Hanley, 1992; Grguric et al., 

2001; Barnes et al., 2012), and thus serves as a representative example for the Mg isotopic 

composition of brucite at Woodsreef.  

Traces of magnesite in the tailings and magnesite nodules in the mine pit at 

Woodsreef indicate limited, low temperature carbonation of the ultramafic bedrock prior to 

mining (Oskierski et al., 2013b; 2019). The δ26Mg of nodular magnesite at Woodsreef (δ26Mg 

= -3.26 ‰, ± 0.10 ‰), is consistent with that of similar occurrences of low-temperature, 

ultramafic-hosted magnesite in the GSB (δ26Mg = -2.73 ‰, ± 0.76 ‰ (2σ), n=4, Oskierski et 

al., 2019), in Austria (δ26Mg = -2.36 ‰, ± 0.71 ‰ (2σ), n=7, Kraubath-type magnesite in 

Ebner et al., 2019), in Oman (δ26Mg = -3.34 ‰, ± 0.20 ‰ (2σ), n=6, De Obeso et al., 2020) 

and in Canada (δ26Mg = -2.50 ‰, ± 0.69 ‰ (2σ), n=4, magnesite rich sediments in 

Mavromatis et al., 2021). The extreme depletion of 26Mg in this type of magnesite has been 

ascribed to magnesite dissolution/re-precipitation and the associated Mg isotope 

fractionation between Mg species in alkaline solutions and to concurrent precipitation of 

serpentine veins with high δ26Mg (Oskierski et al., 2019; De Obeso et al., 2020).  

Based on the above discussion, we expect three isotopically distinct primary sources 

of Mg in the tailings:  

i) bedrock serpentine (including minor olivine and pyroxene) with δ26Mg = -0.05 ± 0.20 

‰ (n = 4, this study, Turvey, 2018; Oskierski et al., 2019). 
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ii) bedrock brucite, which is expected to have lower δ26Mg than bedrock serpentine, with 

δ26Mg = -1.11 ± 0.12‰ (n=4, for brucite at Mount Keith; Turvey, 2018).  

iii) bedrock magnesite with extremely low δ26Mg = -2.72 ‰ ± 0.61 (n=4; Oskierski et al., 

2019).  

 

5.2 Mg isotopic constraints on weathering 

Weathering transforms serpentinites into clay (Liu et al., 2017; Oskierski et al., 2019). 

Illite-montmorillionite clays forming during ultramafic rock weathering in the GSB (Oskierski 

et al., 2019) contain Al-octahedral sheets that are not present in the precursor serpentine. 

This rearrangement of bonds indicates that the clays have formed by precipitation and not 

through solid state transformation of serpentine (Eberl, 1984; Beaufort et al., 2015). The 

formation of Mg-bearing clay minerals controls the Mg isotopic compositions of weathered 

serpentinites, with preferential retention of 26Mg in the clay structure leading to δ26Mg of up 

to +0.37 ‰ in the saprolite (Oskierski et al., 2019). Similarly, higher δ26Mg can be observed 

for the physically separated non-carbonate fraction of a horizontal crust (δ26Mg = +0.28 ‰) 

on the mine tailings. 

Bulk weathered peridotites and serpentinites contain less MgO than their fresh 

precursors, confirming that Mg is mobile and released into fluids during weathering (Huang 

et al., 2012; Oskierski et al., 2013b, Liu et al., 2017; Oskierski et al., 2019). Previous studies 

using Mg isotopes as a tracer of weathering fluxes demonstrate that δ26Mg of riverine Mg is 

primarily controlled by secondary silicate mineral formation, not by mineral dissolution (e.g. 

Tipper et al., 2006; Pogge von Strandmann et al., 2008). This is consistent with simple 

isotope mass balance considerations that dictate that Mg isotopes are not fractionated 

during complete dissolution of minerals, such as expected for weathering of magnesite or 

brucite (Mumpton and Thompson, 1966; Moore et al., 2017). Accordingly, measurable 

changes in fluid Mg isotopic composition require either incorporation of a significant 
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proportion of Mg into secondary phases or significant Mg isotopic fractionation during 

secondary phase formation (or a combination thereof).  

