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Magnesium (Mg) isotopes fractionate during rock/mineral weathering and leaching, secondary mineral neoformation, adsorption/desorption, and plant-related Mg recycling, but the mechanisms and extent of fractionation are not well understood. Here, we report the fate of Mg and its isotopes during weathering and soil development in the Hawaiian Islands by sampling soils of varying age (0.3, 20, 150, 1,400, and 4,100 ka) in undisturbed humid rainforests.

Magnesium concentrations in bulk soils are variable with depth and age, ranging from 0.07 to 8.79 wt.%, and significant Mg depletions (up to 99%) relative to parent basalts are visible after 20 ka. Bulk soils display a large age-dependent range of δ 26 Mg values ranging from -0.60 to +0.26‰. A sequential leaching scheme showed that labile Mg is depleted whereas residual Mg is enriched in isotopically heavy Mg. The two youngest soils (0.3 ka) display δ 26 Mg value similar to basalt for both labile or residual Mg, indicating either that basalt weathering causes little Mg isotope fractionation or that δ 26 Mg value is overwhelmed by the primary minerals during 0.3 ka.

However, in the older soils (≥ 20 ka), the δ 26 Mg values of both labile and residual Mg vary nonlinearly as a function of time, with an increase in the difference between them. These variations are explained by both plant-related Mg recycling and progressive mineral transformations, evolving from short-range-order (SRO) minerals (allophane and ferrihydrite) to more crystalline products (goethite, gibbsite and kaolin minerals). Indeed, plant-related Mg recycling causes the enrichment of light Mg isotopes in the labile Mg, while crystalline secondary phases incorporate more and more heavy Mg isotopes with time. These results reconcile experimental and field studies and highlight a weathering control of Mg isotopes delivered to the oceans.

INTRODUCTION

The release of cations, especially calcium (Ca) and magnesium (Mg), from silicate rocks during chemical weathering is one of the most important processes controlling long-term climate change, seawater chemistry and nutrient cycling in soils [START_REF] Berner | The carbonate-silicate geochemical cycle and its effect on atmospheric carbon dioxide over the past 100 million years[END_REF][START_REF] De Villiers | Detection of low temperature hydrothermal fluxes by seawater Mg and Ca anomalies[END_REF][START_REF] Berner | The Phanerozoic Carbon Cycle: CO 2 and O 2[END_REF]. Basalt weathering is important in terms of global carbon cycle because it accounts for about 35% of the global CO 2 sink associated with silicate weathering while basalt covers less than 5% of the overall continental area [START_REF] Dessert | Basalt weathering laws and the impact of basalt weathering on the global carbon cycle[END_REF]. In parallel, basalt weathering exports considerable amount of major and trace elements, and nutrients to the ocean via river transport [START_REF] Dessert | Erosion of Deccan Traps determined by river geochemistry: impact on the global climate and the 87 Sr/ 86 Sr ratio of seawater[END_REF][START_REF] Dessert | Basalt weathering laws and the impact of basalt weathering on the global carbon cycle[END_REF].

In this context, non-traditional stable isotopes, such as lithium, calcium, and magnesium isotopes, can be used to trace silicate weathering and reconstructing paleo-climate (e.g., [START_REF] Tipper | Riverine evidence for a fractionated reservoir of Ca and Mg on the continents: Implications for the oceanic Ca cycle[END_REF]Tipper et al., , 2008a;;[START_REF] Vigier | The relationship between riverine lithium isotope composition and silicate weathering rates in Iceland[END_REF][START_REF] Misra | Lithium Isotope History of Cenozoic Seawater: Changes in Silicate Weathering and Reverse Weathering[END_REF][START_REF] Pogge Von Strandmann | The influence of weathering processes on riverine magnesium isotopes in a basaltic terrain[END_REF], 2012, 2013;[START_REF] Ryu | Variation of lithium isotope geochemistry during basalt weathering and secondary mineral transformations in Hawaii[END_REF]. However additional work is needed to provide clear linkages between fractionation processes occurring in natural Earth surface systems and those deduced from experimental studies. Many studies indicate that significant Mg isotope fractionation occurs during rock/mineral dissolution, secondary mineral neoformation, adsorption/desorption, plant uptake/decomposition and recycling (e.g., [START_REF] Tipper | Riverine evidence for a fractionated reservoir of Ca and Mg on the continents: Implications for the oceanic Ca cycle[END_REF]Tipper et al., , 2008a;;[START_REF] Black | Magnesium-isotope fractionation during plant growth[END_REF][START_REF] Pogge Von Strandmann | The influence of weathering processes on riverine magnesium isotopes in a basaltic terrain[END_REF][START_REF] Teng | Contrasting behavior of lithium and magnesium isotope fractionation during continental weathering[END_REF][START_REF] Wimpenny | The behaviour of Li and Mg isotopes during primary phase dissolution and secondary mineral formation in basalt[END_REF][START_REF] Wimpenny | Investigating the behaviour of Mg isotopes during the formation of clay minerals[END_REF][START_REF] Ryu | The major ion, δ 44/40 Ca, δ 44/42 Ca, and δ 26/24 Mg geochemistry of granite weathering at pH = 1 and T = 25℃: power-law processes and the relative reactivity of minerals[END_REF][START_REF] Ryu | Experimental investigation of Mg isotope fractionation during mineral dissolution and clay formation[END_REF][START_REF] Bolou-Bi | Experimental determination of magnesium isotope fraction-ation during higher plant growth[END_REF], 2012;[START_REF] Huang | Adsorption-and desorptioncontrolled magnesium isotope fractionation during extreme weathering of basalt in Hainan Island, China[END_REF][START_REF] Ryu | Magnesium isotope geochemistry in the Han River, South Korea[END_REF][START_REF] Liu | Massive magnesium depletion and isotopic fractionation in weathered basalts[END_REF][START_REF] Opfergelt | Magnesium retention on the soil exchange complex controlling Mg isotope variations in soils, soil solutions and vegetation in volcanic soils, Iceland[END_REF][START_REF] Gao | Constrasting Mg isotopic compositions between Fe-Mn nodules and surrounding soils: Accumulation of light Mg isotopes by Mg-depleted clay minerals and Fe oxides[END_REF]. However, reported directions of Mg isotope fractionation appear contradictory. For example, dissolution experiments show that light Mg isotopes are preferentially released during primary olivine dissolution [START_REF] Wimpenny | The behaviour of Li and Mg isotopes during primary phase dissolution and secondary mineral formation in basalt[END_REF], even as other studies indicate little apparent Mg isotope fractionation between solution and primary phases [START_REF] Ryu | Experimental investigation of Mg isotope fractionation during mineral dissolution and clay formation[END_REF]. Also some experimental studies indicate small but significant isotope fractionation during preferential incorporation of light Mg isotopes into secondary minerals, such as chrysotile, brucite, saponite and stevensite [START_REF] Wimpenny | The behaviour of Li and Mg isotopes during primary phase dissolution and secondary mineral formation in basalt[END_REF][START_REF] Li | Magnesium isotope fractionation between brucite [Mg(OH) 2 ] and Mg aqueous species: Implications for silicate weathering and biogeochemical processes[END_REF][START_REF] Hindshaw | Experimental constraints on Mg isotope fractionation durng clay formation: Implications for the global biogeochemical cycle of Mg[END_REF]. In contrast, other phases, such as brucite, kerolite and lizardite have shown preferential incorporation of heavy Mg isotopes [START_REF] Wimpenny | Investigating the behaviour of Mg isotopes during the formation of clay minerals[END_REF][START_REF] Ryu | Experimental investigation of Mg isotope fractionation during mineral dissolution and clay formation[END_REF]. Likewise, field studies have reported both enrichment in light and heavy Mg isotopes in soil minerals. Some studies suggest that secondary minerals have heavy Mg isotope compositions due to either the preferential incorporation of heavy Mg isotopes into mineral lattice, or the adsorption of heavy Mg isotopes onto mineral surface/interlayer [START_REF] Tipper | Riverine evidence for a fractionated reservoir of Ca and Mg on the continents: Implications for the oceanic Ca cycle[END_REF][START_REF] Teng | Contrasting behavior of lithium and magnesium isotope fractionation during continental weathering[END_REF][START_REF] Huang | Adsorption-and desorptioncontrolled magnesium isotope fractionation during extreme weathering of basalt in Hainan Island, China[END_REF]Opefergelt et al., 2012;[START_REF] Liu | Massive magnesium depletion and isotopic fractionation in weathered basalts[END_REF][START_REF] Gao | Constrasting Mg isotopic compositions between Fe-Mn nodules and surrounding soils: Accumulation of light Mg isotopes by Mg-depleted clay minerals and Fe oxides[END_REF], but the opposite was also shown [START_REF] Pogge Von Strandmann | The influence of weathering processes on riverine magnesium isotopes in a basaltic terrain[END_REF]). An experimental study by [START_REF] Hindshaw | Experimental constraints on Mg isotope fractionation durng clay formation: Implications for the global biogeochemical cycle of Mg[END_REF] suggests that the direction of Mg isotope fractionation depends on the difference in the Mg-O bond length between a crystal lattice and solution. Although the number of experimental studies has increased, few investigations have focused on natural weathering profiles drawn from clear geological and ecological contexts. As a consequence, we lack clarity on Mg isotope fractionation during key soil forming processes.

