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Abstract Magnesium (Mg) isotopes have been utilized to constrain continental weathering; however, to
date, little is known about the climate effects on Mg isotope fractionation during weathering. In this study, we
measured §?°Mg values of bulk regolith and exchangeable fraction in two granite regolith profiles developed
under temperate, semiarid and tropical, humid climate conditions, respectively. Combined with mineralogy and
element composition, we aimed to investigate how climate influences fractionation patterns of Mg isotopes
during chemical weathering. At the temperate site, §?Mg values of regolith are slightly higher than that of

the bedrock and negatively correlated with 7y, ,,. Correspondingly, the exchangeable Mg is characterized by
low 8%*Mg values. These results can be explained by the formation of small number of clay minerals. For the
tropical regolith profile, §?°Mg values decrease toward the surface, and the regolith has either lower §2°Mg
values above —250 c¢m or higher §?Mg values below —250 cm relative to the bedrock. The §?°Mg value of
exchangeable Mg is markedly lower than that of the regolith and varies significantly. These results can be
explained by the mixing of Mg from solid weathering products and atmospheric deposition. The Mg from
rainwater and/or marine aerosol deposit on the regolith and some may enter the crystal structure of the illite.
The deposited Mg can overprint the granitic Mg, and the §2°Mg value of shallow regolith samples will reflect
mixing between granitic and atmospheric sources. The compilation of our and previously published Mg isotopic
data reveals the potential control of climate on Mg isotope fractionation during continental weathering.

Plain Language Summary The isotopes of magnesium (Mg) can serve as a useful tracer in
understanding the chemical weathering processes of silicate rocks. Previous studies have mainly focused on Mg
isotope fractionation during silicate weathering by investigating single weathering profiles that have developed
under constant climate conditions; however, the impact of climate on Mg isotope fractionation during silicate
weathering remains poorly understood. Here, we analyzed Mg isotope compositions in two granite regolith
profiles developed under temperate (semiarid) and tropical (humid) climate conditions. Our study suggests that
the patterns of Mg mobilization and Mg isotope fractionation during granite weathering differ significantly in
distinct climate zones. The compilation of our and previously published Mg isotopic data reveals that climate
may have a huge impact on Mg isotope fractionation during terrestrial weathering, which is of significance to
interpret the Mg isotope compositions of weathering products and river waters at a global scale.

1. Introduction

Carbon dioxide (CO,) is a greenhouse gas, and the variation of atmospheric CO, level is an essential driving
force for climate change on Earth (e.g., Berner et al., 1983; Brady, 1991; Murphy et al., 2016; Volk, 1987). The
chemical weathering of silicate rocks provides metal ions (particularly Ca and Mg) that combine with dissolved
CO, to form carbonates, which is one of the most important processes modulating Earth's climate (e.g., Berner
et al., 1983; Dessert et al., 2003; Gaillardet et al., 1999). The variations of metal concentrations and their isotope
compositions in regolith profiles can provide important insights into the mechanism of chemical weathering and
the continental fluxes of metals to the ocean.

Magnesium (Mg) is a common constituent in silicate rocks. Weathering of silicate rocks releases large amounts
of dissolved Mg?* ions that are transported into the oceans by surface runoff. Fractionation of Mg isotopes
(*Mg, Mg, and *Mg) can provide useful constraints on chemical weathering. Silicate rocks (e.g., ultramafic
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to felsic igneous rocks) usually have a narrow range of §**Mg values (—0.3%o to —0.1%o) due to the limited Mg
isotope fractionation during magmatic processes (Teng, Li, Ke, et al., 2010). In contrast, significant Mg isotope
fractionation can occur during chemical weathering (e.g., Tipper et al., 2006; Wimpenny et al., 2010). For example,
experimental studies have shown the preferential release of 2*Mg due to (a) kinetic effects during the dissolution
of silicate minerals in early weathering stages (Maher et al., 2016; Wimpenny et al., 2010) and (b) the preferential
dissolution of isotopically distinct mineral phases (Ryu et al., 2011). The largest Mg isotope fractionations are
suggested to result from the incorporation of 2Mg into structural sites of clay minerals (Wimpenny et al., 2014),
consistent with most field studies showing the enrichment of Mg in regolith samples (e.g., Bolou-Bi et al., 2012;
Fan et al., 2023; Liu et al., 2014; Teng, Li, Rudnick, & Gardner, 2010; Tipper et al., 2012) and the enrichment
of 2*Mg in waters (Bolou-Bi et al., 2012; Brenot et al., 2008; Pogge von Strandmann et al., 2008, 2012; Tipper
et al., 2006, 2008, 2010, 2012; Wimpenny et al., 2011) relative to their bedrocks. Most of these studies emphasize
a first-order control of Mg enrichment in solid weathering products due to the formation of clay minerals.

The direction and extent of Mg isotope fractionation during the formation of various clay minerals are still debat-
able. However, they can be qualitatively explained by variations in the bond length of Mg—O in octahedral sites
of clay minerals (Hindshaw et al., 2020). For example, smectite mineral phases (stevensite and saponite) and
chrysotile show enrichment in Mg compared with Mg(H,0),** dissolved in a coexisting solution (Hindshaw
et al., 2020; Wimpenny et al., 2010), whereas kerolite and lizardite show the opposite pattern (Ryu et al., 2016;
Wimpenny et al., 2014). Theoretical calculations predict that brucite preferentially incorporates 2Mg compared
with Mg(HZO)ﬁ2+ (Colla et al., 2018; C. Gao et al., 2018; Wang et al., 2019), which is in accordance with exper-
imental results at 80°C (Wimpenny et al., 2014), but in conflict with the experimental results at <50°C (Li
et al., 2014). Light Mg isotopes have been suggested to be preferentially taken out from surfaces or interlayers
of clay minerals during adsorption-desorption and cation exchange processes (Huang et al., 2012; Jacobson
et al., 2010; Opfergelt et al., 2014), while recent studies have suggested that the Mg isotope composition of
exchangeable Mg is identical to that of fluid phases (Cai et al., 2022; Wimpenny et al., 2014). The Mg isotope
fractionation during the adsorption/incorporation of Mg onto/into (hydr)oxides remains unknown, but field obser-
vations suggested that the formation of crystalline Fe/Al-oxides may preferentially take up heavy Mg isotopes
(Chapela Lara et al., 2017; T. Gao et al., 2018; Liu et al., 2014). Besides, repeated dissolution and precipitation of
Fe oxides (Chapela Lara et al., 2017; T. Gao et al., 2018), phyllosilicate transformation (Li et al., 2021), progres-
sive mineral transformations (Brewer et al., 2018; Ryu et al., 2021), transport of isotopically distinct fine particles
(Maetal., 2015), plant cycling (Bolou-Bi et al., 2012; Ryu et al., 2021; Schuessler et al., 2018; Uhlig et al., 2017),
and atmospheric deposition (Chapela Lara et al., 2017; Liu et al., 2014; Opfergelt et al., 2012, 2014) could also
shift the §?Mg values of weathering residues to be lower than those of their bedrock.