The formation of relatively Mg-poor montmorillionite-illite clay (molar Mg/Si ratio ~ 

0.08, Deer et al., 2013; δ26Mg of 0.35 ‰, Oskierski et al., 2019) during ultramafic rock 

weathering removes only a small fraction of Mg from the fluid relative to Si. Consequently, 

the application of Rayleigh-type isotope fractionation models is limited in this context, as 

about 95 % of Mg remains in the fluid when all the available Si for further clay mineral 

formation is consumed. Together with the moderate apparent fractionation observed during 

clay mineral formation from serpentinite (Δ26Mgclay-fluid ~ 0.5 ‰, Oskierski et al., 2019), this 

suggest that ultramafic rock weathering into Mg-poor clay induces only a small reduction in 

the δ26Mg of the weathering fluid, consistent with the similarity of Mg isotopic compositions of 

streamwater (δ26Mg = -0.36 ± 0.04 ‰) and bulk tailings (δ26Mg = -0.29 ± 0.03 ‰). However, 

formation of Mg-rich secondary silicates, such as talc ([Mg3Si4O10(OH)2], molar Mg/Si ratio of 

3:4;  δ26Mg = +0.17 ‰, Beinlich et al., 2014), “microcrystalline serpentine with stevensite or 

talc” (waxy vein with molar Mg/Si ratio of 1:1, δ26Mg = +1.19 ‰, De Obeso et al., 2020) or 

secondary serpentine (molar Mg/Si ratio of 3:2; δ26Mg = +0.96 ‰, De Obeso et al., 2020) 

can induce significant shifts in the Mg isotopic composition of fluids to lower δ26Mg. Clumped 

isotope temperatures of carbonates in carbonated and serpentinised peridotite in Oman 

suggest that some of the above alteration products can form at near-ambient temperatures 

(De Obeso et al., 2020; Streit et al., 2012). 

  

5.3 Mg isotopic constraints on carbonate formation 

The Mg isotopic composition of acetic acid leached, labile fractions of 

hydromagnesite-rich crust samples and physically separated hydromagnesite samples span 

a range of δ26Mg from -2.01 ‰ to -1.37 ‰. Secondary carbonates forming during weathering 

of mine tailings have lower δ26Mg than bedrock serpentine (δ26Mg = -0.10 ± 0.04 ‰), bulk 
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silicate Earth (δ26Mg = -0.23 ± 0.04 ‰; Lai et al., 2015) and brucite (δ26Mg = -1.11 ± 0.12 ‰) 

but higher δ26Mg than magnesite (δ26Mg = -3.26 ± 0.10 ‰). Experimental estimates of Mg 

isotope fractionation between fluids and hydrated Mg-carbonates, including hydromagnesite, 

dypingite [Mg5(CO3)4(OH)2·5H2O] and nesquehonite [MgCO3·3H2O] are shown in Figure 4 

(Mavromatis et al., 2012; Shirokova et al., 2013; Oelkers et al., 2018; Harrison et al., 2021).  

 

Fig. 4. Effective Mg isotope fractionation between fluid and hydrated Mg-carbonates. Fractionation determined 

experimentally and based on natural coexisting fluid and Mg-carbonates are shown as triangles and rectangles 

and as light and dark grey shaded areas, respectively. The apparent fractionation between coexisting dripwater 

and hydromagnesite forming in the tunnel at Woodsreef is shown separately. Note that δ26Mg values for the 

horizontal crust (purple diamond) are identical to values for the cobble coating (red circle). Predictions of 

apparent Mg isotope fractionation (Δ26Mghmgs-fluid = δ26Mgcarbonate – δ26Mgfluid) use the Mg-isotopic compositions of 

serpentinite (WO-CC-S), brucite (Turvey, 2018) and magnesite (WOMP-M1) to approximate the composition of 

the fluid, representing scenarios in which the respective mineral dissolves completely and is the only source of 

Mg for hydromagnesite formation. aOelkers et al., (2018); bMavromatis et al., (2012); cShirokova et al., (2013).  