Here, we examine processes responsible for Mg isotope fractionation in basaltic soils collected along a well-known humid-environment chronosequence in the Hawaiian Islands (e.g. [START_REF] Vitousek | Soil and Ecosystem Development Across the Hawaiian Islands[END_REF][START_REF] Vitousek | Nutrient cycling and limitation: Hawaii as a model system[END_REF][START_REF] Chadwick | Changing sources of nutrients during four million years of ecosystem development[END_REF][START_REF] Chadwick | Changing sources of strontium to soils and ecosystems across the Hawaiian Islands[END_REF][START_REF] Chorover | Surface charge evolution of mineralorganic complexes during pedogenesis in Hawaiian basalt[END_REF][START_REF] Wiegand | Ca cycling and isotopic fluxes in forested ecosystems in Hawaii[END_REF][START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF][START_REF] Pett-Ridge | Importance of atmospheric inputs and Fe-oxides in controlling soil uranium budgets and behavior along a Hawaiian chronosequence[END_REF]. This chronosequence allows us to better understand the fate of Mg and its isotopes from the initial stages of basalt leaching to the slow accumulation of metastable secondary minerals and their eventual reorganization into relatively inert secondary crystalline phases (secondary mineral formation). We also assess the role of atmospheric deposition and vegetation assimilation and release of Mg. This study provides new insights into understanding the behavior of Mg isotopes during basalt weathering and secondary mineral transformation as a function of age as well as the biogeochemical cycle of Mg closely related to the long-term CO 2 cycle.

MATERIALS AND METHODS

Study area

Detailed descriptions of the study area are given in previous studies [START_REF] Crews | Changes in soil phosphorus fractions and ecosystem dynamics across a long chronesquence in Hawaii[END_REF][START_REF] Vitousek | Soil and Ecosystem Development Across the Hawaiian Islands[END_REF][START_REF] Vitousek | Nutrient cycling and limitation: Hawaii as a model system[END_REF][START_REF] Ryu | Variation of lithium isotope geochemistry during basalt weathering and secondary mineral transformations in Hawaii[END_REF]. In short, the Hawaiian chronosequence considered here varies in age from 0.3 ka to 4100 ka and has been referred to as the "Long-Substrate Age Gradient (LSAG)" [START_REF] Vitousek | Soil and Ecosystem Development Across the Hawaiian Islands[END_REF]. All six sites where the profiles have developed in lava mixed with tephra with subsrate ages of 0.3, 20, 150, 1400, and 4100 ka are near 1200 m elevation, receive 2500 mm annual rainfall, and have a mean annual temperature of 15°C. The soils and climate support rain forests composed of primarily of Metrosideros polymorpha and Cibotium spp [START_REF] Vitousek | Nutrient cycling and limitation: Hawaii as a model system[END_REF]. The two youngest sites (0.3 ka; Thurston (Th) and Ola'a (Ol)) are in Keanakakoi tephra derived from phreatomagmatic eruptions of tholeiitic composition at the summit of Kilauea (McPhie et al., 1990;[START_REF] Fiske | Kulanaokuaiki Tephra (ca. A.D. 400-1000): Newly recognized evidence for highly explosive eruptions at Kilauea Volcano, Hawaii[END_REF], while the older sites (≥ 20ka) are composed of alkali basalt, such as hawaiite, mugearite, and their associated tephra [START_REF] Macdonald | Volcanoes in the sea: The geology of Hawaii[END_REF][START_REF] Wright | Differentiation and magma mixing on Kilauea's east rift zone: a further look at the eruptions of 1955 and 1960. Part II. The 1960 lavas[END_REF][START_REF] Wolfe | Geologic Map of the Island of Hawaii[END_REF]. All soils are located on primary shield volcano surfaces, where physical erosion and groundwater influences are minimal. Although the two youngest soils are Andisols dominated by primary basaltic material (glass, plagioclase, augite, olivine, magnetite, and ilmenite), primary volcanic minerals and volcanic glass are absent and are replaced by non-crystalline secondary minerals in soils 20 ka and older [START_REF] Kurtz | Accretion of Asian dust to Hawaiian soils: Isotopic, elemental, and mineral mass balances[END_REF]. The two intermediate-age soils, 20 ka and 150 ka, are highly weathered Andisols composed of chemically active metastable secondary minerals such as ferrihydrite, allophane, and immogolite. The two oldest sites, 1400 ka and 4100 ka, are highly weathered Ultisols and Oxisols dominated by relatively inert crystalline Al-and Fe-oxides and kaolin minerals [START_REF] Chadwick | Changing sources of nutrients during four million years of ecosystem development[END_REF][START_REF] Vitousek | Soil and Ecosystem Development Across the Hawaiian Islands[END_REF][START_REF] Pett-Ridge | Importance of atmospheric inputs and Fe-oxides in controlling soil uranium budgets and behavior along a Hawaiian chronosequence[END_REF].

Furthermore, although quartz and mica in Hawaiian soils are derived uniquely from continental dust sources [START_REF] Kurtz | Accretion of Asian dust to Hawaiian soils: Isotopic, elemental, and mineral mass balances[END_REF], only small amounts of mica may be found in the older soil profiles [START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF] because dust undergoes chemical weathering in the soil environment older than 150 ka, with mica weathering faster than quartz [START_REF] Kurtz | Accretion of Asian dust to Hawaiian soils: Isotopic, elemental, and mineral mass balances[END_REF].

Sampling and sequential leaching

Soils studied here are the same as those investigated in a companion Li isotope study [START_REF] Ryu | Variation of lithium isotope geochemistry during basalt weathering and secondary mineral transformations in Hawaii[END_REF]. Samples were collected from hand-dug pits to about 1 m depth except for the youngest soil; Thurston (Th) is about 40 cm deep and overlies unweathered pahoehoe lava, and Ola'a (Ol) is about 70 cm deep and overlies a buried soil on the ~1 ka old Kulanaokuaiki tephra [START_REF] Fiske | Kulanaokuaiki Tephra (ca. A.D. 400-1000): Newly recognized evidence for highly explosive eruptions at Kilauea Volcano, Hawaii[END_REF]Fig. S1).

In order to distinguish the Mg isotopic composition of different Mg fractions (i.e., labile versus residual Mg) in the soil samples and two USGS reference materials (BHVO-2 and BIR-1), we conducted a three-step leaching and digestion; (1) MilliQ water leach (water leachate), (2) 1 M ammonium chloride (NH 4 Cl) leach (NH 4 Cl leachate), (3) 4 M acetic acid (HAc) leach (HAc leachate), and (4) complete digestion of the silicate residue (residue).

Steps (1) to (3) define the "labile" Mg, which means the Mg released or exchanged relatively easily when the soil sample is in contact with soil solution. It includes the Mg from the macroporosity (water leachate), the ion-exchangeable Mg (NH 4 Cl leachate), and the less leachable Mg in carbonates and/or Fe-oxyhydroxides/silicate lattice (HAc leachate; [START_REF] Jacobson | Ca/Sr and 87 Sr/ 86 Sr geochemistry of disseminated calcite in Himalayan silicate rocks from Nanga Parbat: Influence on river water chemistry[END_REF][START_REF] Hein | Lithium contents and isotopic compositions of ferromanganese deposits from the global ocean[END_REF][START_REF] Wimpenny | Investigating the behaviour of Mg isotopes during the formation of clay minerals[END_REF].

Step (4) defines the "residual" Mg, which means the Mg mainly associated with the silicate minerals but also (nano)crystalline Fe-and Al-phases.

Sample preparation and elemental analysis

About 1.0 g of the soil samples was reacted with 10 mL of MilliQ water for 6 h using a Thermo Scientific Vari-Mix TM Test Tube Rocker. The mixture was centrifuged, and the supernatant was passed through a 0.45 µm polypropylene syringe filter, dried, and re-dissolved in 5% HNO 3 . The residue was then reacted with 10 mL of 1 M NH 4 Cl for 6 h (pH = 7) prior to repeating the same procedures above. Thereafter, the residue was reacted with 10 mL of 4 M HAc for 6 h (pH = 2) and repeated the same procedures above. Finally, the residue was dried and a 0.1 g sub-sample was powdered and completely digested in a 5:3 mixture of HF and HNO 3 .

Bulk soil samples crushed in a shatter box equipped with a tungsten carbide grinding container were also completely digested in a 5:3 mixture of HF and HNO 3 . All HF-digested samples were dried, refluxed several times in 6.0 M HCl to remove fluorides, and re-dissolved in 5% HNO 3 .

Cation and trace element concentrations were measured using a Perkin Elmer Optima 8300 ICP-AES and a Thermo Elemental X-7 ICP-MS, respectively at the Korea Basic Science Institute (KBSI). Repeated analyses of USGS rock standard powders (BCR-2, BHVO-2, and BIR-1) yielded external reproducibilities better than ±5%.

Magnesium isotope analysis

Magnesium was separated from matrix elements using an AG-50W-X8 resin (200-400 mesh). After loading the sample, matrix elements were eluted with 5 mL of 0.15 M HF, followed by 10 mL of the mixture of 0.5 M HCl and 95% acetone, and 8 mL of 1 M HNO 3 before collecting Mg in 12 mL of 1 M HNO 3 . Magnesium isotope ratios were measured using a Neptune MC-ICP-MS upgraded with a large dry interface pump at the KBSI. Samples were introduced using a quartz dual cyclonic spray chamber and analyzed with a standard-samplestandard bracketing method. Sample intensities were matched to within 10% of the intensity of the standard. Using the Jet sample cone and X-skimmer cone, the sensitivity was ~100 V/ppm on mass 24 at a typical uptake rate of 100 µL/min. Prior to isotopic analysis, each sample was checked for yield and the concentration of matrix elements (Al, Ca, Fe, K, Mn, Na, and Ti).