Early studies have indicated strong climatic control on chemical weathering (e.g., Berner et al., 1983; Brady, 1991;
Murphy et al., 2016; Volk, 1987). Increased temperature and precipitation are thought to be key factors in accel-
erating the terrestrial chemical weathering (e.g., Brady, 1991; Hayes et al., 2020). Currently, however, the impact
of climate on Mg isotope fractionation during chemical weathering remains poorly understood. Previous studies
have mainly focused on how chemical weathering controls Mg isotope fractionation by investigating single weath-
ering profiles that have experienced a constant climate during their development (e.g., Cai et al., 2022; Huang
et al., 2012; Li et al., 2021; Liu et al., 2014; Opfergelt et al., 2012, 2014; Teng, Li, Rudnick, & Gardner, 2010),
and few studies have paid attention to the linkage between Mg isotope fractionation and climatic parameters
(e.g., Ryu et al., 2021). In this study, the mineralogy, element composition, and Mg isotope compositions of two
granite regolith profiles (one from Beijing, China developed under a semiarid temperate climate and the other
from Guangdong Province, China, developed under a humic tropical climate) were systematically investigated
to understand the potential impact of climatic factors on Mg isotope fractionation during chemical weathering
of granite. We also measured the Nd isotope ratios to estimate the potential impact of aeolian inputs on the Mg
isotope composition of the regolith.

2. Site Description and Sample Collection

The two regolith profiles studied are developed on granitic rocks in Beijing (115° 56’ 40"E, 39° 42’ 36”"N)
and Guangdong (110° 20" 17"E, 21° 27" 35”"N), which have temperate and tropical climates typical of North
and South China, respectively (Figure 1). The physical and climatic characteristics of the regolith profiles are
presented in Table S1 in Supporting Information S1.
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Figure 1. Map showing the geology, locations, and climatic characteristics of the two regolith profiles. The blue star represents the sampling site.

The regolith profile (BJ) close to Beijing (in North China) was sampled in a quarry on a ridge top. This region
has a temperate, semiarid, and monsoonal climate. The mean annual temperature is ~12.2°C, with maximum
monthly temperatures of 30-31°C during June and August, and minimum monthly temperatures of —9 to —6°C
during December and February (http://data.cma.cn/). The mean annual precipitation is ~539 mm, with more than
~60% of the rainfall occurring from July to August. The bedrock is medium-grained granodiorite with plagi-
oclase and K-feldspar megacrysts, which make up ~15 vol% of the total batholith. The studied granodiorite has
a zircon U-Pb age of 130.7 + 1.4 Ma (Cai et al., 2005) and contains quartz (12.4 wt%), plagioclase (67.6 wt%),
K-feldspar (6.2 wt%), hornblende (8.3 wt%), and biotite (5.5 wt%) (Table S1 in Supporting Information S1).
Hornblende and biotite occur as the dominant magnesian silicate phases in this granodiorite. The regolith profile
is ~240 cm deep and shows an undisturbed progression of weathering intensity toward the surface. Nine regolith
samples were collected from the profile. The regolith sample above ~80 cm is loose saprolite, which was sampled
at an interval of ~10 cm by dredging. Below ~80 cm, saprocks are dense, and were sampled where drilling was
feasible. Unaltered granodioritic bedrock was sampled at the bottom of the regolith profile. The vegetation cover
is sparse and mainly consists of small annual herbaceous plants. The topsoil above ~40 cm with visible roots was
not sampled to minimize anthropogenic and biological effects.

The tropical regolith profile (GD) was sampled at a roadcut on a ridge top about 70 km away from the coast in
the southwestern part of Guangdong Province, South China. This area is characterized by a tropical, humid, and
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monsoonal climate. The mean annual temperature is ~23.5°C, with maximum monthly temperatures of 30-32°C
during July and August, and minimum monthly temperatures of 5-20°C during January and February (http:/
data.cma.cn/). The mean annual precipitation is ~1,691 mm, with over ~80% of the rainfall occurring during the
warm season from May to October. The bedrock is medium-grained granite with plagioclase megacrysts. The
bedrock at this site was formed in the Jurassic with a zircon U-Pb age of 150-180 Ma (Li et al., 2007). It mainly
contains quartz (37.5 wt%), plagioclase (56.0 wt%), and biotite (6.5 wt%) (Table S1 in Supporting Informa-
tion S1). Biotite is the dominant Mg-bearing silicate phase in the studied granite. The regolith profile is ~710 cm
deep and has a sharp transition from unweathered rock to highly weathered regolith. Thirty-five regolith samples
were collected at an interval of ~20 cm. Unaltered bedrock was sampled from a nearby outcrop. The vegetation
cover is dense and mainly consists of small annual eucalyptus plants. The topsoil above ~30 cm with visible roots
was not sampled to minimize the effect of anthropogenic and biological activities.

The regolith samples were air-dried, crushed into fine powder (~30 g) using an agate mortar, and passed through
a 200-mesh (0.075 mm) nylon sieve, prior to chemical analyses. Given the potentially different responses to
weathering between hornblende and biotite minerals for the temperate profile, these two types of minerals were
separated to analyze Mg isotope compositions. Granodiorite was first crushed into 40—-80 mesh (0.177-0.42 mm),
and hornblende and biotite minerals were then picked under a binocular microscope. Both mineral fractions were
unaltered and approximately 100% pure after handpicking twice.

3. Analytical Methods
3.1. Determination of the Total Organic Carbon (TOC) Content

The TOC content of the regolith samples was determined using an elemental analyzer (Elementar vario MACRO
cube, Germany) at the Institute of Geochemistry, Chinese Academy of Sciences (IGCAS). Prior to measure-
ments, the samples were treated with 2 mol L~! HCl until complete carbonate removal and heated for 3 hr at 75°C.
The analytical precision for TOC was better than 0.5%.

3.2. Identification and Quantification of Mineral Phases

Mineral phases and modes were determined by an X-ray diffractometer (Bruker D2, Germany) at the Institute of
Eco-environmental and Soil Sciences, Guangdong Academy of Sciences, China. The bulk samples were ground
into fine powders (<300 mesh). All analyses were performed using a Si low background sample holder. The
X-ray scanning range was 5—85° with a scanning speed of 1.2°/min, and the step size was 0.02° with Co/Ka radi-
ation. Quantitative analysis of the mineral mode was conducted using the Rietveld method (R. A. Young, 1993)
and the TOPAS V5 program (Bruker AXS, Germany), with uncertainties determined by the variance of the least
squared fit. The mineral structure files were downloaded from the COD (Crystallography Open Database) data-
base (Graulis et al., 2009), and the Rwp (R-weighted pattern) values of all fittings were lower than 12.0 to ensure
good fitting quality.

