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Abstract

The Mg-isotope systematics of peridotite weathering and low-temperature carbonation have not
yet been thoroughly investigated, despite their potential to provide insights into reaction pathways and
mechanisms of lithosphere-hydrosphere transfer of Mg and sequestration of CO. in carbonate
minerals. Here, we present new observations of the evolution of Mg isotope ratios during subtropical
ultramafic rock weathering and associated magnesite formation, including the lowest 6*Mg of
magnesite reported so far. At the investigated field sites in eastern Australia, the proximity of the
ultramafic Mg source rocks and associated magnesite deposits provides boundary conditions that
constrain Mg isotope fractionation during low-temperature alteration. Saprolite samples from
Attunga, New South Wales, show that weathering of serpentinite is accompanied by Mg loss and
formation of secondary Mg-bearing clay minerals. Furthermore, Mg isotope ratios increase
systematically with weathering intensity, indicating that incorporation of Mg into clay mineral
structures controls Mg-isotope fractionation during ultramafic rock weathering. The Mg-bearing clay
formed by decomposition of serpentine minerals has a 6°Mg value of ~ 0.35 %o, which is up to ~ 0.6
%o heavier than the ultramafic precursor. In contrast, nodular magnesite hosted in ultramafic rock
shows 6°°Mg values between -3.26 %o and -2.55 %o that are significantly lower than those of
magnesite and dolomite that formed by hydrothermal alteration of peridotite at higher temperature
(6®°Mg = -0.69 %o and -0.62 %o). The strong enrichment of *Mg in nodular magnesite does not
reconcile with simple fractionation during direct precipitation from ultramafic host rock buffered
meteoric fluids and instead suggests multiple formation steps involving dissolution and re-
precipitation of pre-existing carbonate accompanied by fractionation between species of dissolved
Mg. Our data highlight the potential of Mg isotope studies for distinguishing the formation pathways
of low temperature magnesite and for tracing Mg in low temperature alteration processes based on the

distinct signatures of secondary silicate and carbonate minerals.



1. Introduction

Magnesium isotopes represent a powerful tracer for low-temperature geochemical processes
due to significant fractionation during chemical weathering (Brewer et al., 2018; Huang et al., 2012;
Lara et al., 2017; Liu et al., 2014; Pogge von Strandmann et al., 2008, 2012; Pokrovsky et al., 2011,
Teng et al., 2010a; Tipper et al., 2006a, b, 2012a, b; Wimpenny et al., 2010, 2011), soil formation,
uptake by vegetation (Opfergelt et al., 2012, 2014; Mavromatis et al., 2014a; Oelkers et al., 2015;
Pokharel et al., 2017) and carbonate mineral formation (e.g. Geske et al., 2012; 2015a; Immenhauser
et al., 2010; Mavromatis et al., 2013; Riechelmann et al., 2016; 2018). In comparison, small Mg
isotope fractionation is observed during magmatic differentiation (e.g. Dauphas et al., 2010; Li et al.,
2011; Liu et al., 2010a; Teng et al., 2010b). This results in a relatively narrow range of Mg isotope
ratios in pristine felsic, mafic and ultramafic rocks (~-0.4 %o < Mg < ~0.0) in contrast to the strong
enrichment of Mg in carbonates (with 6**Mg as low as -5.6 %o; Wombacher et al., 2011) and
depletion of 2*Mg in weathered silicates (6°Mg of up to 1.8 %o; Liu et al., 2014). Variation in
magnitude and even direction of Mg isotope fractionation during the formation of secondary silicates
has been documented in the literature (Liu et al., 2014; Pogge von Strandmann et al., 2008; 2012; Ryu
et al., 2011; Wimpenny et al., 2010; Teng et al., 2010a), e.g. with both lower and higher §°Mg in
saprolites compared to underlying fresh basalt (Huang et al., 2012). This suggests a mineralogical
control on Mg isotope fractionation, likely related to Mg-O bond lengths (e.g. Li et al., 2014) but also
highlights the influence of adsorption-desorption processes on the Mg isotope composition of
weathering residues (Huang et al., 2012; Wimpenny et al., 2014). Accordingly, the Mg budget and
thus the Mg isotope composition of clay minerals forming during weathering can be dominated by
either structurally bound or labile, adsorbed Mg (Wimpenny et al., 2014; Ryu et al., 2016). As these
two Mg fractions are often isotopically distinct (Wimpenny et al., 2014), it is important to consider
the actual weathering process (e.g. primary and secondary phase mineralogy, their Mg concentrations,

weathering intensity, etc.) to characterise the associated Mg isotope fractionation mechanism.

To better constrain natural fractionation pathways and the influence of the geochemical

environment on Mg isotope fractionation between secondary silicate and carbonate phases at low



temperature, we investigate clay mineral-bearing silicate residues and associated magnesite that
formed in response to weathering of serpentinised peridotite. Despite the relatively small volume
compared to other rock types, peridotite weathering is important for the composition of the bulk
continental crust due to its distinct chemical composition (Beinlich et al., 2018). High Mg-content and
reactivity, as well as their location in high relief areas near ocean margins make chemical and physical
weathering of mafic and ultramafic rocks an important contributor to Mg-fluxes from the continents
(e.g. Dessert et al., 2003; Suchet et al., 2003; Ulven et al., 2017). However, the difference in the Mg
isotope composition of bulk silicate Earth (§2°Mg = -0.23 %o) and that of the continental runoff (§2*Mg
= -1.09 %o) indicates significant fractionation that can be attributed to the different dissolution rates of
isotopically distinct Mg-bearing minerals and to formation of solid weathering product phases, such
as clay minerals (Hin et al., 2017; Lai et al., 2015; Tipper et al., 20064, b; 2010; Teng et al., 2010b).
Mg isotope fractionation during formation of Mg-bearing clay minerals is also important for
guantification of Mg fluxes into the oceanic clay reservoir, which has been linked to Mg/Ca variations
in seawater (Dunlea et al., 2017; Higgins and Schrag, 2015). Furthermore, the formation of secondary
silicates and Mg-carbonates during weathering of ultramafic rocks results in distinct Mg-isotope
signatures which allow for constraining formation conditions of Mg-carbonate deposits and tracing of
Mg during natural sequestration of CO, in mafic and ultramafic-derived Mg-carbonates (e.g. Garcia
del Real et al., 2016; Oelkers et al., 2019; Oskierski et al., 2013a; Turvey et al., 2018; Wilson et al.,

2009; 2014).

Here, for the first time, we present Mg isotope signatures, chemical and mineralogical
composition of weathering products from serpentinised peridotite to assess the evolution of Mg
isotopes during low temperature continental alteration of ultramafic rocks. In particular, we identify
formation of secondary clay minerals as the factor controlling Mg isotope fractionation during
weathering of ultramafic rock in the investigated outcrops and show that extreme enrichment of 2*Mg

in low temperature ultramafic rock-hosted magnesite requires multiple Mg isotope fractionation steps.