Yields were about 100% and the matrix concentration did not exceed 1% of the Mg concentrations. The total procedural blanks were negligible with less than 3 ng of Mg. All 26 Mg/ 24 Mg and 25 Mg/ 24 Mg ratios are reported in delta notation relative to DSM-3, where δ x Mg = [( x Mg/ 24 Mg) sample /( x Mg/ 24 Mg) DSM-3 -1] × 1000 and x = 25 or 26. Samples were analyzed in replicate (n = 3 -4), where uncertainties are reported as two standard deviations (2σ). The longterm Mg isotope measurements of three reference materials (DSM-3, CAM-1, and SRM980) yielded δ 26 Mg values of -0.01 ± 0.06‰ (2σ, n = 408), -2.62 ± 0.06‰ (2σ, n = 404), and -4.32 ± 0.09‰ (2σ, n = 249), respectively, in good agreement with reported values (Table S1; e.g., [START_REF] Galy | High-precision measurement of magnesium isotopes by multiple-collector inductively coupled plasma mass spectrometry[END_REF][START_REF] Galy | Magnesium isotope heterogeneity of the isotopic standard SRM980 and new reference materials for magnesium-isotope-ratio measurements[END_REF]Tipper et al., 2008b;[START_REF] Huang | Magnesium isotopic composition of igneous rock standards measured by MC-ICP-MS[END_REF][START_REF] Ryu | Magnesium isotope geochemistry in the Han River, South Korea[END_REF]. The chemical purification, and the precision and accuracy of Mg isotope measurements have been validated using the USGS powder and IAPSO seawater reference materials. BHVO-2 yielded a δ 26 Mg value of -0.20 ± 0.07‰ (2σ, n = 3), BIR-1 yielded a δ 26 Mg value of -0.17 ± 0.08‰ (2σ, n = 4), and IAPSO yielded a δ 26 Mg value of -0.83 ± 0.04‰ (2σ, n = 36), consistent with reported values (Table S1; Teng, 2017 and references therein).

Calculations of Mg gain or loss

The relative gain ( τ j,w > 0) or loss ( τ j,w < 0) of Mg with depth at each weathering profile was estimated as follows [START_REF] Brimhall | Constitutive mass balance relations between chemical composition, volume, density, porosity, and strain in metasomatic hydrochemical systems: results on weathering and pedogenesis[END_REF][START_REF] Chadwick | From a black to a gray box -a mass balance interpretation of pedogenesis[END_REF]:

τ j,w = C j,w × C i, p C j, p × C i,w -1, ( 1 
)
where C is the concentration of an element, w and p refer to the weathered and parent materials, respectively, and i and j refer to the immobile and mobile elements, respectively. [START_REF] Kurtz | Refractory element mobility in volcanic soils[END_REF] performed comprehensive analyses of a wide range of trace metals in Hawaiian soils and found that that Nb and Ta are the least mobile elements in these soils compared to traditionally known immobile elements, such as Th, Zr and Al. Thus, for these calculations, we used Nb as the index element.

The depth-integrated τ Mg allows us to calculate the total loss or gain of Mg and other elements over the timescale of each profile as follows:

τ int = τ h ⋅ ρ h ⋅ z h ( ) ∑ ρ h ⋅ z h ( ) ∑ , ( 2 
)
where is the value of each horizon (h; Eq. ( 1)), is horizon thickness, and is horizon density taken from [START_REF] Pett-Ridge | Importance of atmospheric inputs and Fe-oxides in controlling soil uranium budgets and behavior along a Hawaiian chronosequence[END_REF].

Quantifying relative contribution of each Mg source

τ h τ j,w z h ρ h
Previous work has shown that with age basalt weathering becomes relatively less important to the soil budget and atmospheric inputs become more important, in particular for Sr and Nd [START_REF] Vitousek | Soil and Ecosystem Development Across the Hawaiian Islands[END_REF][START_REF] Kurtz | Accretion of Asian dust to Hawaiian soils: Isotopic, elemental, and mineral mass balances[END_REF][START_REF] Chadwick | Changing sources of strontium to soils and ecosystems across the Hawaiian Islands[END_REF]. However, a recent study also showed that atmospheric input is not a primary control of Li isotopic compositions in the Hawaiian soils [START_REF] Ryu | Variation of lithium isotope geochemistry during basalt weathering and secondary mineral transformations in Hawaii[END_REF]. It is possible to estimate the relative contribution from the various Mg sources for each studied soil profile, as has been done for U and Li [START_REF] Pett-Ridge | Importance of atmospheric inputs and Fe-oxides in controlling soil uranium budgets and behavior along a Hawaiian chronosequence[END_REF][START_REF] Ryu | Variation of lithium isotope geochemistry during basalt weathering and secondary mineral transformations in Hawaii[END_REF]. The Mg contribution from Asian dust can be estimated because the elemental composition of the dust in Hawaii has remained relatively invariant during the past 4100 ka [START_REF] Kyte | Cenozoic sedimentation history of the central North Pacific: inferences from the elemental geochemistry of core LL44-GPC3[END_REF]. Thus,

Mg dust dust dust Mg C F t = ⋅ ⋅ , (3) 
where Mg dust C is the average Mg concentration in either upper continental crust (UCC; [Mg] = 1.5 wt.%; Rudnick and Gao, 2014) or in loess ([Mg] = 0.58 wt.%; [START_REF] Teng | Heterogeneous magnesium isotopic composition of the upper continental crust[END_REF], dust F is the average long-term dust deposition rate for Hawaii (30 mg/cm 2 /ka for the younger soils (<20 ka) and 125 mg/cm 2 /ka for the older soils (≥20 ka); [START_REF] Kurtz | Accretion of Asian dust to Hawaiian soils: Isotopic, elemental, and mineral mass balances[END_REF], and t is the age of the soil site.

Similarly, the atmospheric Mg input linked to rainwater can be calculated as follows:

Mg rainwater rainwater Mg C MAP t = ⋅ ⋅ , (4) 
where Mg rainwater C is the Mg concentration in Hawaiian rain (5.83×10 -2 µg/cm 3 at Thurston (Hawai'i) and 1.43×10 -1 µg/cm 3 at Kokee (Kauai); [START_REF] Carrillo | Atmospheric deposition of inorganic and organic nitrogen and base cations in Hawaii[END_REF] and MAP is the Mean Annual Precipitation (2500 mm/yr). Since the sites exhibit minimal physical erosion, the overall weathering thickness should be directly linked to their age (e.g., [START_REF] Pett-Ridge | Importance of atmospheric inputs and Fe-oxides in controlling soil uranium budgets and behavior along a Hawaiian chronosequence[END_REF]. In this context, the quantity of Mg released from the parent basalt can be estimated as follows:

Mg basalt basalt t c basalt Mg C z S ρ = ⋅ ⋅ ⋅ , (5) 
where Mg basalt C is the Mg concentration in basalt (6.1 wt.% in tholeiitic basalt for the two youngest sites, and 3.3, 2.2, 6.1 and 4.9 wt.% in alkali basalt for the older sites, respectively; [START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF], is the total regolith thickness (m), is the average density of basalt including void and infilled vesiculated tephra (1.25 g/cm 3 ; [START_REF] Chadwick | The impact of climate on the biogeochemical functioning of volcanic soils[END_REF], and is the collapse factor.

Total regolith thickness is difficult to determine even in cases where a backhoe or drill is available because of local variability related to void spaces and hydrological permeability [START_REF] Goodfellow | Depth and character of rock weathering across basalt-hosted climo-sequences on Hawaii and Kauai[END_REF]. We calculated values representing soil horizons to 1-m depth.

Eqs. ( 3) -( 5) allow us to calculate the total Mg in the regolith, which is the sum of Mg released from the parent basalt, with Mg added from dust and rainwater along the course of the regolith development as follows: ( )

total basalt dust rainwater Mg Mg Mg Mg = + + , (6) 
Mg present h h h h Mg z C ρ = ⋅ ⋅ ∑ (7) ( ) ( ) % 1 100 loss present basalt dust rainwater Mg Mg Mg Mg Mg ⎡ ⎤ = + + -× ⎣ ⎦ , (8) 
where Mg h C is the Mg concentration in the each soil horizon. All results are given in Table S3.

RESULTS

Mg concentrations and Mg isotope compositions in bulk soils

z t ρ basalt S c
Tables 1 and2 present all Mg isotope data, along with elemental geochemistry reported in [START_REF] Ryu | Variation of lithium isotope geochemistry during basalt weathering and secondary mineral transformations in Hawaii[END_REF]. Magnesium concentrations ([Mg]) of the bulk soil are variable with depth and age, ranging from 0.07 to 8.79 wt.% (Fig. 1). At the 0.3 ka sites (Th and Ol), [Mg] in the organic-rich surface horizons is 0.52 and 1.08 wt.%, respectively, and abruptly increases to about 6.2 wt.% for the deeper horizons, similar to tholeiitic basalt (6.1 wt.%; [START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF]. At the 20 ka site, [Mg] is relatively low for the upper horizons (0.14 wt.% on average; 0-27 cm)

and gradually increases to 1.66 wt.% in the deeper horizons (1.66 wt.%; 94-110 cm), which is much lower than that of alkali basalt (2.3 wt.%; [START_REF] Chadwick | The impact of climate on the biogeochemical functioning of volcanic soils[END_REF]. At the three oldest sites (150, 1400, and 4100 ka), [Mg] is quite low, ranging from 0.07 to 0.71 wt.%, with an average of 0.25±0.33 wt.% (2σ, n=36).