The apparent Mg isotope fractionation between hydromagnesite and co-existing fluid 

in Salda Lake, Turkey (average Δ26Mghmgs-fluid = -0.99 ± 0.22 ‰ (2σ); range from -1.12 to -

0.86 ‰; n = 4), and in the tunnel from Woodsreef (Δ26Mghmgs-fluid = -0.22 ± 0.11 ‰; n = 1) are 
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within the range of experimentally determined fractionation factors highlighted as light grey 

shaded area in Figure 4 (Mavromatis et al., 2012; Shirokova et al., 2013; Oelkers et al., 

2018; Harrison et al., 2021). Recent work by Schott et al., (2016) suggests that 26Mg 

preferentially partitions into aqueous Mg-carbonate and Mg-bicarbonate complexes, thus 

leaving aqueous Mg2+ and precipitated Mg-carbonates with lower δ26Mg. Results of 

geochemical modelling (Table A1) show that the fraction of MgCO3
0 and MgHCO3

+ species 

in drip water (29.7 % in WO-TU) is higher than in the stream/run-off water (8.5 % % in WO-

DS) leading to significantly lower δ26Mg of Mg2+ in drip water (δ26MgMg2+ = -3.33 ‰) than in 

stream/run-off water (δ26MgMg2+ = -0.74 ‰), respectively. Consequently, hydromagnesite 

precipitated from the drip water would be expected to have lower δ26Mg than that 

precipitated from stream/run-off water, consistent with our data for hydromagnesite formed in 

the tunnel (δ26Mg = -2.01 ± 0.09 ‰; n = 1) and on the surface of the tailings (δ26Mg = -1.48 ± 

0.02 ‰; n = 1). 

Besides inter-species fractionation, kinetic effects may be responsible for the wide 

range of observed fractionation factors between hydrated Mg-carbonates and fluid 

(Δ26Mgcarbonate-fluid between -1.43 ‰ to -0.07 ‰, Fig. 4; Mavromatis et al., 2012; Shirokova et 

al., 2013; Oelkers et al., 2018; Harrison et al., 2021). Experimental studies show that kinetic 

effects tend to reduce Mg isotope fractionation between fluid and precipitated carbonates 

compared to equilibrium conditions (Immenhauser et al., 2010; Mavromatis et al., 2013; 

Pearce et al., 2012). Similarly, the small apparent isotope fractionation between coexisting 

drip water and hydromagnesite from the tunnel at Woodsreef (Δ26Mghmgs-fluid = -0.25 ‰) may 

reflect kinetic effects obscuring equilibrium isotope fractionation, as well as the associated 

inter-species fractionation, during fast precipitation. 

Laboratory precipitation experiments have shown that the Mg isotope compositions 

of hydrated Mg carbonates can be reset on short time scales (Harrison et al., 2021), which 

suggests that hydromagnesite in the mine tailings reflects the most recent fluid Mg isotopic 

composition. However, it is unlikely that the fluid Mg isotopic composition has changed 
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significantly over the 30 years since tailings deposition, unless a highly reactive phase, such 

as brucite, would have been dissolved completely. Mineralogical depth profiles indicate 

some depletion of brucite towards the surface, potentially affecting surface waters and 

hydromagnesite, but also demonstrate that brucite is still present in the analysed profiles 

after 30 years of weathering (Turvey et al., 2018). Furthermore, fluid volumes passing 

through the tailings in the semi-arid climate at Woodsreef are low and, consequently, the 

tailings are rock-buffered, as opposed to fluid-buffered conditions in laboratory experiments 

(Harrison et al., 2021). Mg exchange between fluid and solid, and thus the resetting of 

isotope compositions of hydrate Mg-carbonates, has been shown to be limited in similar 

mineral-buffered systems (Mavromatis et al., 2021). 