2. Sampling locations and geological context

Samples were collected from the Great Serpentinite Belt (GSB), a dismembered, Early Cambrian
ophiolite sequence located in northern New South Wales, Australia. U-Pb dating of plagiogranites,
considered to be late stage differentiates of the magma from which the ophiolite formed, yield Early
Cambrian ages for the crystallisation of the ophiolite (Aitchison et al., 1988; Aitchison and Ireland,
1995). Tectonic or diapiric emplacement of the GSB has been constrained by its emplacement into the
Sakmarian Kensington Formation (Vickery et al., 2010) and by its thermal alteration during the
intrusion of the Early Permian Bundarra Plutonic Suite, dated at 267.2 = 1.4 Ma (Cawood et al.,
2011). Serpentinite detritus in adjacent Early Permian sandstones and Late Carboniferous to Early
Permian nephrite reaction zones in serpentinite indicate that serpentinization occurred before or
during the emplacement of the GSB into higher crustal levels (Cross, 1983; Ashley and Brownlow,
1993 and sources therein). The predominance of antigorite at Attunga is likely related to contact
metamorphism during the intrusion of the Inlet Monzonite and Attunga Creek Monzogranite in the
Early Triassic (Ashley and Brownlow, 1993; Oskierski, 2013). K-Ar dating of fuchsite in silica-
carbonate rock yields Early Triassic ages of 243 + 2 Ma and 251 + 2 Ma, demonstrating that silica-
carbonate alteration occurred after serpentinisation (Ashley and Brownlow, 1993). The radiocarbon
content of the nodular magnesite at the study site further suggests that it has formed during
Quaternary weathering (Oskierski et al., 2013b). The GSB is exposed along the Peel-Manning Fault
(Fig. A1) due to major phases of uplift during the Permian Tablelands and Hunter-Bowen phase of the
Gondwanide Orogeny, which are thought to have continued at least until Neogene times (Van der
Beek et al., 2001; Vickery et al., 2010). Samples of weathered and silicified serpentinite, saprolite,
soil and magnesite were taken from the Attunga magnesite deposit (AMD), located at the south-
western tip of a serpentinite ridge (Fig. Al). In outcrop, the upper ~3 m below the pre-mining surface

contain pale grey to brown weathered serpentinite (Fig. 1a).
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Fig. 1. Field context of investigated samples. a Pit wall at the Attunga magnesite deposit showing a thin soil horizon
overlying pale to brown weathered serpentinite at the top and magnesite nodules within moderately weathered serpentinite. b
Saprolite developed above the Attunga magnesite deposit ¢ Nodular magnesite displacing weathered serpentinite at the
Attunga magnesite deposit. Top scale shows inches and bottom scale cm. d White sub-parallel veins cutting boulders of

silica-carbonate rocks at the Piedmont magnesite deposit.

The weathered serpentinite grades upwards into an orange-brown, 0.5 m to 2 m thick saprolite
horizon that is covered by a thin (5-10 cm) layer of organic-rich soil (Fig. 1b). Weathering of
serpentinised harzburgite at Attunga resulted in the formation of cryptocrystalline magnesite veins
and nodules (Fig. 1c; Oskierski et al., 2013b). The irregular shape of veins and presence of
cauliflower nodules and efflorescence on mining cliff faces point to magnesite formation at low, near-
ambient temperature (Oskierski et al., 2013a), consistent with the clumped isotope composition of
similar cauliflower magnesite elsewhere (Garcia del Real et al., 2016; Quesnel et al., 2016). Stable O

and C isotope and radiocarbon analyses indicate magnesite ages younger than 50 ka and its formation



due to weathering of the serpentinised harzburgite (Oskierski et al., 2013b). Some field observations,
such as meter-wide magnesite veins with angular fragments of host rock, imply the prior existence of
a silica-carbonate alteration zone at Attunga, which may have been eroded during uplift of the ridge
hosting the magnesite (Oskierski et al., 2013b). Due to the extremely slow rates of magnesite
formation at ambient temperatures (Hanchen et al., 2007; Koénigsberger et al., 1999) it has been
suggested that low temperature magnesite forms indirectly via a hydrated precursor such as
hydromagnesite (Andrews et al., 2018; Gautier et al., 2014; Kralik et al., 1989; Oelkers et al., 2018),
which transforms into magnesite over timespans of hundreds of years (Zhang et al., 2000).
Cauliflower textures (Fig. 1c) and micro-porosity (Fig. A2) in magnesite nodules at Attunga can thus
be interpreted as resulting from volume loss during dehydration (Kralik et al., 1989; Oskierski, 2013).
However, recent studies have shown that magnesite can also form directly from low temperature
fluids at rates of 101" to 10-*® mol/cm?/s (Power et al., 2017; 2019) and thus both direct precipitation
and indirect formation via a hydrated precursor have to be considered for low temperature magnesite
at the study site (Oskierski et al., 2013b). Similar nodular magnesite was also sampled from
serpentinised harzburgite pit walls of the Woodsreef Asbestos Mine (WAM). Serpentinite from the
Abras Serpentine Quarry (ASQ) is slightly weathered but lacks evidence of carbonation or

silicification (Fig. Al).

Samples of weathered serpentinite and nodular, low temperature magnesite are complemented
by carbonate samples from higher temperature hydrothermally silica-carbonate altered serpentinite.
This alteration is related to the infiltration of hypogene, CO2-rich fluids between 200 °C and 300 °C in
the Early Triassic, which convert serpentinite into quartz, magnesite and/or dolomite (Ashley, 1997).
Silica-carbonate alteration zones occur as extensive, irregular lenses mostly along the western margin
of the Peel-Manning Fault, e.g. at Hanging Rock (HR) or Trevena Mine (TM) and are characterised
by Fe staining and higher Fe-concentrations in coarse grained magnesite (Brownlow and Ashley,

1991; Ashley, 1997).

The Piedmont magnesite deposit (PMD; Fig. 1d) formed by hydrothermal overprinting of a pre-

existing silica-carbonate alteration zone at about 200 °C (Ashley, 1995). The microcrystalline,



hydrothermal magnesite at Piedmont occurs in sub-parallel sets of straight veins and is characterised
by lower Fe concentrations and smaller grainsize compared to the silica-carbonate host rock
(Brownlow and Ashley, 1991; Ashley, 1995). Several generations of brecciation and veining have
been documented at Piedmont, including microcrystalline magnesite and colloform quartz-magnesite
veins, suggesting the shallow manifestation of a hydrothermal system (Brownlow and Ashley, 1991).
Origin, sample type, textural context and mineralogy of the investigated samples are summarised in

Table Al.

3. Analytical methods

3.1. Sample preparation and characterisation

Bulk samples were ground in an agate swing mill and smaller samples from select sites and
veins were extracted from hand specimen with a diamond coated dental drill. The mineralogy of bulk
samples and purity of separates was confirmed by X-ray diffractometry (XRD) using a GBC
Enhanced Multi-Materials Analyser at Murdoch University and a PANalytical Empyrean XRD at the
Centre for Microscopy, Characterisation and Analysis (CMCA), The University of Western Australia.
To constrain clay mineralogy, bulk soil and saprolite powders were suspended in an excess (6-7
drops) of ethanol to allow settling of clay minerals onto the substrate. The oriented powders were then
heated to 400 °C and 550 °C for one hour and kept in a desiccator until analysis. The major element
composition of bulk samples was determined by X-ray fluorescence (XRF) at Bureau Veritas
Australia (Perth), following the procedure described in Oskierski et al. (2013a). The chemical
compositions of bulk rock samples and reference materials are listed in Tables A2 and A3,

respectively.

3.2. Mg isotope analyses

The magnesium isotopic composition of the samples was determined following the protocol described

in Mavromatis et al. (2014a). Bulk samples and separates were digested in concentrated HNO3 or HF-



HNOs mixtures, evaporated to dryness and re-diluted in 1 M HNOs. About 15 pg of Mg was placed in
10 ml Bio-Rad Poly-prep columns for Mg separation. According to ICP-MS (i.e. Agilent 7500ce)
analyses of the eluents, Mg-recovery was better than 99% and the cation/Mg ratio (e.g. Al, Ca, Fe, K,
Mn, Na, Ni, Ti) in all samples was < 0.001. Magnesium isotopic compositions were measured using a
Thermo-Finnigan ‘Neptune’ Multi Collector ICP-MS at Géosciences Environnement Toulouse
(GET), France using a standard sample induction system (SIS) attached to a PFA Teflon nebuliser.
Solutions were ~0.3 M HNO; with Mg-concentrations typically ~600 ppb. Measurements of 2*Mg,
Mg, and *Mg were made in low resolution mode typically providing intensities of ~10-12 V for
Mg and total procedural blanks generally having a negligible contribution of < 2 mV. Sample-
standard bracketing was used to correct instrumental mass fractionation effects and all data are
presented as 6*Mg with respect to DSM-3 reference material (6*Mg = (*Mg/*MQ@)sampie/ *Mg/*MQ)psms-
1) x 1000), where x refers to the Mg mass of interest. All samples were run in triplicate with the mean

values presented in Table 1.