The δ 26 Mg values of bulk soil samples span a significant range, from -0.60 to +0.26‰ (-0.16±0.36‰, 2σ, n=36; Table 1 and Fig. 2). The youngest sites (0.3 ka; Th and Ol) exhibit little variation in δ 26 Mg (-0.27±0.09‰, 2σ, n=13), in good agreement with reported δ 26 Mg for the Hawaiian basalts (-0.26±0.06‰, 2σ, n=11; [START_REF] Zhong | Magnesium isotopic variation of oceanic island basalts generated by partial melting and crustal recycling[END_REF] and for fresh oceanic basalts more generally (-0.26±0.07‰, 2σ, n=110; [START_REF] Teng | Contrasting behavior of lithium and magnesium isotope fractionation during continental weathering[END_REF]. At the 20 ka site, δ 26 Mg values range from -0.44‰ for the organic-rich surface sample to -0.15‰ for the subsurface samples with an average of -0.26±0.26‰ (2σ, n=4). At the 150 ka site, δ 26 Mg values range from -0.60‰

for the organic-rich surface sample to -0.01‰ for the subsurface samples with an average of -0.12±0.47‰ (2σ, n=6). At the 1400 ka site, δ 26 Mg value is the lowest at the organic-rich surface (-0.55‰), and increases up to 0.26‰ for the subsurface samples with an average of -0.04±0.54‰ (2σ, n=6). At the oldest site (4100 ka), δ 26 Mg values are relatively consistent, ranging from -0.11 to +0.05‰, with an average -0.05±0.13‰ (2σ, n=6), regardless of depth.

Mg isotope compositions in sequential leachates and residue

In the various leachates, Mg displays a wide range of δ 26 Mg values, from -1.01 to +0.06‰ (-0.37±0.53‰, 2σ, n=58; Table 2 andFig. 2 In contrast, at the 20 ka site, the 'labile' Mg in the organic-rich surface sample becomes depleted in heavy Mg isotopes (-0.49±0.23‰, 2σ, n=3) compared to the residual Mg (-0.07‰, n=1). In the subsurface samples of the same site, both labile and residual Mg display similar δ 26 Mg values of -0.01±0.21‰ (2σ, n=2) and -0.03±0.08‰ (2σ, n=3), respectively.

Interestingly, at the sites older than 20 ka, the labile Mg from the organic-rich surface samples display much lighter δ 26 Mg values (-0.59±0.31‰, 2σ, n=15) compared to basalts. For the subsurface samples at the sites older than 150 ka, the residual Mg becomes enriched in heavy Mg isotopes (+0.24±0.24‰, 2σ, n=13) compared to the labile Mg (-0.59±0.31‰, 2σ, n=15).

DISCUSSION

Variations of Mg concentrations in soils

Figure 1 shows the depth variations of [Mg] in all soil profiles. In the organic-rich surface horizons, τ Mg decreases from -18% to -99% with age, indicating progressive loss of Mg during pedogenesis. In the two youngest soils, the organic-rich surface is already depleted by up to 29%

in Mg compared to parent basalt. This could be partly explained by the dilution by soil organic matter (SOM) due to the high SOM content of the 0-3 cm depth sample (56 wt.%) [START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF]. Another possibility is that Mg released from basalt leaching and/or from decomposition of plant would move deeper into the profile or be lost because Mg is highly mobile and watersoluble. Below 12 cm depth in the two youngest soils (0.3 ka), τ Mg turns into positive, indicating the enrichment relative to the surface and the relative gain of Mg compared to basalt. This feature is likely the result of the surface Mg moving deeper into the profile. At the sites older than 0.3 ka, Mg τ abruptly decreased near -100% compared to the 0.3 ka sites due to the significant consumption of primary minerals by 20 ka [START_REF] Vitousek | Soil and Ecosystem Development Across the Hawaiian Islands[END_REF]. In contrast, both

[Al] and [Fe] increase with depth as well as age (Fig. 1) due to residual enrichment and redistributions. These metals are more strongly retained during progressive mineral transformations starting with the synthesis of metastable SRO minerals and followed by their transformation into relatively inert secondary minerals. Although SRO minerals (e.g., allophane, imogolite and ferrihydrite) and sesquioxides (hematite and goethite) replaced primary minerals during the first 20 ka [START_REF] Chorover | Structural charge and cesium retention in a chronosequence of tephritic soils[END_REF] with large specific surface areas of 600 m 2 /g [START_REF] Hall | Size distribution of allophane unit particles in aqueous suspensions[END_REF] and 120 m 2 /g [START_REF] Schwertmann | Iron oxides[END_REF], respectively, only a little Mg was trapped within aggregates formed by association of SRO and organic matter [START_REF] Opfergelt | Magnesium retention on the soil exchange complex controlling Mg isotope variations in soils, soil solutions and vegetation in volcanic soils, Iceland[END_REF]. At the three older sites (150, 1400 and 4100 ka), τ Mg is close to -100% at all depths although the contents of poorly crystalline total (gibbsite and poorly crystalline kaolin minerals) and kaolin minerals (kaolinite and halloysite) significantly increase [START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF].

Overall, most of Mg released from basalt leaching was lost (up to 100%) in the soils older than 0.3 ka and only a small amount of the remaining Mg was either trapped within aggregates formed by association of secondary phases and organic matter [START_REF] Opfergelt | Magnesium retention on the soil exchange complex controlling Mg isotope variations in soils, soil solutions and vegetation in volcanic soils, Iceland[END_REF] or incorporated into the octahedral sites of secondary phases.

Depth-integrated τ Mg ( int Mg τ ) values allow us to investigate the variations of Mg along the LSAG (Fig. 3). As previously described in [START_REF] Ryu | Variation of lithium isotope geochemistry during basalt weathering and secondary mineral transformations in Hawaii[END_REF], for alkali elements (Na and K)

are negative at all sites and the older soils (≥20 ka) display average of close to -100%, indicating that both Na and K are completely lost after 20 ka [START_REF] Vitousek | Soil and Ecosystem Development Across the Hawaiian Islands[END_REF]. In contrast, for alkaline earth elements (Sr and Mg) are positive at the two youngest sites (0.3 ka).

Interestingly, at the 20 ka site int Mg τ is relatively high compared to Na, K, and Sr, similar to int Li τ [START_REF] Ryu | Variation of lithium isotope geochemistry during basalt weathering and secondary mineral transformations in Hawaii[END_REF]. This relatively high int Mg τ relative to Na, K and Sr at the 20 ka could be due to the fact that the surface 25 cm was deposited by renewed eruptions about 5 ka at the 20 ka site [START_REF] Chadwick | Changing sources of strontium to soils and ecosystems across the Hawaiian Islands[END_REF] and/or to the lower mobility of Mg (compared to alkali elements) during mineral leaching. For the older sites (≥150 ka), int

Mg

τ is close to -100%, indicating that secondary phases do not retain Mg during neoformation, in contrast to Li which was significantly retained by crystalline phases (e.g., kaolin minerals; [START_REF] Ryu | Variation of lithium isotope geochemistry during basalt weathering and secondary mineral transformations in Hawaii[END_REF]. Previous studies showed that gibbsite and kaolinite contain small amount of Mg (typically <~ 0.02 wt.%) [START_REF] Peskleway | Dissolution of gibbsite: Direct observations using fluid cell atomic force microscopy[END_REF][START_REF] Mermut | Baseline studies of the clay minerals society source clays: chemical analyses of major elements[END_REF].

Previous works have shown that with age basalt leaching becomes relatively less important to the soil budget for several elements, such as Sr and Si, and atmospheric inputs (dust and rainwater) become more important [START_REF] Kurtz | Accretion of Asian dust to Hawaiian soils: Isotopic, elemental, and mineral mass balances[END_REF][START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF]Chadwick et al.,

τ int τ int τ int 2009)
. However, a recent Li isotope study showed that the relative proportion of each Li source (basalt, dust and precipitation) is 80-100%, 6-20%, and 0.8%, respectively [START_REF] Ryu | Variation of lithium isotope geochemistry during basalt weathering and secondary mineral transformations in Hawaii[END_REF], indicating a major contribution of basalt weathering to the Li budget that is significantly retained in secondary phases, in particular in kaolin minerals (kaolinite and halloysite). Using Eqs. ( 3) -( 8) above, we calculated the contribution of each Mg source to the soil Mg budget and Mg loss (Fig. S2 and Table S3). The results show that the parent basalt provided between 78% and 100%

of Mg total and dust becomes significant from 150 ka (6%) and reached at maximum 22% of Mg total at 4100 ka. It is interesting to note that although the impact of dust input on the Sr budget is significant at 150 ka [START_REF] Stewart | Effects of precipitation on weathering rate, base cation provenance and Sr isotope composition in a volcanic soil climosequence, Hawaii[END_REF], it is not the case in the Mg budget because dust is highly depleted in Mg compared to basalt [START_REF] Kurtz | Accretion of Asian dust to Hawaiian soils: Isotopic, elemental, and mineral mass balances[END_REF], and because most of Mg at the older sites (≥20 ka) are lost due to weathering, dissolution and leaching by soil waters (Table S3).