Anhydrous carbonates (calcite, dolomite and magnesite) have lower δ26Mg than the 

fluids they precipitated from, both in natural and laboratory settings (e.g. Immenhauser et al., 

2010; Li et al., 2012; Pearce et al., 2012; Mavromatis et al., 2013; 2014b; Schott et al., 2016; 

Mavromatis et al., 2017; Pogge von Strandmann et al., 2019).  Similarly, all experimental 

and natural records of Mg isotope fractionation between fluid and hydrated Mg-carbonate 

(Δ26Mgcarbonate-fluid = δ26Mgcarbonate – δ26Mgfluid) show lower δ26Mg in the precipitated carbonate 

than in the fluid (Fig. 4; this study, Shirokova et al., 2011; Mavromatis et al., 2012; Shirokova 

et al., 2013; Oelkers et al., 2018; Harrison et al., 2021), suggesting that hydromagnesite at 

Woodsreef has lower δ26Mg than the fluid from which it has precipitated. 

As a first approximation, apparent fractionation between hydromagnesite and fluid 

(Δ26Mghmgs-fluid) is calculated by approximating δ26Mgfluid as δ26Mgserp, δ26Mgbrc or δ26Mgmgs, 

respectively, to represent the different mineral sources of Mg in the tailings. This 

approximation assumes that these minerals dissolve completely during weathering, provide 

the main source of Mg to the fluid without mixing and that hydromagnesite is the only 

secondary phase precipitated. Apparent fractionation between hydromagnesite and fluid is 

broadly consistent with experimental fractionation factors (average Δ26Mgcarbonate-fluid = -1.00 ± 

0.85 ‰ (2σ); range from -1.43 to -0.07 ‰; n = 26; Mavromatis et al., 2012; Shirokova et al., 
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2013; Oelkers et al., 2018; Harrison et al., 2021) if serpentine (average Δ26Mghmgs-serp = -1.38 

± 0.60 ‰; range from -1.9 to -1.0 ‰) or brucite (average Δ26Mghmgs-brc = -0.39 ± 0.60 ‰; 

range from -0.9 to -0.0 ‰) are the main sources of Mg to the fluid (Fig. 4). Apparent 

fractionation is clearly inconsistent with experimental constraints if magnesite is the source 

of Mg to the fluid (average Δ26Mghmgs-mgs = +1.22 ± 0.60 ‰; range from +0.7 to +1.6 ‰; Fig. 

4). Importantly, incorporation of Mg from magnesite dissolution into hydromagnesite would 

require strong enrichment of 26Mg either in the fluid (see next section) or during precipitation, 

opposing previously determined fractionation factors between hydrated Mg-carbonates and 

fluid (Mavromatis et al., 2012; Shirokova et al., 2013; Oelkers et al., 2018; Harrison et al., 

2021). 

 

5.4 Chemical and isotopic constraints on fluid evolution in ultramafic mine tailings 

Mg isotopic compositions of fluids interacting with the mine tailings reflect dissolution 

and mixing of Mg from mineral sources in the tailings as well as subsequent precipitation of 

secondary minerals. Context for interpretation of Mg isotopes is provided by the chemical, H, 

C and O isotopic compositions of fluids from the mine tailings presented in previous work 

(Oskierski et al., 2016). 

Water sample WO-DS represents contributions from both surface run-off and 

ephemeral streams intersected by the tailings (Oskierski et al., 2016). The explanation for 

high DIC concentration and low δ13C DIC in this fluid (Table A3) is equivocal as it could 

result either from magnesite dissolution, or, alternatively, from dissolution of soil CO2.   The 

Mg isotopic composition (δ26Mgfluid = -0.36 ± 0.04 ‰) of the fluid is similar to that of the bulk 

tailings (δ26Mgbulk tailings = -0.29 ± 0.03 ‰). Accordingly, Mg-isotope based mixing calculations, 

such as  

δ26Mgfluid = f δ26Mgsource1 + (1-f) δ26Mgsource2  
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with f referring to the mole fraction of Mg from source 1, indicate high contributions of Mg 

from serpentine dissolution (92 to 72 %; δ26MgSerpentine = -0.10 ± 0.06 ‰) and low 

contributions from either magnesite (8 %; δ26MgMgs = -3.26 ± 0.10 ‰), hydromagnesite (19 

%; δ26MgHmgs = -1.48 ± 0.02 ‰) or brucite (26 %; δ26MgBrc = -1.11 ± 0.12 ‰), respectively 

(Table A4). This is generally consistent with the presence of Mg, Si and DIC in the fluid and 

with increasing saturation indices of the fluid with respect to chrysotile, magnesite, 

hydromagnesite and brucite (Table A1) relative to unreacted rainwater (sample MWT in 

Oskierski et al., 2016). 