Table 1
Magnesium isotope composition and MgO/SiO2* of analysed samples
0%Mgpsm-3 0°Mgpsm-3
Sample ID Location Sample type MgO/SiO2** (%) 20 (%o) 20 n
Altered/weathered serpentinite
AT1-1 ASQ Serpentinite 0.09 -0.04 0.05 -0.01 0.00 3
AT35 AMD Weathered 0.41 0.08 0.02 0.05 0.01 3
serpentinite
AT100/4 AMD Weathered 0.90 0.02 0.05 0.02 0.06 3
silicified
serpentinite
AT100/3 AMD Weathered 0.89 0.09 0.01 0.06 0.02 3
silicified
serpentinite
AT100/3 (repeat) AMD Weathered 0.89 0.10 0.02 0.05 0.03 3
serpentinite
AT30-1 AMD Saprolite 0.22 0.01 0.01 0.00 0.03 3
AT106 AMD Saprolite 0.56 0.37 0.03 0.18 0.05 3
AT104 AMD Saprolite 0.52 0.20 0.06 0.09 0.04 3
AT105 AMD Soil 0.48 0.13 0.09 0.07 0.02 3
Nodular magnesite?
ATMNDC_185 AMD Magnesite ND -2.55 0.03 -1.33 0.04 3
ATMNDC_185 AMD Magnesite ND -2.57 0.05 -1.34 0.03 3
(repeat)
ATMNDC1_3 AMD Magnesite ND -2.67 0.06 -1.38 0.06 3
AT37-1-1DM AMD Magnesite ND -2.55 0.09 -1.31 0.04 3
WOMP-M1 WAM Magnesite ND -3.26 0.10 -1.67 0.01 3



Hydrothermal carbonate?®/carbonated serpentinite

TM-D3 ™ Silica ND -0.35 0.04 -0.18
carbonate

HR-D1 HR Dolomite ND -0.62 0.09 -0.33

B2-1DB PMD Magnesite ND -0.69 0.10 -0.37

Standards

JDo-1 Dolomite ND -2.43 0.04 -1.23

BE-N Basalt ND -0.27 0.05 -0.14

CAM1 monoelemental ND -2.62 0.06 -1.33
solution

OUMg monoelemental ND -2.82 0.07 -1.42
solution

0.02

0.04
0.04

0.04
0.03
0.05

0.05

15

15

ND = not determined
n = no. of measurements

2 Distinction between nodular and hydrothermal carbonate based on Ashley (1995, 1997), Oskierski et al. (2013a, 2013b)
BMgO/SiOz* = (MgO/SiO2)sractionation array - (MgO/SiO2)sample = deviation from the terrestrial fractionation array as proxy for

degree of weathering
The reproducibility of replicate 6Mg analyses of Mg reference standards was typically better
than 0.07 %o (2 o). This precision is similar to that reported earlier from our laboratory (Pearce et al.,
2012; Beinlich et al., 2014; 2018; Mavromatis et al., 2012, 2013, 2014a,b, 2016; Shirokova et al.,
2013; Schott et al., 2016). Moreover, standards processed identically to samples, produced isotopic
compositions similar to those reported elsewhere (Table 1; see values in Pearce et al., 2012; Shalev et

al., 2018; Wombacher et al., 2009 for comparison).

3.3. Carbon and oxygen isotope analyses

Stable carbon and oxygen isotope ratios of carbonate samples were determined using a GV2003
Continuous-Flow Isotope Ratio Mass Spectrometer (IRMS) at the University of Newcastle and a
Gasbench connected to a Delta V XL IRMS at the University of Western Australia (UWA).
Carbonate samples were reacted with phosphoric acid overnight at 72 °C or 80 °C. In the absence of a
suitable magnesite reference material results were normalised to in-house calcite standards that are
calibrated using commercially available reference materials L-SVEC (for C only), NBS18 and NBS19
(Skrzypek, 2013). Certified reference materials were run as unknowns to validate results. Correction
factors for oxygen isotope fractionation during reaction of magnesite, dolomite (and calcite) with

phosphoric acid were taken from Das Sharma et al. (2002). Reproducibility, defined as the lo



standard deviation of repeat measurements of in-house standards, is < 0.1 %o for both 6**C and 60

(Table 2).

Table 2
Carbon and oxygen isotope signatures and formation temperatures of studied carbonates

Sample 0%CvrpB 0¥0vsmow Formation
Sample ID Location type (%o) lo (%o) lo temp. (°C)
Nodular magnesite
ATMNDC 185 AMD Magnesite  -12.3? 0.1 28.12 0.1 41°¢
ATMNDC1 3 AMD Magnesite  -11.72 0.1 28.7% 0.1 38°
AT37-1-1DM  AMD Magnesite  -12.52 0.1 29.0° 0.1 37¢
WOMP-M1 WAM Magnesite  ND ND ND ND 38
Hydrothermal carbonate
TM-D3 ™ Dolomite  -4.8 0.1 14.8° 0.1 243¢
HR-D1 HR Dolomite  -4.3 0.2 15.3° 0.2 216°
B2-1DB PMD Magnesite 5.6 0.2 27.9 0.2 2007, 999

ND = not determined

@ Data from Oskierski et al. (2013b)

b Corrected for oxygen isotope fractionation during reaction of dolomite with phosphoric acid (Das Sharma et al.,
2002)

¢ Oxygen isotope thermometry based on 580 of precipitation (Liu et al., 2010) and 1000 Incimgs-120 from Aharon
(1988)

d Based on oxygen isotope thermometry of spatially associated sample WR-102 (Oskierski et al., 2013c)
¢Fluid inclusion homogenisation temperatures in associated quartz from Ashley 1997 (range HR-D1 156-261 °C;
TM-D3 220-271 °C)

fFluid inclusion homogenisation temperatures in associated quartz from Ashley 1995 (range 170 to 230 °C)
9 Oxygen isotope thermometry based on 60 of magmatic/metamorphic fluid (Ashley, 1995) and 1000 Incmgs-H2o0
from Aharon (1988)

3.4. Geochemical modelling

Geochemical modelling of aqueous Mg speciation was carried out using PHREEQC
(Parkhurst and Appelo, 2013) with the wateq4f database suitable for freshwater with relatively low
total dissolved solid loads such as the studied sample (Oskierski et al., 2016). The database was
modified to include the carbonic acid dissociation constants of Stefansson et al., (2013), the formation
constants of MgCO3; and MgHCO3™ determined by Stefansson et al., (2014) and the Mg hydrolysis
constant of Palmer and Wesolowski (1997). The distribution of agueous species was used to estimate
the Mg isotopic composition of aqueous Mg?* relative to the bulk fluid, based on the fractionation
factors from Schott et al., (2016) at 38 °C, the inferred average formation temperature of nodular

magnesite. Further details are presented in table A4.



4. Results

4.1. Mineralogy and bulk chemical composition of serpentinite and alteration products

The least altered serpentinite consists predominantly of serpentine with accessory magnetite,
hematite and andradite (Table Al) and the chemical composition is typical of serpentinised

harzburgites in the study area (Table A2; Ashley, 1997).