To determine the secondary clay minerals in the temperate regolith samples, we conducted elemental mapping
(~30 X 20 pm) using a scanning electron microscope (SEM, Scios, Thermo Fisher Scientific Inc, USA) equipped
with an energy dispersive spectroscopy detector (EDS, Thermo Fisher Scientific Inc, USA) at IGCAS. SEM
and EDS elemental mapping was operated at 15 kV with a 1.6 nA electric current. The working distance of the
detector to the sample was 5.6 mm for SEM. The takeoff angle, live time, amp time, and energy resolution of EDS
were 33.5°, 8.8 s, 0.45 ps, and 130.7 eV, respectively.

3.3. Major and Trace Element Analyses

Major element analyses were performed at Guizhou Tongwei Analytical Technology Co., Ltd., China, using an
X-ray fluorescence spectrometer (XRF, PANalytical Axios PW4400, Netherlands). Replicate measurements of
GSP-2, a geological standard reference material (granite), yielded a relative difference <+1% compared with the
certified value.

Trace elements were determined via inductively coupled plasma mass spectrometry (ICP-MS, PerkinElmer®
NexION 300X, USA) at Guizhou Tongwei Analytical Technology Co., Ltd., China. Prior to analysis, ~40 mg of
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sample powder was completely digested in ~3.5 mL of a 1:1:3 mixture of HF-HCI-HNO; in high-pressure Parr
digestion vessels. The internal standard Rh was used to control instrumental drift, and GSP-2 was used for qual-
ity control. Repetitive measurements of GSP-2 yielded a relative uncertainty of less than +£5% for the elements
reported.

3.4. Sequential Extraction Experiment

Sequential extraction was conducted to separate the four operationally defined Mg fractions from bulk samples
(Bolou-Bi et al., 2012; Wiederhold et al., 2007), including (a) the exchangeable fraction (e.g., Mg in interlayers
and surfaces of clays and Fe/Mn oxides; using 1 mol L~! NH,-acetate, pH = 7), (b) amorphous minerals (e.g.,
Mg in ferrihydrite; using 0.5 mol L=! HCI), (c) crystalline Fe-oxides (e.g., Mg in goethite and hematite; using
1 mol L~! NH,0OH-HCI), and (d) silicate residuals (e.g., Mg in primary minerals and structures of clays). The
details of the sequential extraction procedure are provided in Table S2 in Supporting Information S1. During the
first three steps, each supernatant solution was separated from the insoluble residue by centrifugation at ~8,400 X g
for 8 min. The Mg concentrations of these solutions were measured by atomic absorption spectrometry (AAS,
PerkinElmer® PinAAcle 900F, USA) at IGCAS. Due to the low concentration of Mg in the silicate residue, which
accounts for only a small fraction of the total Mg budget in these samples, the Mg content in silicate residues was
not measured directly but calculated by subtracting the sum of the extracted solutions from the total concentration.

3.5. Mg Isotope Analysis

Magnesium isotope ratios were determined for bulk regolith samples and the exchangeable fractions obtained by
sequential extraction in this study. The purification of Mg was conducted in class-1000 clean laboratory room
either at IGCAS or at the China University of Geosciences (CUGB). The utilized acids including HF, HCI, and
HNO, were guaranteed reagents and further purified by the sub-boiling distillation system (Savillex DST-1000,
USA). Ultrapure water (18.2 MQ-cm™") was obtained using a Milli-Q® Element system (Millipore Reference A+,
USA). H,O, (trace analysis grade) was purchased from Thermo Scientific™ (USA). Based on the Mg concentra-
tion, approximately 3—40 mg of powdered bulk sample material was dissolved in Teflon beakers in a 3:1 mixture
of concentrated HF-HNO, and subsequently heated at 160°C for 2 d. After cooling, 1 mL of H,O, (trace analysis
grade) was added and then placed on a hot plate at 70°C for 1 hr to remove organic matter. Afterward, the sample
solutions were dried and treated with a 3:1 mixture of HCI-HNO, to achieve complete digestion, followed by
heating at 160°C for 2 d and then drying at 80°C. The samples were refluxed with concentrated HNO, at 140°C
until complete dissolution was achieved and subsequently evaporated to complete dryness at 80°C. This dried
residue was finally dissolved in 1 M HNO; in preparation for ion exchange column chemistry. The exchangeable
fraction was treated with H,O, and a mixture of HF-HNO,-HCI, followed by dissolving in 1 M HNO, before
chromatographic separation.

The separation of Mg was achieved by cation exchange chromatography by using AG50W-X8 resin (Bio-Rad
200—400 mesh, ~2.3 mL) following the method of Gao et al. (2019). Matrix elements were removed using 23 mL
of 1 M HNO,, and then Mg was eluted by 15 mL of 1 M HNO,. The geological reference materials BHVO-2,
BCR-2, and GSP-2 were processed together with samples for each purification session. The same column proce-
dure was repeated twice to obtain a pure Mg solution for mass spectrometry. The total procedural blank was
<10 ng, which represented <1%o of the total Mg that was loaded on the column.

The Mg isotope ratios of all samples were analyzed at IGCAS or CUGB using a Neptune Plus multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-MS, Thermo Finnigan, Germany). The analysis was
performed in a wet plasma mode and using the standard-sample bracketing technique. The GSB Mg solution
(a pure Mg solution from the China Iron and Steel Research Institute) was used as an in-house standard. Each
sample was measured at least two times to assess the precision of the measurements. The Mg isotope ratios of
samples are reported as deviations from the DSM3 standard using the following equation:

(XMg/24Mg)Sample

S Mg = |t TEumle
£ (*Mg/**Mg)psm3

— 1| x 1000, e
where x refers to a mass of 25 or 26. Two standard deviations (2SD) were reported throughout this paper. The
8%Mg and 5?°Mg values of the GSB Mg standard relative to the DSM3 standard are —1.044 + 0.024%0 and
—2.032 £+ 0.038%0 (2SD, n = 225), respectively, based on 4-year measurements in the CUGB lab (Gao et al., 2019).

GAOET AL.