The influence of secondary mineral precipitation on the Mg isotopic composition of 

the fluid can be assessed through Rayleigh fractionation (Fig. 5) based on a set of 

assumptions, such as constant fractionation factors for mineral precipitation along the fluid 

pathway and the maintenance of supersaturation with respect to the mineral due to 

evaporation and ingress of CO2 from the atmosphere. The Rayleigh model is further based 

on the Mg isotopic composition of the bulk fluid and does not consider changes in Mg 

speciation due to precipitation and the associated changes in the isotopic composition of 

Mg2+ ions (Schott et al., 2016).   
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Fig. 5 Rayleigh model for the development of the Mg isotope composition of fluids a during precipitation of 

secondary silicates with high δ26Mg and b during precipitation of hydromagnesite with low δ26Mg. The δ26Mg of 

the fluid is calculated using δreactant = δ0 + ε ln fr, where δ0 is the initial fluid composition based on dissolution of 

serpentine, brucite or magnesite, respectively, ε is the isotopic enrichment factor and fr the fraction of Mg 

remaining in the fluid. Isotopic enrichments ε are based on aBeinlich et al., (2014), no enrichment between 

forsterite and serpentine; bOskierski et al., (2019) and Ryu et al., 2016, enrichment of 26Mg in clay minerals; 

cWang et al., (2019), calculated enrichment during lizardite precipitation; dthis study, coexisting fluid and 

hydromagnesite in tunnel; Oelkers et al., 2018, hydromagnesite precipitation experiment; eShirokova et al., 

(2013), coexisting fluid and hydromagnesite in Lake Salda;  fMavromatis et al., (2012), strongest enrichment 

during abiotic precipitation of dypingite;  Mgs = magnesite; Brc = brucite; Serp = serpentine.  

 

Consistent with mixing calculations (Table A3), derivation of the fluid Mg from 

magnesite and subsequent Rayleigh fractionation into the observed composition would 

require 86 % and 94 % of Mg to precipitate to achieve the observed fluid isotopic 

composition (δ26MgFluid = -0.36 ± 0.04 ‰), considering the maximum experimental 

(Δ26Mgcarbonate-fluid = -1.43 ‰; Mavromatis et al., 2012) and the natural (Δ26Mgcarbonate-fluid = -1.0 

‰; Shirokova et al., 2013) estimates of fractionation between hydrated carbonate and fluid, 
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respectively (intersection of dotted and dashed lines with WO-DS in Figure 5b). This requires 

the initial fluid to have Mg concentrations in the g/L range, which is at least an order of 

magnitude higher than previously observed in fluids associated with ultramafic rocks (e.g. < 

88.5 mg/L, Beinlich and Austrheim, 2012; <15.4 mg/L Mg, Cipolli et al., 2004; 57.1 mg/L Mg, 

Paukert Vankeuren et al., 2019) or carbonate dissolution in karst environments (e.g. < 223.1 

mg/L Ca, Samanta et al., 2015; < 250 mg/L Ca, Zhao et al., 2015). Furthermore, it is 

impossible for a magnesite-derived fluid to attain the observed fluid Mg isotopic composition 

if the apparent (and potentially kinetically controlled) fractionation observed in this study 

(Δ26Mgcarbonate-fluid = -0.22 ‰) is used in Rayleigh fractionation calculations (solid pink line in 

Figure 5b). Lower initial fluid δ26Mg, resulting from a higher contribution to fluid Mg from 

brucite dissolution, could be realistically compensated by Rayleigh distillation during 

hydromagnesite precipitation to achieve the observed fluid Mg isotope composition (yellow 

lines in Figure 5b). Overall, the low Mg/DIC and high Mg/Si ratios of WO-DS are similar to 

Mg-HCO3 (type I) waters, which dissolve carbonate-free, brucite-bearing serpentinite in an 

open system with respect to atmospheric CO2 (e.g. Bruni et al., 2002; Cipolli et al., 2004). 