The altered serpentinised harzburgites include silicified and weathered serpentinites, as well as
saprolites and soil developed on serpentinite. In the silicified serpentinite, opaline silica occurs as the
dominant phase together with minor amounts of antigorite, magnetite and hematite, which is also
reflected in SiO, concentrations above 66 wt %. Antigorite, identified by the (330) reflection that is
absent in XRD patterns of lizardite and chrysotile, is a major phase in most serpentinite weathering
products at AMD and secondary clay becomes dominant in highly weathered saprolites and soil
developed from the serpentinite. Figure 2 illustrates the collapse of the ~ 15 A peak of the clay
mineral to ~ 10 A upon heating to 400 and 550 °C. This indicates that the clay mineral is
interstratified illite-vermiculite or illite-montmorillonite and confirms that chlorite/clinochlore is

absent from the weathering profile (Poppe et al., 2001).
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Fig. 2. XRD patterns of saprolite sample AT106. The ~15 A peak of the clay mineral collapses to ~ 10 A upon heating to

400 and 550 °C.



Chemical compositions vary from typical serpentinite to highly weathered, MgO-depleted
saprolite, with MgO concentration as low as 6.9 wt. % (Table A2). We calculate the deviation of the
sample compositions from the terrestrial fractionation array in the Al,Os/SiO, - MgO/SiO, space as
(MgO/SiO2)ractionation array = (MgO/SiO2)sample = MgO/SiO2* (Snow and Dick, 1995; Liu et al., 2017).
The degree of weathering, represented by MgO/SiOy*, is low for relatively unaltered serpentinite
(0.1), increases for weathered serpentinite, saprolite and soil (0.2 to 0.6) and is high for silicified

serpentinites (0.4-0.9; Table 1; Fig. 3).
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Fig. 3. Cross-plot of Al203/SiO2 and MgO/SiO: ratios showing degree of weathering as the deviation from the terrestrial
geochemical fractionation array of peridotites (grey, solid line with Al203/SiO2 = -3.406 MgO/SiO2 + 1.148; Snow and Dick,

1995).

4.2. Mineralogy and bulk chemical composition of carbonate altered samples

Nodular, ultramafic-hosted carbonates are magnesite (Table Al) with low Fe-content (Table
A2) compared to typical hydrothermal magnesite and dolomite in silica-carbonate rocks from the
GSB (Ashley, 1995; 1997). The hydrothermal carbonates comprise dolomite in silica-carbonate rock
and magnesite from veins in silica-carbonate rock (Ashley, 1997). Bulk silica-carbonate altered
ultramafic rock (TM-D3) is composed of dolomite, quartz and clinochlore. If present, contaminants in
the carbonate samples are devoid of Mg (as e.g. quartz) or are present in low quantity (< 5 wt. %), as

e.g. pyroaurite and serpentine.



4.3. Mg isotope signatures

Linear regression through all samples in a three isotope plot of §2°Mg against 6*Mg defines a
slope of -0.515, consistent with mass dependent fractionation (Fig. A3; Young and Galy, 2004).
Figure 4 shows the Mg isotope composition of the studied samples relative to other ultramafic rocks

and associated alteration products from the literature.
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Fig. 4. Mg isotopic fingerprint of ultramafic rocks and associated alteration products. @Teng et al., (2010b); PLai et al., 2015;
°Hin et al., (2017); 9Liu et al., (2017); ¢Beinlich et al., (2018); TTipper et al., (2006a); YDong et al., (2016); "Beinlich et al.,
(2014). 6*°Mg of bulk silicate Earth is shown as dashed line. Please note that signatures of weathered and silicified
serpentinites are covered by those of saprolite/soil. Serp. = Serpentinite, Mgs = magnesite, Ol = olivine, Atg = antigorite,

Dol = dolomite.

The least weathered serpentinite sample has a 6°Mg of -0.04 %o, which is higher than the
average of pristine magmatic rocks (6%Mg of -0.23 %o; Hin et al., 2017; Lai et al., 2015). Weathered
bulk rock samples have elevated Mg values between 0.01 %o and 0.37 %o (Table 1; Fig. 4). The Mg
isotope composition of magnesite separates varies between -3.26 %o and -0.69 %o, which is
comparable to the known range of dolomite compositions (-2.49 %o < §?°Mgdol < -0.45 %o, e.g. Geske

et al., 2015a). Mg values of ultramafic rock-hosted nodular and vein magnesite (-3.26 %o < 6°°Mg <



-2.55 %o) fall within a distinct range compared to hydrothermal magnesite and dolomite (6%*Mg = -
0.69 %o and -0.62 %o). Geochemical modelling of aqueous Mg speciation in a weathering fluid from
one of the study sites shows that 70.1 % of Mg occur as Mg?*, 24.4 % as MgCOz°, 5.3 % as
MgHCO;3* and 0.2 % as MgOH®*, whereas the proportions of other aqueous complexes are negligible
(Table Ad). If Mg in the weathering fluid is predominantly derived from the weathering of pristine
ultramafic rock (5**Mgmua = -0.28 %o, as calculated in section 5.4) inter-species Mg isotope
fractionation leads to enrichment of 2Mg in MgCO3° (6?*Mgwmgcozs = 3.2 %o), MgHCO3 (6?*Mgmgrcos+

= 2.1 %o) and MgOH" (6°*Mgwmgon+ = 0.3), leaving Mg?* enriched in Mg (6*Mgwmga+ = -1.7 %o).

4.4. Carbonate stable O and C isotope signatures and formation temperatures

The 6°C and 60 of the studied carbonate samples range from -12.5 %o to 5.6 %o and from

14.8 %o to 29.0 %o, respectively (Table 2; Fig. 5).
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Carbon isotope ratios are low for nodular, ultramafic rock-hosted magnesite from the AMD

(6%°C of -12.5 %o to -11.7 %o) and the WAM (5*3C of -12.3 %o for spatially associated sample WR-



102, see Oskierski et al., 2013c). The low 6*3C either represents kinetic isotope fractionation during
uptake of CO; into water (Andrews et al., 2017; Wilson et al., 2010) or C3 plants as the dominant
source of carbon, suggesting a formation of magnesite nodules from meteoric water at low
temperatures (Oskierski et al., 2013c). We estimate formation temperatures between 37 °C and 41 °C
(average 38 °C, n = 4) for nodular magnesite based on oxygen isotope thermometry using
fractionation factors from Aharon (1988). In the absence of paleo-fluid samples we assume the
average oxygen isotope composition of recent meteoric water (80 = -4.91 %o, Liu et al., 2010b) to
be representative of the weathering fluid at the time of magnesite formation. The assumed water
composition and uncertainty in the fractionation factor result in significant uncertainty in the
estimated temperatures, i.c. a 1 %o change in Inamg-H2o results in a ~5 °C change of the estimated
temperature. However, textures and *C content confirm that nodular and vein magnesite at AMD has
formed from meteoric water at near ambient temperatures (Oskierski et al., 2013a). This is further
corroborated by 80 values above 28.0 %o (Table 2, Fig. 5), which suggest (i) magnesite precipitation
from meteoric water; (ii) large oxygen isotope fractionation during precipitation at low temperature;
and (iii) magnesite precipitation driven by fluid evaporation (Aharon, 1988; Beinlich and Austrheim,
2012; Oskierski et al., 2013a, b; 2016). The estimated temperatures are further in agreement with
temperatures determined by clumped isotope thermometry on texturally similar cryptocrystalline

magnesite elsewhere (Garcia del Real et al., 2016; Quesnel et al., 2016).