Magnesium isotopic compositions of 'labile' Mg

A sequential leaching of USGS reference materials (BHVO-2 and BIR-1) showed that water leachate yielded lighter δ 26 Mg values compared to the other leachates, indicating watersoluble Mg is depleted in heavy Mg isotopes (Table S1). However, as shown in section 3. (2σ, n=7), respectively. Although it is difficult to compare them to soil samples older than 20 ka due to a limited data, both leachates also show similar δ 26 Mg values within uncertainties (Table 2). This result is consistent with previous work showing that water and exchangeable fractions have similar isotopic compositions for Ca, Sr, and Ba isotope systems [START_REF] Bullen | Ca, Sr and Ba stable isotopes reveal the fate of soil nutrients along a tropical climosequence in Hawaii[END_REF]. Thus, the water and NH 4 Cl leachates together are hereafter referred to 'exchangeable Mg'. Previous studies have shown that exchangeable Mg in volcanic soils [START_REF] Opfergelt | Magnesium retention on the soil exchange complex controlling Mg isotope variations in soils, soil solutions and vegetation in volcanic soils, Iceland[END_REF], clay minerals [START_REF] Wimpenny | Investigating the behaviour of Mg isotopes during the formation of clay minerals[END_REF] and paddy soils [START_REF] Gao | Constrasting Mg isotopic compositions between Fe-Mn nodules and surrounding soils: Accumulation of light Mg isotopes by Mg-depleted clay minerals and Fe oxides[END_REF] leached by either NH 4 Ac or NH 4 Cl are depleted in heavy Mg isotopes compared to bulk samples, suggesting that the isotopic composition of exchangeable Mg is likely to reflect either the fluid phases in which the sample last equilibrated [START_REF] Wimpenny | Investigating the behaviour of Mg isotopes during the formation of clay minerals[END_REF][START_REF] Gao | Constrasting Mg isotopic compositions between Fe-Mn nodules and surrounding soils: Accumulation of light Mg isotopes by Mg-depleted clay minerals and Fe oxides[END_REF] or the mixture of different Mg sources (sea spray and organic matter) as well as the possible effects of sorption [START_REF] Opfergelt | Magnesium retention on the soil exchange complex controlling Mg isotope variations in soils, soil solutions and vegetation in volcanic soils, Iceland[END_REF]. However, exchangeable Mg in the Hawaiian soil samples are enriched in either heavy Mg isotopes at the 0.3 ka sites or depleted at the sites older than 20 ka. We will discuss the processes controlling the isotopic composition of exchangeable Mg in a later section.

The HAc leachates have Mg isotopic composition either similar to or a bit more depleted in heavy Mg isotopes compared to exchangeable Mg, of which the 0.3 ka site samples have δ 26 Mg value of -0.18±0.09‰ (2σ, n=9) and the samples at the older sites (≥ 20 ka) have δ 26 Mg value of -0.67±0.35‰ (2σ, n=9). However, a previous study found that the HAc leachates from clay minerals were relatively enriched in heavy Mg isotopes [START_REF] Wimpenny | Investigating the behaviour of Mg isotopes during the formation of clay minerals[END_REF], suggesting that while the HAc leach mostly accounts for either ion-exchangeable Mg, it may also remove other easily leachable phases (carbonates or Fe-oxyhydroxides; [START_REF] Jacobson | Ca/Sr and 87 Sr/ 86 Sr geochemistry of disseminated calcite in Himalayan silicate rocks from Nanga Parbat: Influence on river water chemistry[END_REF][START_REF] Hein | Lithium contents and isotopic compositions of ferromanganese deposits from the global ocean[END_REF] or cause some breakdown of the mineral lattice [START_REF] Jacobson | Ca/Sr and 87 Sr/ 86 Sr geochemistry of disseminated calcite in Himalayan silicate rocks from Nanga Parbat: Influence on river water chemistry[END_REF].

Because the Hawaiian soils we sampled contain no pedogenic carbonates [START_REF] Vitousek | Soil and Ecosystem Development Across the Hawaiian Islands[END_REF][START_REF] Chadwick | Changing sources of strontium to soils and ecosystems across the Hawaiian Islands[END_REF][START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF], the Mg isotopic composition of the HAc leachates would reflect less labile, more strongly bound Mg onto either surface complexes of secondary phase (SRO) and soil organic matter (SOM) and/or Fe-oxyhydroxides. We will discuss the processes controlling the isotopic composition of Mg from HAc leachates in a later section.

Behavior of Mg isotopes in the organic-rich surface soil

Although simple mass balance indicates that the contribution of basalt weathering to the soil Mg budget is dominant, the contribution of other sources, such as dust, rainwater and plants, on Mg isotopic compositions in the surface samples (O horizon; < 6 cm except for 20 ka site) could be significant because [Mg] is quite depleted (Fig. 1). Figure 4a Because Mg is an essential nutrient for plant growth, plants play an important role of its recycling in the soil system, especially at the surface, as plants take up and release Mg during the growth and decay, respectively. Both the organic-rich surface soils and labile fractions showed an enrichment of K relative to Na, when compared to K/Na ratios of basalt (0.24-0.39; Ziegler et al., 2005) and rainfall (0.05-0.18; [START_REF] Bern | Steep spatial gradients of volcanic and marine sulfur in Hawaiian rainfall and ecosystems[END_REF], suggesting that vegetation is transporting biologically important elements to the surface (since Hawaiian plants have highly enriched K/Na ratios [START_REF] Trostle | Weathering And Magnesium Isotope Fractionation In Arid Hawaiian Soils[END_REF]). Plants preferentially accumulate heavy Mg isotopes in their tissues, resulting in soil water depleted in heavy Mg isotopes [START_REF] Black | Magnesium-isotope fractionation during plant growth[END_REF][START_REF] Bolou-Bi | Experimental determination of magnesium isotope fraction-ation during higher plant growth[END_REF], 2012). Since we did not detect Mg isotope fractionation of the 'labile' Mg in the O horizon at the two youngest sites, we suspect that biological fractionation is being masked by the high Mg supply from congruent basalt weathering. In addition, these young soils only a small amount of the primary minerals have transformed to secondary clays (e.g., [START_REF] Chorover | Surface charge evolution of mineralorganic complexes during pedogenesis in Hawaiian basalt[END_REF]Ziegler et al., 2005) S2; [START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF]. Previous studies have shown that the top 5 cm of the soil profiles exhibit a shift toward more negative δ 30 Si values due to plant-related Si uptake and phytolith precipitation (recycled biogenic silica) in the topsoil [START_REF] Derry | Biological control of terrestrial silica cycling and export fluxes to shtersheds[END_REF][START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF]. Likewise, a shift toward more positive δ 26 Mg values in the organic-rich surface samples is likely to be plantrelated Mg uptake and litterfall decomposition. Indeed, previous studies have shown that plants (e.g., particularly roots [START_REF] Bolou-Bi | Effects of biogeochemical processes on magnesium isotope variations in a forested catchment in the Vosges Mountains (France)[END_REF] and aboveground vegetation [START_REF] Trostle | Weathering And Magnesium Isotope Fractionation In Arid Hawaiian Soils[END_REF]) can be enriched in heavy Mg isotopes. However, more investigations are needed to confirm it in the case of these Hawaiian ecosystems.

The impact of vegetation on the labile Mg

At the two youngest sites, the 'labile' Mg of the subsurface soils display δ 26 Mg values ranging from -0.29 to -0.02‰, with an average of -0.17±0.12‰ (2σ, n=25). Furthermore, the water, NH 4 Cl and HAc leachates have similar average δ 26 Mg values of -0.20‰, -0.11‰, and -0.18‰, respectively (Table 2). The fact that all the leachates are close to the Hawaiian basalts is likely due to the large concentration of Mg supplied by congruent basalt weathering, which buffers the effect of Mg isotope fractionation by plants. An alternative is that the degree of Mg isotope fractionation by Hawaiian plants may not be as large as what is known for granite/sandstone-grown plants [START_REF] Bolou-Bi | Effects of biogeochemical processes on magnesium isotope variations in a forested catchment in the Vosges Mountains (France)[END_REF], but we consider this explanation unlikely because hydroponic experimental approaches and adsorption on organics also demonstrated strong isotope fractionations (up to +1.66‰; [START_REF] Bolou-Bi | Experimental determination of magnesium isotope fraction-ation during higher plant growth[END_REF], 2012;[START_REF] Black | Magnesium-isotope fractionation during plant growth[END_REF].

At the 20 ka site, water leachates of two subsurface samples have average δ 26 Mg value of -0.01±0.21‰ (2σ, n=2), ranging from -0.08 to +0.06‰. This indicates that the solution (i.e., soil water) is enriched in isotopically heavy Mg compared to Hawaiian basalt or rainwater (Fig. 4 and Table 2) and therefore a simple mixing of these two sources (basalt dissolution and rain) cannot explain the isotopic values. In contrast, it has been shown that litterfall supplies organic matter that is a key constituent of the soil exchange complex and thus a potential sink for Mg [START_REF] Bolou-Bi | Experimental determination of magnesium isotope fraction-ation during higher plant growth[END_REF], 2012;[START_REF] Opfergelt | Magnesium retention on the soil exchange complex controlling Mg isotope variations in soils, soil solutions and vegetation in volcanic soils, Iceland[END_REF]. Therefore, these results suggest that, since litter decomposition could significantly affect the Mg biogeochemical cycle, it could also explain the shift towards heavy δ 26 Mg of the exchangeable or labile fraction [START_REF] Bolou-Bi | Effects of biogeochemical processes on magnesium isotope variations in a forested catchment in the Vosges Mountains (France)[END_REF][START_REF] Opfergelt | Magnesium retention on the soil exchange complex controlling Mg isotope variations in soils, soil solutions and vegetation in volcanic soils, Iceland[END_REF].