Magnesium isotopic compositions thus show that the additional DIC in the fluid is 

predominantly derived from soil CO2 rather than bedrock magnesite dissolution (Oskierski et 

al., 2016). 

As for WO-DS on the surface of the tailings, interaction of rainwater with the tailings 

increases the saturation state of the drip water (WO-TU) with respect to chrysotile, brucite, 

hydromagnesite and magnesite (Table A1), confirming that dissolution of these minerals 

may contribute Mg to the fluid. Mixing calculations using serpentine (δ26Mg = -0.10 ± 0.06 ‰) 

as the high δ26Mg endmember suggest that up to 54 % and 89 % of the Mg in the drip water 

(δ26Mg = -1.79 ± 0.02 ‰) could be derived from the dissolution of magnesite (δ26Mg = -3.26 

± 0.10 ‰) and hydromagnesite (δ26Mg = -2.01 ± 0.9 ‰), respectively (Table A4). If brucite 

(δ26Mg = -1.11 ± 0.12 ‰) is considered as the high δ26Mg endmember, magnesite and 
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hydromagnesite dissolution could contribute up to 32 % and 66 % of Mg, respectively (Table 

A4).  

However, simple mixing of Mg from different mineral sources is inconsistent with the 

low DIC, the observed undersaturation of the fluid relative to atmospheric CO2 and the high 

δ13C and 14C content of the fluid (Oskierski et al., 2016). Fluids draining carbonate-bearing 

terrain are commonly strongly saturated with CO2 and thus prone to degas (e.g. Jin et al., 

2015; van Geldern et al. 2015; Zhao et al., 2015), whereas the drip water in the tailings 

absorbs CO2 from the atmosphere (Oskierski et al., 2016). Similarly, dissolution of 

magnesite and subsequent increase in fluid δ26Mg through Rayleigh type fractionation during 

hydromagnesite precipitation (pink lines in Figure 5b) would require CO2 saturation within 

the tailings and in the fluid and would result in carbon isotopic compositions influenced by 

bedrock carbonate. On the other hand, high δ13C and 14C content demonstrate that drip 

water DIC is derived from atmospheric CO2, not bedrock carbonate dissolution, with carbon 

isotope mixing calculations suggesting atmospheric contributions of 80 % and 100 %, 

respectively (Table A3, A4). Supersaturation with respect to magnesite and focussed 

precipitation of hydromagnesite at the discharge point of the fluid into the tunnel thus result 

from an increase in pH due to tailings mineral dissolution under CO2-limited conditions and 

subsequent uptake of atmospheric CO2 into the fluid (Oskierski et al., 2016). The increase in 

pH, high Mg/Si ratios, high δ13C, high 14C and undersaturation with respect to atmospheric 

CO2 can be best explained by the dissolution of highly reactive brucite (Oskierski et al., 

2016), which also provides a low δ26Mg source of Mg (Fig. 3). Consequently, Mg from 

magnesite can only be a minor source for CO2 mineralisation in hydromagnesite. 

Depth profiles in the tailings pile indicate that hydrotalcite-group minerals may form 

through fluid-mediated carbonation of brucite under CO2 limited conditions (Turvey et al., 

2018). The Mg isotope fractionation associated with transformation of brucite to hydrotalcite 

is not well understood yet, but the presence of hydrotalcite minerals with higher δ26Mg than 

brucite (Fig. 3; Turvey, 2018), suggests that hydrotalcite may preferentially incorporate 26Mg, 
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thereby decreasing δ26Mg in the fluid. Considering the strong supersaturation of the drip 

water with respect to chrysotile (and sepiolite, Table A1), the high fluid Mg/Si ratio relative to 

serpentine stoichiometry and the presence of authigenic Mg clay in the tailings (Fig. 2e), the 

depletion of 26Mg in the fluid WO-TU is also consistent with precipitation of secondary silicate 

phases with high molar Mg/Si ratio and high δ26Mg along the fluid flow path. The observed 

fluid chemical and isotopic composition can thus be best reconciled with brucite and 

serpentine dissolution in a closed system with respect to atmospheric CO2 along with 

Rayleigh fractionation preferentially removing 26Mg (and Si) into secondary silicate phases 

(dotted and dashed green and yellow lines in Fig. 5a; Oelkers et al., 2019; Oskierski et al., 

2019).  