Hydrothermal dolomite in silica carbonate rock has 6**C values of -4.8 %o and -4.3 %o and 520
of 14.8 %o and 15.3 %o, which are typical for silica carbonate rock in the study area and significantly
higher and lower than those of the nodular magnesite, respectively (Fig. 5). Formation temperatures of
243 °C and 216 °C have been estimated for Mg-carbonates in silica carbonate rock in the study area
based on fluid inclusion microthermometry of associated quartz, that are consistent with the low 60
of the carbonates (Table 2; Ashley, 1997). Together, these values have been interpreted to reflect a
homogenised magmatic carbon source (average 6*3Ccoz-source ~ -5.4 %o0) and magmatic or metamorphic

fluids (average 0*Ouig ~ 6.0 %o; Ashley, 1997) based on fractionation factors from Aharon (1988).



Magnesite from Piedmont is characterised by high 6*C of 5.6 %o and high 60 of 27.9 %o, with
fluid inclusions in intergrown quartz indicating formation temperatures of about 200 °C (Ashley,
1995). This unusual signature was previously interpreted to result from the interaction of
metamorphic fluids with evaporitic carbonates, isotopic equilibration with CH4 or CO, degassing
from fluids (average 6**Ccoz-source ~ 3.6 %o; average 0*3Onuig ~ 15.5 %o; Ashley, 1995). The high 60
compared to the silica carbonate host rock may also point to a cooling of fluids (Ashley, 1995;
Brownlow and Ashley, 1991) and oxygen isotope thermometry yields a formation temperature of 99
°C for a magmatic/metamorphic (6*Osuia ~ 6.0 %o) fluid source. However, sub-parallel veins and
breccia textures indicate that magnesite at Piedmont formed from hydrothermal fluids and not from
dissolution reprecipitation of the pre-exisiting silica-carbonate rock. Both the textures of silica-
carbonate rock (HR, TM) and hydrothermal magnesite from Piedmont (PMD) are clearly distinct
from the low-temperature, nodular magnesite occurrences (Ashley, 1995; 1997) and there is no clear

relationship between 580 and §%Mg of magnesite.

5. Discussion

5.1. Ultramafic rock weathering

The alteration products of partly serpentinised harzburgite have lower MgO concentrations and
MgO/SiO; than the serpentinite precursor (Table A2; Ashley, 1995; Oskierski et al., 2013b). This
reflects the release of Mg into weathering fluids (Beinlich et al., 2010; Oskierski et al., 2016) and the
residual enrichment of SiO, during early stages of weathering, whereas progressive weathering and
laterisation enrich Al.O; and Fe,O; relative to SiO, (Beinlich et al., 2018; Oskierski et al., 2013b;
Snow and Dick, 1995). This chemical change in the bulk rock is also reflected in the secondary
minerals forming during weathering (Fig. A4), i.e. clay minerals replacing serpentine contain less
MgO but are enriched in the least mobile components, Al,Oz and Fe,Os, relative to the serpentinite

precursor (Caillaud et al., 2006). The increasing deviation of weathered sample compositions from the



terrestrial geochemical fractionation array illustrates the transition from relatively fresh serpentinite,

over weathered serpentinite, to soil and saprolite (Fig. 3).

5.2. Mg-isotope fractionation during ultramafic rock weathering

The 6*Mg value of the least altered serpentinite from the study area is slightly higher than the
composition of pristine mafic and ultramafic rocks (Beinlich et al., 2018; Hin et al., 2017; Lai et al.,
2015) but in agreement with antigorite separates from Norwegian ophiolite sequences (Beinlich et al.,
2014). Decreasing MgO concentrations and increasing degree of weathering, as expressed by the
proxy MgO/SiO.* (Fig. 3; Liu et al., 2017; Snow and Dick, 1995), are correlated with increasing

6*®Mg of the serpentine weathering products (Fig. 6a, b).
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proxy representing the degree of weathering (see Fig. 3). ¢ XRD patterns of saprolite/soil samples from AMD showing

mineralogical control on ¢*Mg during ultramafic rock weathering.

This indicates preferential retention of 2Mg in the saprolite as has been observed during marine
weathering of abyssal peridotites by Liu et al., (2017). Both the increase in §%Mg and degree of
weathering corresponds to increasing clay mineral content in the soil and saprolite (Fig. 6c),
suggesting a mineralogical control of the Mg-isotope fractionation during terrestrial weathering of

ultramafic rocks.

5.3. Factors controlling Mg-isotope fractionation during ultramafic rock weathering

Despite the potential presence of a silica-carbonate precursor in higher, now eroded
stratigraphic levels at the study site (Oskierski et al., 2013b), we can exclude differential weathering
as the reason for enrichment of Mg in the saprolite based on the absence of 2®Mg-enriched talc
and/or chlorite from the weathering profile (Beinlich et al., 2014; 2018). Low organic carbon levels
and high content of phytotoxic metals (Ni, Cr) in the saprolite (Oskierski et al., 2013b), render control
of Mg isotope fractionation by soil exchange processes (Opfergelt et al., 2012; 2014; Pokharel et al.,
2017), unlikely and the high Mg content of the soil and saprolite (6.9 to 33.0 % MgO) relative to
typical dust in Eastern Australia (0.22 % MgO; Dickson and Scott, 1998) suggests that Aeolian inputs

have a negligible influence on §*Mg of the saprolites.

The observed concurring changes in chemical composition, mineralogy and isotopic
composition are consistent with previous studies documenting the retention of Mg by secondary
(silicate) phases during continental (Beinlich et al., 2018; Huang et al., 2012; Lara et al., 2017; Liu et
al., 2014; Teng et al., 2010a) and marine weathering (Liu et al., 2017). However, variable 5°Mg and
preferential retention of Mg in natural weathering residues (Huang et al., 2012; Opfergelt et al.,
2014; Pogge von Strandmann et al., 2008; 2012) and in experimentally precipitated secondary
silicates (Ryu et al., 2016; Wimpenny et al., 2010) have been documented. The direction and
magnitude of Mg isotope fractionation during weathering thus depend on the exact weathering

process (Teng, 2017) and, in particular, on primary and secondary phase mineralogy (Huang et al.,



2012; Li et al. 2014), weathering intensity (Liu et al., 2014) and the proportions of isotopically
distinct structurally-bound and labile Mg (Wimpenny et al., 2014). Fast, concurrent precipitation of
carbonates may deplete 2*Mg in weathering fluids and thus in the exchangeable Mg fraction of the
weathering residue, which commonly reflects the Mg isotopic composition of associated fluids
(Huang et al., 2012; Lara et al., 2017; Liu et al., 2014; Wimpenny et al., 2014). However, clay
minerals at our study site are Mg-rich illite-vermiculite or illite-montmorillonite (Fig. 2) and
structurally bound Mg thus dominates the Mg budget of the weathering products. This confirms that
clay formation controls Mg isotope fractionation during continental weathering, as inferred by Liu et
al., (2017) for marine weathering of peridotite. Extrapolation of the relationship between §%*Mg and
MgO content of the saprolite shows that a saprolite containing only clay, e.g. montmorillonite or illite
with 3 % MgO, will have a 6%Mg of ~ 0.35 %o (Fig. 6a). The apparent Mg isotope fractionation
between fluid and clay at ambient temperature is ~ 0.4 %o to ~ 0.6 %o, estimated as A%°Mgciay-fiid =
6**MQoiay — 0%°Mgsuia With 0%Mgnuia approximated by the composition of either pristine peridotite
(6°°Mg = -0.23 %o) or the least weathered serpentinite from the study site (62*Mserentite = -0.04 %o).
This value is consistent with the range of Mg isotope fractionation (42Mgperigotite-fiuid ~ 0.2 %o to 1.0
%o) derived from Rayleigh modelling of the weathering of peridotite on the seafloor (Liu et al., 2017).
It is noteworthy that high temperature experiments between 90 and 250 °C result in similar Mg-
isotope fractionation between TOT clay (T = tetrahedral and O = octahedral layer) and fluid
(4?°MQciay-fiiia of 0.54 %o; Ryu et al., 2016). However, experimental studies using brucite as an
analogue for clays found that Mg-isotope fractionation between brucite and fluid decreases with
temperature, i.e. from -0.3 %o at 7 °C to 0.5 %o at 80 °C (Li et al., 2014; Wimpenny et al., 2014),
whereas first principle calculations predict the opposite trend with positive A2°Mgprucite-iia at all

temperatures (Wang et al., 2019).