At the older sites (≥20ka), despite limited data, Mg isotope variations of the labile pool are similar to the ones observed in the O horizon, as discussed above (Fig. 4). The δ 26 Mg values of the 'labile' Mg range from -0.89 to +0.06‰, with an average of -0.52±0.49‰ (2σ, n=17;

Table 2). The water and NH 4 Cl leachates (exchangeable Mg) have average δ 26 Mg value of -0.45±0.56‰ (2σ, n=10), slightly heavier than the HAc leachate (-0.63±0.28‰, 2σ, n=7). This is much heavier than local rainwater and therefore these variations can also be partly attributed to downward migration of dissolved organic matter and the plant-related Mg redistribution (Figs. 4 and5), as evidenced in previous studies (e.g. [START_REF] Marin-Spiotta | Carbon delivery to deep mineral horizons in Hawaiian rainforest soils[END_REF][START_REF] Kramer | Long-term carbon storage through retention of dissolved aromatic acids by reactive particles in soil[END_REF][START_REF] Bullen | Ca, Sr and Ba stable isotopes reveal the fate of soil nutrients along a tropical climosequence in Hawaii[END_REF]. Furthermore, it cannot be explained by the mixing between local rainwater and congruent dissolution of basalt because primary minerals were completely consumed before 20 ka [START_REF] Vitousek | Soil and Ecosystem Development Across the Hawaiian Islands[END_REF][START_REF] Kennedy | Changing Sources of Base Cations During Ecosystem Development, Hawaiian Islands[END_REF]. It is possible that Mg isotope variations of the labile Mg at the older sites (≥20ka) may reflect the plant-related Mg recycling of different tissues of plants with different Mg isotopic compositions [START_REF] Bolou-Bi | Effects of biogeochemical processes on magnesium isotope variations in a forested catchment in the Vosges Mountains (France)[END_REF]. Indeed, plants drawing upon high levels of available nutrients in fertile sites (young-to intermediate-aged sites) produce tissues with relatively high nutrient concentration and decompose more rapidly than those from infertile sites (older sites; [START_REF] Vitousek | Soil and Ecosystem Development Across the Hawaiian Islands[END_REF]; This was shown for Ca isotopes [START_REF] Wiegand | Ca cycling and isotopic fluxes in forested ecosystems in Hawaii[END_REF]. Further investigations are needed to quantify more precisely Mg isotope fractionation by biological Mg recycling in the soil system, but this study indicates that when the concentration of Mg is relatively low due to little basalt weathering input, the isotopic composition of labile Mg is more likely to be influenced by plant-related Mg recycling rather than local rainwater.

Different behavior of Mg isotopes in the residual Mg

Contrary to labile Mg, most of residual Mg plotted outside of a mixing plot, indicating other processes, such as basalt weathering and secondary phase formation, may control their Mg isotopic compositions (Fig. 5). In following sections, we discuss the mechanisms involved in setting the isotopic signal in the residual Mg.

Basalt weathering

We don't fully understand the controls on Mg isotope fractionation during weathering.

Two experimental studies have concluded that silicate dissolution causes dissolved phases to have different Mg isotope composition compared to parent mineral/rock due to either isotope fractionation or conservative mixing [START_REF] Wimpenny | The behaviour of Li and Mg isotopes during primary phase dissolution and secondary mineral formation in basalt[END_REF][START_REF] Ryu | The major ion, δ 44/40 Ca, δ 44/42 Ca, and δ 26/24 Mg geochemistry of granite weathering at pH = 1 and T = 25℃: power-law processes and the relative reactivity of minerals[END_REF][START_REF] Ryu | Experimental investigation of Mg isotope fractionation during mineral dissolution and clay formation[END_REF]. For the Hawaiian LSAG sites, other isotope systems, such as Si and Li isotopes [START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF][START_REF] Ryu | Variation of lithium isotope geochemistry during basalt weathering and secondary mineral transformations in Hawaii[END_REF], have revealed that basalt leaching does not fractionate those isotopes at the 0.3 ka sites. Therefore, the behavior of Mg isotopes at the two youngest sites provide a baseline for evaluating Mg isotope fractionation during progressive basalt dissolution. For subsurface samples at the 0.3 ka sites, the differences in δ 26 Mg values between all labile Mg and bulk basalt (Δ 26 Mg labile Mg-basalt ) range from -0.02 to +0.25‰, with an average of +0.10±0.15‰ (2σ, n=13) at the Th site and of +0.10±0.09‰ (2σ, n=12) at the Ol site (Table 2 and Fig. 4b). Likewise, Δ 26 Mg residual Mg-basalt ranges from 0.00 to +0.07‰, with an average of +0.04±0.04‰ (2σ, n=5) at the Th site and of +0.04±0.06‰ (2σ, n=4) at the Ol site. Although labile Mg has a slightly heavy δ 26 Mg value compared to bulk basalt, all results highlight that basalt weathering does not fractionate Mg isotopes. Secondary mineral phases in these soils (up to 18 wt.% of SRO minerals and 13 wt.% of poorly crystalline; [START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF] have little effect on Mg isotopic compositions of both labile and residual Mg, which seem to be set by the basalt isotopic signature. In short, no difference in δ 26 Mg values between soil and basalt at the two youngest sites confirms that Mg isotope fractionation is negligible during basalt weathering under natural conditions. Fractionation processes are imposed by soil and ecosystem processes acting on the Mg once it is released from rock minerals.

Secondary mineral formation

As elements are being leached from basalt, the remaining element configurations become more stable: soil minerals evolve first to SRO minerals (e.g., allophane and ferrihydrite), sesquioxides (hematite and goethite), and then to crystalline products, such as goethite, gibbsite and kaolin minerals [START_REF] Vitousek | Soil and Ecosystem Development Across the Hawaiian Islands[END_REF][START_REF] Chorover | Surface charge evolution of mineralorganic complexes during pedogenesis in Hawaiian basalt[END_REF][START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF]. To date, although many experimental and field studies have investigated Mg isotope fractionation during secondary mineral formation, the reported directions are not yet clear (e.g., [START_REF] Wimpenny | The behaviour of Li and Mg isotopes during primary phase dissolution and secondary mineral formation in basalt[END_REF][START_REF] Wimpenny | Investigating the behaviour of Mg isotopes during the formation of clay minerals[END_REF][START_REF] Huang | Adsorption-and desorptioncontrolled magnesium isotope fractionation during extreme weathering of basalt in Hainan Island, China[END_REF][START_REF] Liu | Massive magnesium depletion and isotopic fractionation in weathered basalts[END_REF][START_REF] Opfergelt | Magnesium retention on the soil exchange complex controlling Mg isotope variations in soils, soil solutions and vegetation in volcanic soils, Iceland[END_REF][START_REF] Ryu | Experimental investigation of Mg isotope fractionation during mineral dissolution and clay formation[END_REF][START_REF] Gao | Constrasting Mg isotopic compositions between Fe-Mn nodules and surrounding soils: Accumulation of light Mg isotopes by Mg-depleted clay minerals and Fe oxides[END_REF][START_REF] Hindshaw | Experimental constraints on Mg isotope fractionation durng clay formation: Implications for the global biogeochemical cycle of Mg[END_REF]. As detailed below, our results for the Hawaiian soils are consistent with enrichments in heavy isotopes during secondary phases formation.

First, at the 20 ka site, the soils contain mostly SOM, chemically active SRO minerals (allophane and ferrihydrite) and sesquioxide phases (goethite and hematite), in which SRO minerals combined with SOM could adsorb labile Mg onto their surfaces [START_REF] Chorover | Surface charge evolution of mineralorganic complexes during pedogenesis in Hawaiian basalt[END_REF], implying that the complexes of SRO minerals combined with SOM control the Mg retention capacity on the soil exchange complex. As discussed in section 4.4.2, the two water leachates significantly enriched in heavy Mg isotopes (-0.01±0.21‰, 2σ, n=2) compared to Hawaiian basalt or rainwater likely reflect plant recycling. However, we cannot exclude the possibility that Mg isotope fractionation occurred during adsorption onto oxides -we did not conduct Mg isotope sorption experiments to evaluate that possibility. Furthermore, residual Mg in the subsurface samples at the 20 ka site showed much heavier δ 26 Mg values of -0.03±0.08‰ (2σ, n=3) compared to bulk basalt (Figs. 2c & 4b and Table 2). Although [START_REF] Opfergelt | Magnesium retention on the soil exchange complex controlling Mg isotope variations in soils, soil solutions and vegetation in volcanic soils, Iceland[END_REF] suggested that Mg cannot be easily incorporated into the octahedral sites of SRO minerals (allophane), other studies showed that Mg in the SRO extraction through the treatment with oxalate in the dry soils on Kohala displayed much heavier δ 26 Mg values compared to Hawaiian basalt [START_REF] Trostle | Weathering And Magnesium Isotope Fractionation In Arid Hawaiian Soils[END_REF] and that δ 26 Mg in bauxites correlates with gibbsite abundance [START_REF] Liu | Massive magnesium depletion and isotopic fractionation in weathered basalts[END_REF], indicating that either nanocrystalline (SRO) and/or crystalline Fe-and Al-phases (i.e.