Sof 17

85UB017 SUOWIWIOD @A 181D 8|l jdde ayy Aq peusenob ae ssjoiie VO ‘85N JO S3n. 1oy A%eid1T8UIIUO AB]IA U (SUONIPUOD-pU-SWBI/LI0D A8 | 1M ARe.d 1 BulUo//Sdhy) SUORIPUOD pue swie 1 84} 88S *[7202/70/9T] uo Ariqiauliuo Ajim ‘Areiqi npbusyd - S0 AQ LT220040€202/620T 0T/10p/Wod A8 |im Areiq i pul|uo'sgndnfey/sdiy wo.y pepeojumoq ‘0T ‘€202 ‘TT0669T2



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Earth Surface 10.1029/2023JF007217

The USGS standards BHVO-2, BCR-2, and GSP-2 were analyzed along with the studied samples and yielded
average 82Mg values of —0.27 + 0.04%0 (2SD, n = 3), =0.17 £+ 0.07%o (2SD, n = 3), and 0.06 + 0.01%o0 (2SD,
n = 3), respectively, which are consistent with previous studies (e.g., Teng et al., 2015).

3.6. Nd Isotope Analysis

The Nd isotope ratios were analyzed for some tropical regolith samples at Guizhou Tongwei Analytical Technology
Co., Ltd., China. The digestion procedure was the same as that used for Mg isotope analysis. The Nd fraction was
purified by cation exchange chromatography using TRU-spec resin and Ln-spec resin. Detailed procedures have
been published in Wei et al. (2022). Purified sample solutions were analyzed for Nd isotopes using an MC-ICP-MS
(Nu Plasma III, UK) and the instrumental mass bias was corrected using “Nd/!'*Nd of 0.7219. Repeated anal-
yses of JNdi (a Nd oxide from the Geological Survey of Japan with the a '“*Nd/'**Nd of 1.000503 + 0.000001
relative to the LaJolla Nd isotope standard) give an average **Nd/!*Nd of 0.512112 + 0.000010 (2SD; n = 10),
which is consistent with the reference value of 0.512115 + 0.000007 reported in Tanaka et al. (2000). The USGS
standard BCR-2 yielded a '*Nd/'*Nd of 0.512633 + 0.000004 (2SD, internal precision), which is comparable
to the recommended value (e.g., Jweda et al., 2016; Raczek et al., 2003). The isotopic value is reported as g:

_ (]43Nd/l44Nd)measured
- ("3Nd/"Nd)crur

ENd

— 1 x 10000, )

in which the **Nd/'**Nd of CHUR (chondritic uniform reservoir) is 0.512638.

3.7. Calculations of Mg Gain or Loss and Weathering Intensity

The gains and losses of Mg in regolith were defined as the percentage change in the concentration ratio of the
element over a conservative element in a sample relative to that in the bedrock (Brimhall & Dietrich, 1987):

CMg.w/Cj.w

— 1| x 100, 3)
CMg-p/ Cj»p ]

TMgX = [

where X refers to a conservative element, Cy,, ,
their bedrock (p), respectively, and C;,, and C, , are concentrations of the relatively conservative element () in
regolith (w) and their bedrock (p), respectively. Positive (negative) 7, , values indicate enrichment (depletion) of
Mg in the weathering profile relative to the bedrock. Elements such as Th, Zr, Ti, Ta, and Nb are suggested to be
immobile during weathering (e.g., Braun et al., 1993; Kurtz et al., 2000; Nesbitt & Markovics, 1997; Nesbitt &
Wilson, 1992). Our results show that percentage changes in Ti/Th, Nb/Th, Ta/Th, and Zr/Th ratios relative to the
bedrock are all negative in temperate regolith samples (Table S3 in Supporting Information S1), suggesting that
Th is the most immobile of these elements in this regolith. In contrast, Ta was evaluated to be the most conserv-
ative of these elements in tropical regolith samples.

and Cy,, , are concentrations of Mg in regolith samples (w) and

The Chemical Index of Alteration (CIA) is commonly used to evaluate the intensity of chemical weathering
(Nesbitt & Young, 1982):

Al, O3

CIA = -
Al,O3 + CaO" + Na,O + K,O

% 100, 4

where CaO* refers to the total amount of Ca in minerals other than carbonate and phosphate.

4. Results
4.1. Mineral Compositions

The temperate regolith samples dominantly contain primary minerals, including hornblende (4.1-13.9 wt%),
plagioclase (49.5-76.9 wt%), and K-feldspar (7.0-16.5 wt%), while biotite and secondary minerals are not
identified using XRD (Table S4 in Supporting Information S1 and Figure 2). In contrast, the tropical regolith
samples are dominated by secondary minerals, including kaolinite (32.8-52.9 wt%), illite (0-25.6 wt%), goethite
(6.8-14.8 wt%), and hematite (1.7-6.9 wt%), with limited number of primary mineral phases.
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Figure 2. Mineral content versus depth in the temperate (a) and tropical (b) regolith profiles. Note that the y-axis in panel (b)
has a different scale from that in panel (a).

4.2. Mg Contents and Fractions

The temperate regolith samples exhibited relatively limited variations in MgO concentrations (2.13%-3.18%),
which were close to those of bedrock (2.55%) (Table S5 in Supporting Information S1 and Figure 3a). The
Tpgmh Values vary from —51.2% to —7.9% and generally become more negative toward the surface (Table S5
in Supporting Information S1 and Figure 3b). In comparison, the tropical regolith samples have a much lower
MgO concentration (0.18%—0.51%) than bedrock (1.54%) and show a more negative Tyga Value (—82.3% to
—93.8%). In both regolith profiles, residual silicates are the main Mg-bearing phases, accounting for 95%-98%
of the total Mg in the temperate regolith and 92%—99% in the tropical regolith (Table S6 in Supporting Informa-
tion S1 and Figures 3¢ and 3d). The fractions of Mg in the exchangeable pool (temperate: 0.77%—1.23%; tropical:
0.5%-3.67%), amorphous minerals (temperate: 0.88%—1.31%; tropical: 0.04%-0.72%), and crystalline Fe-oxides
(temperate: 1.15%-1.71%; tropical: 0.50%-3.01%) were relatively small.

4.3. Mg Isotope Compositions

The granite bedrocks in the temperate and tropical regoliths have a mantle-like Mg isotope signature
(=0.25 + 0.07%o0, 2SD, n = 139; Teng, Li, Ke, et al., 2010), with §?Mg values of —0.34%0 (n = 1) and —0.24%o
(n = 1), respectively (Table 1 and Figure 4). In the temperate regolith profile, the hornblende and biotite minerals
separate from the unweathered granite have 8*Mg values of —0.31 + 0.05%0 (2SD, n = 2) and —0.26 + 0.05%o
(2SD, n = 2), respectively, which are close to those of bulk bedrock. The regolith samples show slightly higher
8%Mg values with increasing values of —0.32%o at the bottom to —0.16%o at the top. In contrast, at the tropical
site, the 82°Mg values of regolith samples cover a wide range from —0.54 to 0.21%o (—0.16 + 0.38%o, 2SD,
n = 35) and decrease from the bottom to the top. Compared with its bedrock, the regolith is depleted in heavy Mg
isotopes above a depth of approximately —250 cm (—0.39 + 0.23%o, 2SD, n = 11), below which it is enriched in
heavy Mg isotopes (—0.06 + 0.21%o, 2SD, n = 24).