5.4. Constraints on Mg isotope signatures of weathering fluids

The fractionation of Mg isotopes during partial melting and magmatic differentiation is small
(e.g. Dauphas et al., 2010; Liu et al., 2010a; Teng et al., 2010b) and similar Mg isotope signatures of

olivine, pyroxene and serpentine separates indicate that serpentinisation does not alter the Mg isotope



signatures of ultramafic rocks (Beinlich et al., 2014; Liu et al., 2017). Therefore, we use the isotope
composition of pristine peridotite (Mg = -0.23 %o; Hin et al., 2016; Lai et al., 2017) to represent
the isotopic composition of Mg in the serpentinite prior to weathering, rather than referring to the least
altered sample from the study area, for which a slightly elevated 6°Mg (Table 1) may point to

incipient weathering.

First-principles calculations suggests that significant equilibrium Mg isotope fractionation
occurs between the serpentine mineral lizardite and aqueous Mg?*, as well as magnesite and aqueous
Mg?#", respectively (Wang et al., 2019). Mg isotope fractionation between carbonates or silicates and
fluid is also observed in experimental dissolution studies but is not commonly ascribed to
fractionation during incongruent dissolution but to the reprecipitation of the dissolving mineral in a
dynamic exchange equilibrium or to secondary phase formation (e.g. Oelkers et al., 2018; Pearce et
al., 2012; Wimpenny et al., 2010). Mass balance calculations confirm that Mg isotopes in serpentinite
are distributed into secondary silicate and carbonate phases during talc-carbonate alteration (Beinlich
et al., 2014). Along with the absence of Mg isotope fractionation during serpentinization this
demonstrates that hydrothermal alteration and serpentinisation occur without inherent Mg isotope
fractionation between serpentine and fluids (Beinlich et al., 2014; Liu et al., 2017). Above, we
demonstrate that Mg isotope fractionation during weathering of serpentinite is controlled by the
retention of Mg in secondary clay minerals, implying that #Mg is preferentially released into
weathering fluids. As a first approximation, we use a closed system isotope balance to constrain the
isotopic composition of fluids resulting from the decomposition of serpentinite to saprolite at the

weathering profile scale:

526Mgserpentinite ~ 526Mgperidotite :f526Mgsaprolite + (1'f) 526Mgfluid (1)

with f referring to the mass fraction of Mg remaining in the saprolite, calculated relative to fresh
serpentinite from the GSB (Ashley, 1997). For complete conversion of fresh serpentinite to illite or
montmorillonite with ~ 3 wt % MgO (f = 0.08) the isotope balance predicts 6*Mgsia 0f -0.28 %o,

which is close to the isotopic composition of fresh serpentinite used in the calculation (6*®Mg = -0.23



%o). The calculation suggests that the retention of small amounts of heavy Mg in the saprolite has only

a small effect on the Mg isotopic composition of the weathering fluids from ultramafic rocks.

Some textural evidence at Attunga suggest that the formation of nodular, low temperature
magnesite may have been preceded by hydrothermal alteration of the host-rock to silica-carbonate
rock, which has subsequently been eroded (Oskierski et al., 2013b). As magnesite and dolomite
dissolve faster during interaction with CO-bearing meteoric fluids than secondary silicate phases
(Bales and Morgan, 1985; Pokrovsky and Schott, 2000; Pokrovsky et al., 2009; Saldi et al., 2007),
weathering of silica-carbonate rock would predominantly release light Mg into weathering fluids.
Furthermore, Mg-carbonates are absent from weathered talc-carbonate rock (Beinlich et al., 2018),
attesting to complete dissolution of Mg-carbonates during weathering. In line with isotope/mass
balance considerations precluding isotope fractionation during complete dissolution and predominant
far-from-equilibrium conditions during weathering we assume that there is no significant Mg isotope
fractionation during dissolution of Mg-carbonates in silica-carbonate rock. The Mg isotopic
composition of fluids from weathering of silica-carbonate rock can thus be represented by a 6*Mgsuiq
of ~ -0.66 %o, which corresponds to the average Mg of hydrothermal magnesite and dolomite

separates from the GSB (Table 1).

5.5. Mg isotope signatures of magnesite formed during ultramafic rock weathering

5.5.1. Mg source

The Mg isotope signature of magnesite generally depends on the isotopic composition of the
Mg source (e.g. Tipper et al., 2006a, b), the fluid chemical composition that can strongly affect the
Mg isotope composition of aqueous Mg species due to inter-species Mg isotope fractionation (Schott
et al., 2016; Mavromatis et al., 2017a, b) and fractionation during precipitation (e.g. Li et al., 2012,
2015; Rustad et al., 2011). The textures, stable C and O isotope compositions and radiocarbon content
demonstrate that the studied nodular and vein magnesite formed during ultramafic rock weathering

(Table 2; Oskierski et al., 2013b). The Mg isotope signature of bulk fluids thus results from the



interaction of CO»-bearing meteoric water with the partly serpentinised, isotopically homogeneous
host rock and/or a pre-existing silica-carbonate rock. As a first approximation, these fluids can be
represented by a 6*°Mgnia of ~ -0.28 %o and ~ -0.66 %o, reflecting the fluid composition after
complete dissolution of fresh peridotite and clay formation and completely dissolving magnesite

and/or dolomite in silica-carbonate rock, respectively.

5.5.2. Inter-species Mg-isotope fractionation

Agueous Mg-speciation and the associated inter-species Mg isotope fractionation, particularly
between Mg?*, MgHCOs* and MgCOs°, have been shown to influence the Mg isotope signatures of
carbonate precipitates (Schott et al., 2016). The analysis of experimental (Mavromatis et al., 2012)
and natural samples (Shirokova et al., 2013) indicates that the 5°°Mg value of Mg?* can be 1.3 %o to
1.8 %o below that of the total dissolved Mg in an alkaline solution at ambient temperatures and pH > 9
due to the preferential enrichment of Mg into MgHCOs* and MgCOs° (Schott et al., 2016). Low-
temperature, ultramafic rock buffered weathering fluids are alkaline, with pH and DIC ranging from
8.4 to 10.6 and 0.9 to 8.7 mM, respectively (Beinlich and Austrheim, 2012; Oskierski et al., 2016),
implying that magnesite precipitating from Mg?* in these fluids is expected to be enriched in Mg
relative to total dissolved Mg. In weathering fluids from the Woodsreef Asbestos Mine (Oskierski et
al., 2016) up to 30 % of aqueous Mg occurs as MgHCOs* and MgCOs°, leading to Mg?* that is ~1.4
%o lighter than the bulk fluid 6*Mg due to inter-species fractionation (Oskierski et al., 2016; Schott et
al., 2016; see table A4 for details). Considering weathering of pristine ultramafic rock (62Mgsuig Of -
0.28 %o) or magnesite and dolomite in silica carbonate rock (5°Mgsuia ~ -0.66 %o) as the dominant
source of Mg in weathering fluids, Mg isotope fractionation between aqueous Mg species would lead

to aqueous Mg?* in weathering fluids with 6*Mgwmgz+ Of ~ -1.7 %o and ~ -2.1 %o, respectively.