goethite/hematite and gibbsite) may be responsible for enriched heavy Mg isotopes in residual Mg. Changes in bond lengths and vibrational frequencies in the octahedral sheets affect isotope fractionation [START_REF] Qin | Concentration effect on equilibrium fractionation of Mg-Ca isotopes in carbonate minerals: insights from firstprinciples calculations[END_REF] as the crystal structure distorts to accommodate an ion with a different charge and/or radius [START_REF] Laurora | The crystal chemistry of lizardite-1T from northern Apennines ophiolites near Modena, Italy[END_REF][START_REF] Michalski | Constraints on the crystal-chemistry of Fe/Mg-rich smectitic clays on Mars and links to global alteration trends[END_REF]. Therefore, during the substitution of octahedrally coordinated Fe by Mg in goethite/hematite, the bond length from substituting elements can be approximated as the sum of the ionic radii of the cation and of the 6fold coordination O 2-anion [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF] even if bond lengths are not always accurately known. For example, because the ionic radii of octahedral Mg 2+ (0.72 Å) and Fe 3+ (0.645 Å) are slightly different [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF] et al., 1993;[START_REF] Bock | Coordination of water to magnesium cations[END_REF][START_REF] Pavlov | Hydration of beryllium, magnesium, calcium, and zinc ions using density functional theory[END_REF]. Likewise, gibbsite has two-thirds of its octahedral sites filled with Al 3+ and one-third unoccupied, allowing small cations (e.g., Li, Mg, Ni and Co) to fit into the unoccupied octahedral voids without significant deformation of the layer [START_REF] Isupov | Intercalation compounds of aluminum hydroxide[END_REF]. As we discussed above, the intercalated Mg-O length in gibbsite (2.105 Å)

is longer than the Al-O length in gibbsite (1.92 Å; [START_REF] Ladeira | Mechanism of anion retention from EXAFS and density functional calculations: Arsenic (V) adsorbed on gibbsite[END_REF] or the average Mg-O bond length in water (2.072 Å) without substantial bond contraction [START_REF] Isupov | Intercalation compounds of aluminum hydroxide[END_REF]. Although several studies proposed a general trend relating Mg-O bond length to the direction of Mg isotope fractionation (e.g., [START_REF] Liu | Massive magnesium depletion and isotopic fractionation in weathered basalts[END_REF][START_REF] Gao | Constrasting Mg isotopic compositions between Fe-Mn nodules and surrounding soils: Accumulation of light Mg isotopes by Mg-depleted clay minerals and Fe oxides[END_REF][START_REF] Hindshaw | Experimental constraints on Mg isotope fractionation durng clay formation: Implications for the global biogeochemical cycle of Mg[END_REF], there does not appear to be a strong correlation between average Mg-O bond length and Mg isotope fractionation in octahedral coordination (Schauble, 2011). Therefore, the fact that residual Mg is enriched in heavy Mg isotopes is more likely to attributed to nanocrystalline (SRO) Fe-and Alphases rather than gibbsite although this would certainly deserve to be verified experimentally.

Contrary to the 20 ka site, the 150 ka soils at depth of < 30 cm contain large amounts of Qtz and mica (depth-integrated int τ = 15 wt.%; [START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF], indicating significant impact of dust input. The impact for Mg may be smaller because a) basalts have high initial Mg contents and b) the isotopic contrast between radiogenic continental Sr and basaltic Sr is greater than between dust and basalt sources which have similar δ 26 Mg values. If Asian dust has strongly influenced samples, the soil samples should reflect Mg isotopic composition of Asian dust (Fig. 5). Previous studies indicated that the average composition of Asian dust delivered to Hawaii has not varied over the last 4 million years spanning the Hawaii chronosequence [START_REF] Kyte | Cenozoic sedimentation history of the central North Pacific: inferences from the elemental geochemistry of core LL44-GPC3[END_REF], and that modern Asian dust largely reflects the average composition of upper continental crust (UCC; [START_REF] Zieman | Atmospheric erosol trace element chemistry at Mauna Loa Observatory[END_REF]. Furthermore, the fact that the difference in a weighted average δ 26 Mg between the UCC (-0.22‰; [START_REF] Teng | Heterogeneous magnesium isotopic composition of the upper continental crust[END_REF] and 20 sedimentary composites from eastern China (-0.16‰; [START_REF] Teng | Heterogeneous magnesium isotopic composition of the upper continental crust[END_REF] is within the analytical error of ±0.1‰ (2σ) indicates that Mg isotopic composition of Asian dust reflects that of UCC. Nonetheless, residual Mg in the subsurface samples yield a δ 26 Mg value of +0.18±0.18‰ (2σ, n=4) much heavier than both

Hawaiian basalt and UCC (Figs. 2d & 4b). Instead, the subsurface soils also contain greater amounts of chemically active SRO minerals, Fe-and Al-crystalline compounds, and poorly crystalline kaolin minerals [START_REF] Chadwick | The impact of climate on the biogeochemical functioning of volcanic soils[END_REF][START_REF] Chorover | Surface charge evolution of mineralorganic complexes during pedogenesis in Hawaiian basalt[END_REF][START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF]. As discussed above, the incorporation of Mg into both SRO and Fe-and Al-crystalline phases causes residual Mg to be enriched in heavy Mg isotopes at the 150 ka site as well.

At the 1400 ka site, the subsurface soil samples mainly contain SRO minerals and crystalline phases (i.e., gibbsite and kaolinite/halloysite; [START_REF] Chorover | Surface charge evolution of mineralorganic complexes during pedogenesis in Hawaiian basalt[END_REF][START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF]. For the subsurface soil samples, the residual Mg showed δ 26 Mg values ranging from +0.27 to +0.46‰, with an average of +0.38±0.18‰ (2σ, n=4), much heavier than basalts and other younger sites (Figs. 2e & 4b). This implies that the incorporation of Mg into the octahedral sites of crystalline secondary minerals (i.e., kaolinite/halloysite) plays a key role, and that this process favors an isotope fractionation towards heavy Mg isotopes (Fig. 5b). As discussed above, Mg could be incorporated into the octahedral sites of kaolinite/halloysite substituting for Al because kaolinite/halloysite is a 1:1 continuous layered silicate composed of an octahedral layer coordinated to a tetrahedral layer similar to lizardite [START_REF] Ryu | Experimental investigation of Mg isotope fractionation during mineral dissolution and clay formation[END_REF]. Considering the Al-O length in kaolinite (~1.91 Å; [START_REF] Bish | Rietveld refinement of the kaolinite structure at 1.5 K[END_REF], the incorporated Mg-O length in kaolinite (~2.095 Å) is longer than the average Mg-O length in water (~2.07 Å; [START_REF] Carugo | Comparison of the co-ordinative behaviour of calcium(II) and magnesium(II) from crystallographic data[END_REF][START_REF] Bock | Coordination of water to magnesium cations[END_REF][START_REF] Pavlov | Hydration of beryllium, magnesium, calcium, and zinc ions using density functional theory[END_REF] due to the ionic radii of Mg 2+ (0.72 Å) and Al 3+ (0.535 Å; [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF]. However, experimental study showed that the residual kaolinite is enriched in heavy Mg isotopes compared to bulk kaolinite (+1.63‰; [START_REF] Wimpenny | Investigating the behaviour of Mg isotopes during the formation of clay minerals[END_REF], implying that it is difficult to relate Mg-O bond length to the direction of Mg isotope fractionation when the difference in bond length between two phases is small, and that the direction of Mg isotope fractionation could be dependent on local field conditions [START_REF] Hindshaw | Experimental constraints on Mg isotope fractionation durng clay formation: Implications for the global biogeochemical cycle of Mg[END_REF]. In short, positive δ 26 Mg values of residual Mg in soil at the 1400 ka site likely reflect additional Mg isotope fractionation caused by kaolinite/halloysite formation.

At the oldest-aged site (4100 ka), the subsurface soil samples mainly contain Al-and Fecrystalline compounds and crystalline kaolin minerals (i.e. goethite/hematite, gibbsite, and kaolinite/halloysite) [START_REF] Chorover | Surface charge evolution of mineralorganic complexes during pedogenesis in Hawaiian basalt[END_REF][START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF]. For the subsurface soil samples, the residual Mg showed heavy δ 26 Mg values ranging from +0.13 to +0.26‰, with an average of +0.18±0.10‰ (2σ, n=5), evidencing that crystalline secondary phases (i.e. goethite, gibbsite and kaolinite/halloysite) preferentially incorporate heavy Mg isotopes into their octahedral sites, causing Mg isotope fractionation (Figs. 2f & 4b). Previous Li isotope study suggested that warmer and wetter conditions in the Pliocene enhance more congruent release of Li isotopes during periods of more intensive weathering of the basaltic rocks [START_REF] Ryu | Variation of lithium isotope geochemistry during basalt weathering and secondary mineral transformations in Hawaii[END_REF]. Likewise, this process may explain the 4100 ka soils have relatively lighter δ 26 Mg compared to the 1400 ka soils. Otherwise, gibbsite may lead to larger Mg isotope fractionation rather than kaolinite because 1400 ka soils contain more gibbsite than 4100 ka soils [START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF], but this remains to be rigorously demonstrated.

Overall, based on our dataset, δ 26 Mg values at sites older than 20 ka would be controlled mainly by Mg isotope fractionation through crystallographical evolution from Fe-and Alcrystalline compounds (i.e., goethite/hematite and gibbsite) to kaolin minerals (kaolinite and halloysite). Although it is not possible to quantitatively estimate the degree of Mg isotope fractionation during basalt weathering and secondary minerals transformations in the Hawaiian chronosequence, it appears that crystalline secondary phases preferentially incorporate heavy Mg isotopes during their transformations, confirming the close relation between the Mg-O bond length and the direction of Mg isotope fractionation [START_REF] Hindshaw | Experimental constraints on Mg isotope fractionation durng clay formation: Implications for the global biogeochemical cycle of Mg[END_REF]. Furthermore, the results indicate that the degree of Mg isotope fractionation is mainly attributed to secondary mineral transformations as a function of soil age.