For most samples, the exchangeable Mg has a §?Mg value that is more negative than that of the bulk samples
(Table 1 and Figure 4). The exchangeable Mg in the temperate regolith samples has a narrow range of §2Mg values
between —0.45%¢ and —0.53%o (averaging —0.50 + 0.05%o, 2SD, n = 8). In comparison, the exchangeable Mg
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Figure 3. Bulk MgO content (a) and 7y, , (b) versus depth, and the relative proportions of Mg in regolith extractions relative
to the bulk in the temperate (c) and tropical (d) profiles. In plot (b), X refers to Th in the temperate regolith and Ta in the
tropical regolith (see explanation in Section 3.7). Note that the y-axes in panels (b and d) have different scales from those in
panels (a and c).

of regolith samples from the tropical profile exhibits §*Mg with a wide range (—1.30%o to —0.39%o; averaging
—0.66 + 0.37%o, 2SD, n = 34). Significant §?Mg variations (—1.30%0 to —0.48%o; averaging —0.77 + 0.51%o,
2SD, n = 11) were observed in the exchangeable pool of the regolith above —250 cm.

4.4. Nd Isotope Ratios

The tropical regolith samples have &, values ranging from —16.51 to —14.54 (Table S7 in Supporting Informa-
tion S1). The regolith samples (—15.62 to —14.54) above a depth of approximately —250 cm have slightly higher
£y values than the deep regolith samples (—16.15 to —15.61).

5. Discussion

The patterns of mobilization and isotope compositions of Mg in the two studied regoliths display significant
differences (Figures 3 and 4), reflecting isotope fractionation regulated using different geochemical processes at
distinct weathering stages. In the temperate site, regolith samples display Mg depletion and slightly higher §?Mg
relative to the bedrock (Figure 4a), which mainly reflects the formation of small number of clay minerals at the
incipient weathering stage. In contrast, in the tropical site, regolith displays significant Mg loss, and isotopically
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Table 1

Mg Isotope Compositions in Bedrock, Mineral Separates, Bulk Regolith, Exchangeable Pool, and Standards Analyzed for This Study

Bulk regolith

Exchangeable pool

5> Mg 2SD 5%*Mg 2SD A»Mg’ 3% Mg 2SD 5%Mg 2SD A»Mg’

Sample ID Depth (cm) (%0) (%o0) (%0) (%o0) (%0) n (%0) (%0) (%o0) (%0) (%o0) n

Temperate regolith
ZKD2-P Bedrock —0.17 0.06 —-0.34 0.02 0.01 4 n.a n.a n.a n.a n.a n.a
ZKD2-1 —240 —0.16 0.03 -0.32 0.02 0.01 4 n.a. n.a. n.a. n.a. n.a. n.a.
ZKD2-2 —-170 —-0.14 0.04 —-0.27 0.01 0.00 4 —-0.28 0.05 —-0.51 0.03 —-0.01 3
ZKD2-3 —140 —-0.14 0.02 —-0.28 0.04 0.01 4 -0.28 0.01 -0.53 0.03 0.00 2
ZKD2-4 —110 -0.12 0.01 —0.24 0.04 0.01 4 -0.25 0.01 —0.50 0.02 0.01 2
ZKD2-5 —-80 —0.12 0.04 -0.24 0.01 0.01 4 —-0.27 0.03 —0.50 0.02 —-0.01 2
ZKD2-6 =70 —-0.10 0.04 —-0.20 0.02 0.01 4 —-0.26 0.02 —-0.50 0.02 —-0.01 2
ZKD2-7 —60 —0.11 0.05 -0.22 0.01 0.00 4 —0.24 0.02 —-0.52 0.01 0.03 2
ZKD2-8 —-50 —-0.11 0.01 -0.21 0.03 0.00 4 -0.25 0.00 —-0.45 0.03 —-0.02 2
ZKD2-9 —40 —-0.08 0.02 -0.17 0.02 0.01 4 —-0.26 0.08 —-0.50 0.06 0.00 2
Hornblende (1) —0.11 0.02 -0.28 0.03 0.04 4
Hornblende (2) —-0.14 0.07 -0.33 0.06 0.03 4
Biotite (1) —0.11 0.03 -0.28 0.03 0.04 4
Biotite (2) —0.12 0.03 -0.23 0.03 0.00 4