5.5.3. Mg isotope fractionation during precipitation

As heavy isotopes are preferentially incorporated into minerals that exhibit shorter/stronger
Mg-O bonds compared to that of the hexahydrated aqueous Mg?* ion, Mg bonding in the solid phase

is fundamental in controlling the Mg isotope composition of different carbonate minerals (Geske et



al., 2015a; Li et al., 2014, 2015; Mavromatis et al., 2017a; Pinilla et al., 2015; Perez-Fernandez et al.,
2017). Formation of low temperature magnesite via a hydrated precursor may thus result in a distinct
Mg isotope signature compared to magnesite precipitated directly from low temperature fluids.
Hydrated Mg-carbonates precipitated rapidly (Harrison et al., 2017) preferentially incorporate light
Mg (Mavromatis et al., 2012; Shirokova et al., 2013; Oelkers et al., 2018) and at room temperature
fractionation factors between hydrated Mg-carbonates and fluids range between -1.17 %o and -1.43 %o
for dypingite (Mavromatis et al., 2012) and -0.25 %o (Oelkers et al., 2018) or -0.9 %o to -1.1 %o for

hydromagnesite (Shirokova et al., 2013).

Among these hydrated Mg carbonates, hydromagnesite is the most stable under surface
conditions (Héanchen et al., 2007; Konigsberger et al., 1999; Harrison et al., 2019) and most
commonly associated with magnesite deposits (Andrews et al., 2018; Kralik et al., 1989; Power et al.,
2014). Furthermore, hydromagnesite forms during recent weathering of peridotite mine tailings at
ambient temperatures in the study area, whereas other hydrated Mg-carbonate minerals are absent
(Oskierski et al., 2013c; 2016). For simplicity, we thus consider hydromagnesite as the most likely
precursor to magnesite. The transformation of hydromagnesite into magnesite can occur either via
(thermal) dehydration (Hollingberry and Hull, 2010; Zhang et al., 2000) or dissolution/re-precipitation
(Di Lorenzo et al., 2014; Konigsberger et al., 1999; Zhang et al., 2000), with the latter inducing an
additional Mg-isotope fractionation step with 4Mghmgs-fiia ~ -1.0 %o (Shirokova et al., 2013) in the

formation pathway of low temperature magnesite.

An inverse correlation between precipitation rates and the magnitude of Mg isotope
fractionation with the fluid has been observed for calcite precipitation at ambient temperatures
(Immenhauser et al., 2010; Mavromatis et al., 2013). Considering that precipitation rates of magnesite
and hydromagnesite are ~6 and ~3 orders of magnitude slower than for calcite at 25 °C (Gautier et al.,
2014; Saldi et al., 2009; Schott et al., 2009), it is unlikely that precipitation Kinetics have a significant

effect on the Mg isotope composition of low temperature magnesite.



Mg isotope fractionation during precipitation of hydrothermal Mg-carbonates in this study (~
-0.5 %o; estimated as A?°M(carb-fluia = 0°Mcarb — 0**M0siuia With 6°°Mgiia = 6®Mperidotite) 1S Slightly
smaller but generally consistent with previous estimates based on hydrothermal magnesite in talc-
carbonate rock (Beinlich et al., 2014) and high temperature precipitation experiments (Pearce et al.,
2012; Schott et al., 2016). Considering a formation temperature of 200 °C for hydrothermal magnesite
from Piedmont there is also good agreement with the first principle calculations by Pinilla et al.,

(2015) and Rustad et al., (2010; Fig. 7).
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The most recent calculations of Mg isotope fractionation between aqueous Mg and magnesite
(Wang et al., 2019) agree well with the fractionation documented for some natural samples at high
(Beinlich et al., 2014) and low temperatures (this study). However, the consistency of Mg isotope
fractionation observed in precipitation experiments (Pearce et al., 2012; Schott et al., 2016), high
temperature natural samples (Beinlich et al., 2014; this study) and calculations (Pinilla et al., 2015;
Rustad et al., 2010) suggest that the temperature dependence of Mg-isotope fractionation during
magnesite precipitation may be rather small compared to predictions by Schauble (2011) or Wang et
al., (2019). This is also consistent with previous studies that found no correlation between fluid
temperatures and Mg of hydrothermal dolomites formed between ~ 50 °C and 350 °C, suggesting
that temperature-dependent Mg-isotope fractionation may be present but obscured by other factors
such as differences in fluid source characteristics, dissolution/re-precipitation or diagenetic
overprinting (Geske et al., 2015a, Walter et al., 2015). Furthermore, the temperature dependence of
Mg isotope fractionation predicted by precipitation experiment (e.g. 0.4 %0/100 °C) is small compared
to the variation of 0 Mgmagnesite at a given temperature, e.g. 0.44 %o at 270 ° C (Beinlich et al. 2014) or
0.71 %o at 41 °C (this study). Despite the significantly larger Mg isotope fractionation during low-
temperature formation of nodular magnesite compared to hydrothermal magnesite, the above indicates
that under hydrothermal conditions the §2Mg of magnesite can only be weakly related to differences

in formation temperature.

The study site is hosted in a serpentinite ridge, which has been subjected to uplift at least into
the Neogene and its textures reflect weathering rather than burial and diagenesis (Oskierski et al.,
2013b; Vickery et al., 2010). Overprinting of Mg isotope signatures of the magnesite due to
diagenetic alteration (Fantle and Higgins, 2014; Geske et al., 2012; 2015a; Mavromatis et al., 2014b)

is thus considered as insignificant.

5.5.4.Mg-isotope fractionation during low temperature magnesite formation

The §%*Mg of the nodular magnesite investigated in this study is lower than any previously

reported (Beinlich et al., 2014; 2018; Dong et al., 2016), suggesting that magnesite formation during



ultramafic rock weathering represents boundary conditions for Mg isotope fractionation during
carbonate formation. Similar enrichment of Mg in dolomite has been interpreted to result from a
complex interplay of different Mg sources and sinks, dissolution/re-precipitation processes, non-
equilibrium fractionation processes and overprinting during diagenetic alteration (Geske et al., 2015).
As opposed to dolomite, nodular magnesite in this study forms from the weathering of ultramafic
rocks or carbonates in silica carbonate rock, both representing proximal and isotopically
homogeneous sources of Mg. The main sinks for Mg in the study area, Mg-bearing clay minerals and
nodular magnesite forming during weathering, have been identified and isotopically characterised in
the present study. Due to the slow precipitation rates of magnesite and the tectonic uplift of the study
area, kinetic effects during magnesite precipitation and overprinting during diagenesis can be

reasonably excluded as major factors influencing the Mg-isotope composition of nodular magnesite.

Mg isotope fractionation during hydrothermal alteration and subsequent preferential
weathering of Mg enriched magnesite from pre-existing silica carbonate rock could provide an
additional source of #*Mg. Predictions based on 6*Mgsuia of -0.66 %o (the average composition of
magnesite and dolomite in silica-carbonate rock) and the extrapolated fractionation factor for
magnesite precipitation at 38 °C (42°Mgmgs-mg2+ ~ -1.4 %o, blue line in Fig. 7, based on extrapolation of
high temperature precipitation experiments) yield a §2Mgmgs, 0f ~ -2.06 %o, which is higher than the
observed Mg isotope compositions of nodular magnesite (-3.26 %o < 3**Mgmgs < -2.55 %o). AS
indicated by abundant microporosity in the magnesite (Fig. A2), further enrichment of 2*Mg in the
nodular magnesite may result from dissolution and re-precipitation of a hydromagnesite precursor.
Similarly, formation of calcite and dolomite can occur via amorphous or poorly-ordered precursor
phases (Li et al., 2015; Mavromatis et al., 2017a). Considering the fractionation factor for
precipitation of hydromagnesite (average 4?°Mghmgs-fiiia ~ -1.0 %o; Shirokova et al., 2013) together
with the extrapolated equilibrium fractionation factor for magnesite precipitation at 38 °C (42°Mgmgs-
Mg2+ ~ -1.4 %o) results in overall fractionation (42M(mgs-fiuid) Of ~ -2.4 %o. The observed Mg isotope
composition of nodular magnesite (-3.26 %o < 0**M(mgs < -2.55 %o) can then be reconciled with both

weathering of ultramafic rocks (6*Mg ~ -0.28 %o) or carbonates in the silica carbonate rock (6%Mg ~



-0.66 %o) as the dominant source of Mg, resulting in predicted 0?Mgmgs Of ~ -2.68 %o and -3.06 %,

respectively.