Comparison with other studies

The LSAG has been very well-studied in several isotope systems, such as Ca, Si, Li isotopes [START_REF] Wiegand | Ca cycling and isotopic fluxes in forested ecosystems in Hawaii[END_REF][START_REF] Ziegler | Natural variations of δ 30 Si ratios during progressive basalt weathering, Hawaiian Islands[END_REF][START_REF] Ryu | Variation of lithium isotope geochemistry during basalt weathering and secondary mineral transformations in Hawaii[END_REF][START_REF] Bullen | Ca, Sr and Ba stable isotopes reveal the fate of soil nutrients along a tropical climosequence in Hawaii[END_REF] in order to decipher biogeochemical processes involved in the terrestrial element cycle, and highlight the role of basalt weathering and secondary mineral transformation. In particular, [START_REF] Wiegand | Ca cycling and isotopic fluxes in forested ecosystems in Hawaii[END_REF] examined 87 Sr/ 86 Sr ratios and Ca isotopes along the LSAG to see how different alkaline earth elements behave, highlighting the effects of both marine aerosol and plant cycling on Ca isotopes. As shown for [Mg] and its isotopic composition of labile Mg in this study, they indicated that both exchangeable and total Ca pool decrease with age and that Ca isotopes in soil exchangeable pool are influenced by the mixture of marine aerosol and plantrelated Ca cycling. Likewise, [START_REF] Bullen | Ca, Sr and Ba stable isotopes reveal the fate of soil nutrients along a tropical climosequence in Hawaii[END_REF] analyzed Ba, Ca and Sr stable isotopes along the Kohala climosequence and found that biocycling of these ions created a negative fractionation that was maintained on the near-surface exchange complex, although with differing affinities -Ba was most strongly held and Ca least strongly held against leaching.

Overall, stable isotope systems of alkaline earth elements can be powerful proxies for deciphering their biogeochemical cycles.

As a relevant study, [START_REF] Trostle | Weathering And Magnesium Isotope Fractionation In Arid Hawaiian Soils[END_REF] isotopically similar to the parent basalt, highlighting the importance of Mg retention on the soil exchange complex and the contribution of sea spray and vegetation (Fig. 5). While the soil exchange complex is a key factor controlling Mg isotopes in both soil systems, in Iceland cold conditions lead to slower weathering rates and development of crystalline secondary phases, whereas in Hawaii there is fast secondary mineral transformation that enhances incorporation of isotopically heavy Mg into crystalline secondary phases.

CONCLUSIONS

The 

  It is possible to compare total Mg corresponding to the regolith residence time, to the Mg currently present in the regolith, present Mg (i.e. depth-integrated Mg mass per unit area). The difference between these two parameters allows the total Mg exported by the profile loss Mg to be evaluated as follows:

  2, Hawaiian soil samples showed that the water and NH 4 Cl leachates have similar δ 26 Mg values, of which the 0.3 ka site samples have δ 26 Mg values of -0.20±0.11‰ (2σ, n=9) and -0.11±0.11‰

  Hawaiian Islands LSAG chronosequence allows us to better understand Mg isotope fractionation during progressive basalt weathering and open-system biogeochemical transformations in soil. Given the large concentration of Mg in basalts, the effect of atmospheric deposition to the soil Mg budget for all the sites is small. The major fractionations to Mg isotopes in soils are strong plant-related changes to labile Mg, although there may be some effect due to rainwater input and bond-length selectivities during incorporation of Mg into secondary Al-and Fe-oxyhydroxides. The variations of Mg isotopes in residual Mg mostly reveal Mg isotope fractionation during secondary mineral formation favoring heavy Mg isotopes. Two youngest soils (0.3 ka; Th and Ol) display δ 26 Mg values consistent with Hawaiian basalt, regardless of labile and residual Mg, indicating that basalt weathering results in little or no Mg isotope fractionation over 0.3 ka. However, residual Mg in the intermediate-and oldest-soils (≥ 20 ka) display more variable but much enriched δ 26 Mg values compatible with the known mineralogical and crystallographical evolution of these profiles, suggesting that secondary mineral transformation is a key process controlling Mg isotope fractionation. Overall, Mg isotope variations in labile and residual Mg of soils in Hawaiian LSAG are determined by the effects of plant-related Mg recycling and incorporation of heavy Mg isotopes into (nano)crystalline secondary phases.
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 2 Figure 2. Magnesium isotope compositions versus depth. The black and blue lines represent average δ 26 Mg values of -0.26‰ (Hawaiian basalts; Zhong et al., 2017) and -0.83‰
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 4 Figure 4. Magnesium isotopic compositions in the labile and residual Mg as a function of age.
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 5 Figure 5. δ 26 Mg values versus 1/[Mg] (wt.% -1 ) for the labile and residual Mg in all soil samples measured in this study. Asian dust δ 26 Mg is assumed to be equal to the upper continental crust (UCC) δ 26 Mg (-0.22‰; Li et al., 2010) with [Mg] of 1.5 wt.%(Rudnick and Gao, 2014). Plant δ 26 Mg is -0.07±0.26‰ (2σ, n=4;[START_REF] Trostle | Weathering And Magnesium Isotope Fractionation In Arid Hawaiian Soils[END_REF] with [Mg] of 0.15±0.12 wt.% (2σ, n=4;[START_REF] Trostle | Weathering And Magnesium Isotope Fractionation In Arid Hawaiian Soils[END_REF], SOM δ 26 Mg is +0.06±0.48‰ (2σ, n=4;[START_REF] Trostle | Weathering And Magnesium Isotope Fractionation In Arid Hawaiian Soils[END_REF] 
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  ). The water and NH 4 Cl leachates have similar δ 26 Mg values, within uncertainty, of -0.37±0.53‰ (2σ, n=23) and -0.28±0.49‰ (2σ, n=14), respectively, The HAc leachate displays relatively lighter δ 26 Mg values of -0.42±0.53‰ (2σ, n=21). The residual Mg, With the exception of the organic-rich surface samples, residual Mg at the sites older than 20 ka, showed much heavier δ 26 Mg values of +0.02±0.48‰ (2σ, n=25) 

(Table

2

). We define a "labile" pool as the sum of Mg released during the water, NH 4 Cl and HAc leaches, which shows that the two youngest sites (0.3 ka; Th and Ol), display a labile Mg with an average δ 26 Mg value of -0.18±0.13‰, (2σ, n=31). The residues ('residual' Mg) show an average δ 26 Mg value of -0.23±0.05‰ (2σ, n=11) that is consistent with Hawaiian basalt within uncertainties.

  shows Mg isotope variations in the organic-rich surface soil as a function of age. The δ 26 Mg values of 'labile' Mg

(released by water, NH 4 Cl and HAc leach, as explained in section 2.2) in the surface samples range from -0.88±0.24‰ (2σ, n=3) at the 150 ka site to -0.23±0.13‰ (2σ, n=6) at the 0.3 ka sites. The HAc leachates display much lighter δ 26 Mg values at the sites older than 0.3 ka (Table

2

). Although the 'labile' Mg is depleted in light Mg isotopes, previous studies have shown that labile Mg can be isotopically depleted

[START_REF] Opfergelt | Mechanisms of magnesium isotope fractionation in volcanic soil weathering sequences, Guade-loupe[END_REF][START_REF] Wimpenny | Investigating the behaviour of Mg isotopes during the formation of clay minerals[END_REF] 

or enriched in heavy Mg isotopes

[START_REF] Huang | Adsorption-and desorptioncontrolled magnesium isotope fractionation during extreme weathering of basalt in Hainan Island, China[END_REF][START_REF] Pogge Von Strandmann | Lithium, magnesium and silicon isotope behaviour accompanying weathering in a basaltic soil and pore water profile in Iceland[END_REF]

. At the 0.3 ka sites, δ 26 Mg values of all labile Mg are similar to that of Hawaiian basalt within errors.

  investigated Mg isotopes at an arid (~30 cm MAP) soil chronosequence on the Island of Hawaii and highlighted the contribution of pedogenic carbonate to light Mg isotopes in soils. Furthermore, they suggested that the evolution of the soil mineralogy and morphology during progressive soil development results in significant changes in Mg isotopes through time, which is consistent with our study. Although there is little effect of pedogenic carbonates on the isotopic composition of Mg in this study, both studies indicate that basalt weathering and secondary mineral transformation plays an important role of Mg isotopic compositions in soil system with little effect of Asian dust, incorporating heavy Mg isotopes into secondary phases. However, when compare the Mg isotope study conducted in Iceland[START_REF] Opfergelt | Magnesium retention on the soil exchange complex controlling Mg isotope variations in soils, soil solutions and vegetation in volcanic soils, Iceland[END_REF] to our study that both are basaltic soil but different climate, there are clear discrepancies between them.[START_REF] Opfergelt | Magnesium retention on the soil exchange complex controlling Mg isotope variations in soils, soil solutions and vegetation in volcanic soils, Iceland[END_REF] showed that both exchangeable Mg and clay fractions are depleted in heavy Mg isotopes compared to basalt although bulk soils are
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