Tropical regolith
Z7J2-P Bedrock -0.12 0.04 -0.24 0.04 0.00 2
7]2-1 -710 0.06 0.02 0.12 0.02 0.00 3 -0.33 0.04 —0.64 0.05 0.01 3
7J2-2 —690 0.11 0.05 0.21 0.07 0.01 3 -0.22 0.06 —0.47 0.08 0.02 3
7]2-3 —670 —-0.01 0.07 —-0.03 0.07 0.01 3 -0.41 0.05 -0.79 0.06 0.01 3
7]2-4 —650 —0.04 0.04 —-0.10 0.02 0.00 3 -0.27 0.09 —0.52 0.08 0.00 3
7]J2-5 —630 —-0.09 0.02 —-0.17 0.00 0.00 2 -0.42 0.04 —0.81 0.05 0.00 3
7J2-6 —610 —-0.06 0.02 —-0.10 0.08 0.01 2 -0.22 0.01 —-0.39 0.07 —-0.01 3
7)2-7 —590 —-0.01 0.00 —0.04 0.05 0.00 2 —0.29 0.06 —-0.61 0.04 0.03 3
7)2-8 -570 0.01 0.02 0.01 0.05 0.01 2 —-0.29 0.06 —-0.58 0.05 0.01 3
712-9 -550 0.08 0.01 0.14 0.00 0.01 2 n.a. n.a. n.a. n.a. n.a. n.a.
7J2-10 —530 —0.02 0.06 —0.03 0.04 0.00 2 —0.36 0.03 —0.64 0.04 —-0.03 3
ZJ2-11 -510 —-0.02 0.02 —-0.09 0.04 0.02 2 -0.31 0.05 —-0.62 0.06 0.02 3
712-12 —490 —-0.05 0.03 —-0.09 0.04 0.00 5 -0.31 0.07 —-0.56 0.04 —-0.01 3
7J2-13 —470 —0.05 0.06 —0.11 0.04 0.01 4 —-0.26 0.05 —0.49 0.06 0.00 3
Z7J2-14 —450 0.03 0.04 0.04 0.03 0.01 4 -0.27 0.06 —-0.55 0.04 0.02 3
7J2-15 —430 —-0.02 0.04 —-0.03 0.09 0.00 2 -0.31 0.09 —-0.61 0.02 0.01 3
7J2-16 —410 —0.04 0.03 —0.08 0.05 0.00 3 —-0.26 0.04 —0.52 0.02 0.01 3
Z7J2-17 -390 —-0.01 0.01 —0.06 0.05 0.02 2 -0.41 0.01 —0.80 0.00 0.00 3
7J2-18 -370 —0.10 0.03 —0.20 0.07 0.00 3 -0.28 0.03 —0.57 0.02 0.01 3
7J2-19 —350 —0.03 0.01 —-0.02 0.02 —0.02 3 —0.25 0.02 —0.52 0.01 0.02 4
7J2-20 —330 —0.11 0.02 -0.21 0.07 0.00 3 —-0.35 0.03 —-0.67 0.06 0.00 3
7J2-21 =310 —-0.06 0.08 —-0.09 0.05 —-0.01 2 —-0.29 0.03 —-0.56 0.03 0.00 3
7)2-22 —290 —-0.10 0.01 —-0.20 0.05 0.00 3 —0.38 0.02 —-0.78 0.01 0.02 3
7J2-23 —270 —-0.10 0.04 —-0.19 0.06 —-0.01 3 -0.32 0.04 —-0.64 0.00 0.02 3
7J2-24 —250 —-0.05 0.06 —-0.09 0.04 0.00 3 -0.33 0.03 -0.70 0.03 0.03 3
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Table 1
Continued
Bulk regolith Exchangeable pool
Mg  2SD  §*Mg 25D A®My’ 85Mg  2SD  §%Mg  2SD  A®Mg
Sample ID Depth (cm) (%o0) (%o0) (%0) (%o0) (%0) n (%0) (%0) (%o0) (%0) (%o0) n
7J2-25 —230 —0.14 0.03 -0.29 0.05 0.01 3 —0.47 0.00 —0.86 0.01 -0.02 3
7J2-26 -210 -0.23 0.01 —0.44 0.05 0.00 3 -0.49 0.03 -0.93 0.02 —-0.01 3
7)2-27 —190 —0.08 0.06 —0.14 0.05 0.00 2 —-0.58 0.04 -1.13 0.01 0.01 3
7)2-28 —170 —-0.26 0.01 —0.50 0.03 0.00 2 —-0.69 0.03 —1.30 0.06 —0.01 3
7J2-29 —150 —0.13 0.03 -0.28 0.07 0.01 2 —0.38 0.08 —0.71 0.06 —0.01 3
7J2-30 —130 -0.24 0.06 —-0.50 0.09 0.01 2 -0.24 0.03 —0.48 0.07 0.01 3
Z7J2-31 -110 -0.20 0.00 —0.40 0.02 0.01 2 -0.25 0.02 —-0.50 0.02 0.01 3
7]2-32 -90 -0.28 0.03 —0.54 0.06 0.00 3 —-0.26 0.02 —-0.50 0.05 0.00 3
7J2-33 =70 -0.24 0.06 -0.49 0.08 0.02 2 —0.31 0.10 —-0.61 0.06 0.01 3
7)2-34 =50 —0.21 0.02 -0.39 0.06 0.00 2 —0.33 0.03 -0.70 0.07 0.04 3
7J2-35 =30 —0.18 0.04 —-0.35 0.04 0.01 2 —0.41 0.05 -0.79 0.05 0.00 3
Reference materials
BHVO-2 —0.14 0.05 -0.27 0.04 0.00 3
BCR-2 —0.08 0.05 -0.17 0.07 0.01 3
GSP-2 0.04 0.01 0.06 0.01 0.01 3

Note. 2SD

= two times the standard deviations; n = number of measurements by MC-ICP-MS. A»Mg' is the deviation from the predicted equilibrium mass-dependent

fractionation law (slope = 0.521; E. D. Young and Galy, 2004). n.a. = not analyzed. The Mg isotope ratios of bulk regolith samples at the temperate site were analyzed
at CUGB and those of other samples were analyzed at IGCAS.

heavy Mg is either enriched in the deep regolith (below —250 cm) or depleted in the shallow regolith (above
—250 cm) (Figure 4b). This is likely a result of a combination of clay mineral formation and atmospheric depo-
sition from marine aerosols and/or rainwater under extreme weathering conditions. Below, we will discuss these
processes in detail.

Depth (cm)

Temperate regolith

0 -
] (a)
N
-100° O Hornblende
-150 + O
O -~ Biotite
-200 T Bedrock —
i ]
250 by QOL L L
-1.5 -1.0 -0.5 0.0 0.5
826Mg (%0)
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O  Exchangeable pool

Figure 4. The 8?°Mg values of exchangeable and bulk Mg versus depth in the temperate (a) and tropical (b) regolith profiles.
The 626Mg values of bedrock, biotite, and hornblende are shown as purple, green, and black dotted lines, respectively. Error
bars represent 2SD uncertainties. Note that the y-axis in panel (b) has a different scale from that in panel (a).
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5.1. Mg Isotope Fractionation in the Temperate Regolith

In the temperate regolith, the low CIA values (49-59, Table S5 in Supporting
Information S1) and the preservation of hornblende (Figure 2a) suggest an

incipient stage of chemical weathering. The 7y, 1, value varies from =7.9% to

i —51.2% (Table S5 in Supporting Information S1 and Figure 3b), which indi-
cates 7.9%-51.2% Mg loss during chemical weathering. The residual silicate

minerals make up more than ~95% of the total Mg (Table S6 in Support-
. ing Information S1 and Figure 3c), suggesting that residual silicate minerals
exert major roles in the §?°Mg values of solid weathering products. In addi-
* tion, the 82Mg value is negatively correlated with the Ty h Value (Figure 5).
These results imply that the associated migration and isotope fractionation of

Mg are mainly related to residual silicate minerals, including the dissolution

T T of primary minerals and the formation of clay minerals.