 

 

6. Implications and concluding remarks 

Our record of Mg isotopic compositions from the Woodsreef Asbestos Mine provides 

insight into the mineralisation of atmospheric CO2 in carbonate crusts and coatings on 

ultramafic mine tailings. Air capture and mineralisation of CO2 in ultramafic mine tailings can 

substantially contribute to off-setting emissions of mining operations and combatting 

increasing atmospheric CO2 concentrations (e.g. Wilson et al., 2009; Oskierski et al. 2013; 

Power et al., 2013; Wilson et al., 2014; Gras et al., 2015; Turvey et al., 2018). However, a 

large proportion of the CO2 storage potential of ultramafic mine tailings currently remains 

untapped, as natural weathering reactions predominantly dissolve Mg from brucite, which is 

highly reactive but much less abundant than Mg-bearing silicate minerals (e.g. Harrison et 

al., 2013; Wilson et al., 2014; Turvey et al., 2018). In addition, the dissolution of Mg from pre-

existing carbonate minerals may reduce the net amount of CO2 stored in the mine tailings 

(Wilson et al., 2009; Oskierki et al. 2013a). The ability to trace Mg during CO2 mineralisation 

is thus critical for the monitoring of the interaction between fluids and tailings minerals and 
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for the development of more effective mineral carbonation processes, as demonstrated by 

Oelkers et al., (2019).   

The data described here represent a framework for interpreting Mg isotopic 

compositions with respect to Mg sources and fluid evolution during ultramafic rock 

carbonation. We observe that the Mg isotopic compositions of the mineral groups relevant 

for carbonation of ultramafic rocks and tailings, such as silicates (serpentine, olivine, 

pyroxene), oxides/hydroxides (brucite) and carbonates (magnesite, calcite, dolomite), are 

distinct. Despite the large variation in natural carbonates (and potentially in natural brucite) 

that may result from Rayleigh type distillation effects on fluid compositions, Mg isotopic 

compositions of carbonates and brucite are clearly different from those of Mg silicates, 

providing the ability to distinguish the most relevant sources of Mg for CO2 mineralisation in 

ultramafic rocks. Carbon concentrations and isotopic compositions, particularly radiocarbon, 

remain critical for explaining the fate of carbon during ultramafic rock carbonation in 

ultramafic mine tailings (Wilson et al., 2009; Oskierski et al., 2013c) but, compared to Mg 

isotopic compositions, provide limited insights into the interaction of fluids with Mg silicate 

minerals. 

The use of Mg isotopes to trace Mg during silicate carbonation is underpinned by the 

consistent enrichment and depletion of 26Mg during formation of secondary silicate and 

carbonate minerals, respectively, documented for both low temperature (Oskierski et al., 

2019) and high temperature alteration of ultramafic rocks (Beinlich et al., 2014; 2018). 

Considering mixing of Mg from bedrock mineral sources and Rayleigh fractionation during 

secondary mineral precipitation, Mg isotope and chemical compositions of fluids interacting 

with the mine tailings at Woodsreef can be best reconciled with Mg sourced from the 

dissolution of serpentine, olivine and brucite but not from bedrock magnesite. Different 

modes of hydromagnesite, formed on the surface of the tailings and in the tunnel, 

respectively, are associated with distinct isotopic compositions, demonstrating the sensitivity 

of Mg isotopic compositions to differences in Mg sources and fluid pathways. Fluid Mg 
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isotopic compositions can also enable estimation of secondary mineral precipitates in cases 

where solid samples are not accessible (Oelkers et al., 2019; Zhang et al., 2019). Given that 

secondary phase formation and the effects associated with Rayleigh-type and kinetic Mg 

isotope fractionation can be further constrained in future studies, Mg isotopes may be used 

to quantify contributions from different mineral sources of Mg, thereby providing a key 

indicator for the efficiency of CO2 mineralisation in ultramafic rocks.  
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