In addition, the high alkalinity in ultramafic rock weathering fluids (Beinlich and Austrheim,
2012; Oskierski et al., 2016) suggests that inter-species Mg isotope fractionation contributes to
enrichment of Mg in the nodular magnesite. Superimposing inter-species Mg isotope fractionation
(6%MQaq — 0%Mgmg2+ ~ 1.4 %o) on the predicted equilibrium fractionation between magnesite and
Mg*" at 38 °C (4®Mgmgs-mg2+ ~ -0.8 %o, Pinilla et al., 2015; A®Mgmgs-mgo+ ~ -1.4 %o, based on
extrapolation of precipitation experiments) results in overall fractionation (4Mgmgs-aq) between ~ -2.8
%o and ~ -2.2 %o, generally consistent with our observations (Fig. 7). The stronger enrichment in 2*Mg
of nodular magnesite relative to hydrothermal magnesite, suggests that inter-species Mg isotope
fractionation is larger in weathering fluids, consistent with dissolution and re-precipitation of pre-
existing carbonate phases leading to higher alkalinity in these fluids. In the absence of Mg source
heterogeneity, Kinetic isotope effect and diagenetic overprinting, the extreme enrichment of 2*Mg in
nodular magnesite can only be accounted for if the formation of low temperature, nodular magnesite
includes multiple Mg isotope fractionation steps resulting from carbonate dissolution/re-precipitation
processes and the related enhanced isotope fractionation between aqueous Mg species in low

temperature weathering solutions.

6. Implications for the interpretation of Mg fractionation pathways

The observed Mg enrichment of secondary silicate phases during weathering has been
documented previously for mafic rocks (Huang et al., 2012; Liu et al., 2014; Teng et al., 2010b) and
for hydrothermal alteration of ultramafic rocks (Beinlich et al., 2014; 2018). Along with preferential
dissolution of isotopically light carbonate rocks this implies that aqueous Mg in surface and shallow
crustal fluid systems will be dominated by the Mg isotope, which is consistent with the composition
of continental runoff (6®Mgunott = -1.09 %o, Tipper et al., 2006a; Fig. 4). Mineralogically controlled

Mg isotope fractionation during formation of secondary silicates also determines the isotopic



composition of authigenic clay forming on the seafloor, an important sink for Mg in the marine Mg
cycle (6®MQseawaer = -0.82 %o, Dunlea et al., 2017; Higgins and Schrag, 2015; Ling et al., 2011;
Tipper et al., 2006a, b). Similarly, surface weathering causes Mg enrichment in the weathering
residual, producing Mg-isotope signatures that appear long lasting and robust during subsequent deep
burial, potential fluid alteration and partial melting (Shen et al., 2009; Teng et al., 2016; Wang et al.,
2017). Concomitant formation of secondary Mg carbonate appears in some cases to balance Mg
uptake in secondary silicate phases (Beinlich et al., 2014), while precipitation of Mg enriched
carbonate during open system alteration will alter the composition of the weathering runoff, thus
contributing to the variability of measured Mg isotope ratios in natural continental waters (Tipper et

al., 2006b; Zhang et al., 2018).

Both hydrothermal alteration and low-temperature weathering result in fractionation of Mg
isotopes into Mg enriched secondary silicate and 2*Mg enriched carbonate phases (Fig. 4). The
distinct Mg-isotope signatures of Mg-silicate and Mg-carbonate minerals have previously been used
to distinguish changing weathering regimes (Immenhauser et al., 2010; Kasemann et al. 2014; Tipper
et al., 2006b), to infer the evolution of groundwater (Zhang et al. 2018) and to identify the formation
of Mg clay rather than Mg-carbonate during subsurface interactions of CO»—bearing fluids with basalt
at the CarbFix site (Oelkers et al., 2019). The latter study highlights the importance of understanding
the fate of Mg during CO; sequestration in mafic and ultramafic rocks, as the formation of Mg-clay
(as opposed to Mg-carbonate) does not lead to the desired storage of CO, in carbonate minerals.
Similarly, net CO; sequestration in ultramafic mine tailings is limited if part of the Mg is recycled
from pre-existing Mg-carbonates, rather than from Mg-silicates or oxides (Oskierski et al., 2013;
2016; Turvey et al., 2018; Wilson et al., 2009; 2014). Our data, especially the extreme enrichment of
Mg in nodular magnesite that is reported here for the first time, thus contributes to a framework for
interpreting Mg isotope signatures as a tracer for the sources and fate of Mg during carbonation of

ultramafic rocks.

Furthermore, our data show distinct Mg isotope signatures of low-temperature ultramafic-

hosted magnesite relative to hydrothermal magnesite, demonstrating the potential to distinguish



magnesite formation pathways or environments based on ¢*Mg. Ultramafic-hosted deposits of
nodular, cryptocrystalline magnesite (Kraubath-type, see Pohl, 1989, and sources therein for
classification) can generally be distinguished from hydrothermal magnesite (Greiner-type) based on
grainsize but this is not possible for intermediate deposits with cryptocrystalline magnesite formed at
higher temperature (e.g. Piedmont deposit; Ashley, 1995) or cryptocrystalline, sediment-hosted
deposits (Bela Stena-type, e.g. Bandalup magnesite deposit, Abeysinghe, 1996). Kraubath-type
magnesite forms at low temperatures from meteoric waters (Garcia del Real et al., 2016) but
hypogene textures such as meter-sized veins and intense brecciation are also observed (Oskierski et
al., 2013b; Quesnel et al., 2016). The extreme enrichment of 2#Mg in nodular magnesite with respect
to the homogeneous and proximal source of Mg and relative to hydrothermal magnesite suggests that
Mg isotope signatures in nodular magnesite record Mg isotope fractionation due to dissolution/re-
precipitation processes. Hence, the documented Mg isotope signatures provide an explanation for both
supergene and hypogene features leading to a unifying genetic model for Kraubath-type magnesite

deposits.

7. Concluding remarks

We document Mg isotope fractionation associated with continental weathering and low-
temperature carbonation of ultramafic rocks. The enrichment of Mg in weathering products relative
to the fresh ultramafic rock concurs with the degree of weathering and is accompanied by loss of
MgO as well as increasing clay content in the saprolite. Retention of Mg in the structure of
secondary Mg-bearing clay minerals is thus controlling the Mg isotope signature of the saprolite,
consistent with preferential mobilisation of Mg into weathering fluids. Nodular, low temperature
magnesite is significantly more enriched in Mg than hydrothermal magnesite from the study area,
with the lowest Mg documented for magnesite so far. A multiple-step formation pathway involving
dissolution re-precipitation of pre-existing magnesite or hydromagnesite associated with inter-species

Mg isotope fractionation in alkaline ultramafic rock weathering fluids is required to reconcile the



strong enrichment of Mg in nodular, low temperature magnesite with the homogeneous and
proximal ultramafic source of Mg. The presented data underpin the ability of Mg isotope signatures to
record low temperature alteration processes and highlight the insights that Mg isotope signatures

provide into the fate of Mg during carbonation of ultramafic rocks and magnesite genesis.
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