-20 0 20 It has been recognized that the Mg isotope fractionation caused by primary

TMg,Th (%) mineral dissolution can be due to either the preferential release of isotop-

ically light Mg into the fluid (Wimpenny et al., 2010) or the preferential

Figure 5. 7, 1, versus 8Mg,, and 5°Mg,, ... i the temperate regolith  dissolution of isotopically distinct phases (Ma et al., 2015; Ryu et al., 2011).
profile. Green squires represent bedrock, and blue arrows indicate Mg isotope The lack of biotite in the temperate regolith (Figure 2a) suggests preferen-

fractionation trends with Mg loss as weathering progresses. Error bars

represent 2SD uncertainties.

tial dissolution of biotite during chemical weathering. However, given that
biotite separates from the bedrock show similar §*Mg values to bedrock
(Table 1), the dissolution of biotite is unlikely to explain the higher §**Mg in
the temperate regolith. The preferential removal of light Mg isotopes due to
kinetic effects during the dissolution of primary minerals at the early dissolution stages (within hours or days) was
also suggested to fractionate Mg isotopes (Maher et al., 2016; Wimpenny et al., 2010). However, they found that
the 8?°Mg of the dissolved Mg returned to the value of the initial mineral as the steady-state dissolution rate was
approached. Thus, this process is also unlikely to cause the Mg isotope variation in the temperate regolith profile
due to the slow rate of chemical weathering.

Alternatively, the variation in Mg isotope composition in this regolith profile is likely caused by the formation
of clay minerals. Early kaolinization was observed for K-feldspar and plagioclase in the thin sections under a
microscope (Figure S1 in Supporting Information S1), but kaolinite is depleted in Mg (0.03%-0.04% for MgO;
Olphen, 1979; Mermut & Cano, 2001) and thus unlikely to have a dominant control on the §2Mg of the bulk
regolith. Confirmation of Mg-bearing clay minerals by XRD was not successful, likely because of a combination
of low abundance, low crystallinity, and small size (sub-nanometer). However, the SEM image showed the pres-
ence of small number of flake minerals (e.g., illite) (Figure S2 in Supporting Information S1), which have Mg
concentrations up to 5.3 wt% based on EDS spot analyses (Table S8 in Supporting Information S1). Therefore,
the biotite may weather to clay minerals that are enriched in heavy Mg isotopes (discussed in Section 5.2.1 in
detail), resulting in slightly higher §?Mg values of solid weathering products. This mechanism reconciles well
with the lower 6%®Mg value in the exchangeable pool when compared to the regolith samples (Figure 4a) since
the exchangeable Mg most likely reflects the porewater in which the regolith sample equilibrated (Wimpenny
et al., 2014).

5.2. Mg Isotope Fractionation in the Tropical Regolith

In contrast to the temperate regoliths, the tropical regoliths suffered from extreme weathering (CIA > 88). The
significantly low 7y, 7, values (—98.5% to —91.4%; Table S5 in Supporting Information S1 and Figure 3b) suggest
that most Mg in this profile has been removed. Isotopically heavy Mg is either enriched in the deep regolith
(below —250 cm) or depleted in the shallow regolith (above —250 cm) (Figure 4b). Here, we summarize three
possible processes contributing to §°Mg variations in the regolith, including clay mineral formation, atmos-
pheric addition, and plant cycling.

5.2.1. Clay Formation Controls Mg Isotope Composition in Deep Regolith

Magnesium ions in secondary minerals can be adsorbed on a mineral's surface/interlayer (i.e., exchangeable Mg),
or tightly bound with oxygen in the crystal structure as impurities (i.e., structural Mg) (e.g., Drever, 1988). It
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in the tropical regolith profile. In plots (c, d), blue arrows indicate advanced weathering of illite. Error bars represent 2SD
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has been suggested that, in most cases, isotopically heavy Mg is preferentially incorporated into the structural
sites of secondary minerals, including clay minerals (e.g., Cai et al., 2022; Wimpenny et al., 2014), crystal-
line Fe/Al-oxides (e.g., Chapela Lara et al., 2017; Liu et al., 2014), and amorphous minerals (Ryu et al., 2021),
whereas the adsorption of exchangeable Mg onto these minerals leads to little or no fractionation of Mg isotopes
(Cai et al., 2022; Wimpenny et al., 2014). Our extraction experiments show that more than 96% of Mg sits in the
structural sites of residual silicate minerals (Table S6 in Supporting Information S1), most likely in illite because
the Mg in amorphous minerals and crystalline Fe oxides only accounts for less than ~4% of the total Mg (Table
S6 in Supporting Information S1). This can be understood because illite is an Mg-bearing clay mineral and typi-
cally contains high concentrations of structural Mg (2%—3% for MgO; Olphen, 1979). The Mg in illite, like in
biotite, is primarily structural, while that in Mg-depleted clay minerals such as kaolinite is primarily adsorbed
on surface and interlayer sites (Drever, 1988). The formation of illite thus results in the enrichment of heavy Mg
isotopes in the regolith samples below —250 cm (Figures 6a and 6b). This is consistent with the finding by Brewer
et al. (2018), who suggested that in situ illite production can lead to a heavy isotopic signature in solid weathering
products during granite weathering.

5.2.2. Atmospheric Deposition Controls Mg Isotope Composition in Shallow Regolith

Interestingly, the shallow regoliths (above —250 c¢cm) have 5%°Mg values lower than their bedrock (Figure 4b).
In addition, the §?°Mg value of bulk regolith in the entire profile shows a decreasing trend from the bottom to
the top. These results cannot be explained by the above-mentioned primary mineral dissolution and secondary
mineral formation processes, as these processes are thought to cause higher §2°Mg values than bedrock values
(e.g., Teng, Li, Rudnick, & Gardner, 2010; Tipper et al., 2012). The illite content was negatively correlated
with the kaolinite content but positively correlated with the MgO content (Figures 6¢ and 6d), indicating the
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progressive weathering of illite. However, this process alone cannot explain the §°Mg data because most Mg is
present in structural sites of illite; thus, the regolith samples would remain unchanged even if some illites have
been weathered. Another possible explanation is the successive adsorption-desorption of heavy Mg isotopes
(Huang et al., 2012; Opfergelt et al., 2014), but this process seems unlikely because of the small amount of
exchangeable Mg in the samples (Figure 3d). In addition, recent batch experiments have demonstrated negligi-
ble Mg isotope fractionation during adsorption-desorption processes (Cai et al., 2022). Carbonate minerals are
known to have the most negative §2°Mg values in environmental samples (Saenger & Wang, 2014), but micro-
scopic and XRD analyses failed to identify the presence of carbonate minerals. This is also evidenced by the small
amount of Mg leached by 0.5 mol L' HCI (<2%; Table S6 in Supporting Information S1).

We ascribe the low 8§2Mg values in the shallow regolith to atmospheric addition. In the following discussion,
we consider two potential atmospheric sources in the study area: aeolian dust and rainwater and/or marine aero-
sols. The aeolian dust deposition has been suggested to lower the §2°Mg values in the near surface samples (Liu
et al., 2014). Likewise, the deposition of loess soured from North China may also influence the §’Mg values
in the shallow regolith samples, as the site is located close to the most important aeolian dust sources in Asia.
Variations in radiogenic Nd isotope ratios have been used to determine aeolian inputs and their sources (e.g.,
Liu et al., 2013; Pett-Ridge et al., 2009). Our results show that the &, values in the shallow regolith (—16.51 to
—14.54) are markedly lower than those in the aeolian dust since ~52 Ma (—12 to —8; Yang et al., 2021) (Figure
S3 in Supporting Information S1), confirming the limited dust contribution.

Alternatively, the enrichment of isotopically light Mg in the shallow regolith is most likely due to the deposition of
rainwater and/or marine aerosols, which has also been observed in previous studies (Opfergelt et al., 2012, 2014).
The shallow regolith in near-coastal settings (approximately 70 km from the sea; Figure 1) is susceptible to
the deposition of marine aerosols and rainwater. As an extreme chemical weathering in a humid climate with
low evapotranspiration over precipitation (mean precipitation ~1,691 mm yr~') removes most Mg from gran-
ite (ngIa < —87%; Figure 3b), atmospheric Mg from marine aerosols (—0.83 + 0.09%0, 2SD, n = 90; Ling
et al., 2011) and rainwater (—1.13 + 0.75%o, 2SD, n = 7; Cai et al., 2022; T. Gao et al., 2018; Tipper et al., 2012)
can contribute a significant amount of isotopically light Mg to the soil solution and/or soil exchange complex
(Opfergelt et al., 2014). The Mg from rainwater and/or marine aerosols may deposit on the surface of soil. Some
may even move deeper into the profile and enter the crystal structure of the illite during its formation. The
deposited Mg can overprint the granitic Mg, and the §*Mg value of regolith samples will reflect mixing between
granitic and aerosol/rainwater sources.

5.2.3. Plant Cycling

Magnesium is an essential nutrient for plant growth (Montezano et al., 2013; Wilkinson et al., 1990), and the life
cycle of plants is accompanied by the cycling of Mg in soil systems. The plant-available Mg ions (exchangeable
and dissolved Mg) in soils are taken up by roots and stored in plants for several months or years, and then released
back into soils via secretion and decay. These biological processes could potentially modify the §2°Mg values of
shallow regolith samples in the following way (e.g., Bolou-Bi et al., 2012; Uhlig et al., 2017). First, plants have
been shown to preferentially take up 2Mg (Bolou-Bi et al., 2010), leaving >*Mg enriched in the soil solution and
an exchangeable pool close to the root. Second, the Mg returned from plants shifts the surface soil to either higher
or lower 8%Mg values (e.g., T. Gao et al., 2018; Uhlig et al., 2017).

Although such a mechanism is plausible to affect Mg isotope variations in top-soils, it may only play a minor role
because of the very small amount of TOC content measured (<0.4 wt%; Table S5 in Supporting Information S1).
The increased §*Mg values with decreasing depth in the regolith samples above —90 c¢m (Figure 4b) are likely
attributed to the illite formation rather than biological cycling; both TOC and illite content show positive corre-
lations with 8?°Mg values (Figure S4 in Supporting Information S1). However, biological cycling may influence
the Mg isotope composition of the exchangeable Mg pool. As observed in the regolith samples above —90 cm, the
8%Mg value of the exchangeable Mg pool decreases from the bottom to the top (Figure 4b), which is potentially
caused by the preferential uptake of isotopically heavy Mg from the exchangeable pool.

5.3. Implications

Continental weathering releases Mg from silicates into rivers, which eventually enter the ocean (Tipper et al., 2006).
Therefore, understanding Mg isotope behavior during continental weathering is critical in determining riverine
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Figure 7. Chemical Index of Alteration (CIA) versus the difference (A2*Mg) in §2°Mg between the bedrock and regolith and between the bedrock and exchangeable
pool. Mg isotope ratios are from this study and the literature (Brewer et al., 2018; Chapela Lara et al., 2017; Fan et al., 2023; Huang et al., 2012; Li et al., 2021; Liu
et al., 2014; Opfergelt et al., 2012, 2014; Ryu et al., 2021; Teng, Li, Rudnick, & Gardner, 2010; Tipper et al., 2012; Uhlig et al., 2017).

input to the oceans (Tipper et al., 2006). Comparing our results with published data of regolith profiles developed
on silicate rocks (including basalts, andesites, and granites) on the Mg versus CIA plot (Brewer et al., 2018;
Chapela Lara et al., 2017; Fan et al., 2023; Huang et al., 2012; Li et al., 2021; Liu et al., 2014; Opfergelt
et al., 2012, 2014; Ryu et al., 2021; Teng, Li, Rudnick, & Gardner, 2010; Tipper et al., 2012; Uhlig et al., 2017,
Figure 7), it can be noted that the major control on the difference in Mg isotope composition (A*°Mg, .. bedrock)
between regolith and bedrock is the weathering intensity, that is, as CIA increases or chemical weathering inten-
sifies, A“Mgregomh_bedmck increases as a result of the formation of secondary clay minerals, as suggested by many
previous studies (e.g., Liu et al., 2014; Opfergelt et al., 2012; Teng, Li, Rudnick, & Gardner, 2010). For example,
the CIA values of regolith samples in our BJ profile are significantly lower than those in the deep section of our
GD profile, and A*Mg, i hearocx V2IUes in our BJ profile are much lower than those in the deep section of our
GD profile. Besides this general trend, Figure 7 also shows some intricate complexities in A*Mg, i bedrock
variations, likely caused by factors including rock types, climatic parameters, and even atmospheric depositions.

One major difference between granite and basalt weathering is that granite often tends to weather slower than basalt
(e.g., Bluth & Kump, 1994; Hayes et al., 2020; Oliva et al., 2003) and shows smaller CIA and A*Mg, . i bedrock
values (e.g., in our BJ regolith profile). Moreover, the formation of secondary minerals preferentially holds isotop-
ically heavy Mg in regolith (Wimpenny et al., 2014), and thus, the regolith, in general, has Mg values much
higher than those of the bedrock (e.g., Opfergelt et al., 2012; Teng, Li, Rudnick, & Gardner, 2010). Accordingly,
the dissolved Mg may have lower §°Mg values than those with only dissolution of primary minerals. However,
under extreme weathering conditions, because granite regolith samples typically contain low concentrations of
Mg, the shallow section of granite regolith is subject to the influence of atmospheric deposition, as shown in our
GD profile and the andesite weathering profile reported by Opfergelt et al. (2012). The riverine §*Mg value may
therefore reflect a combination of atmospheric inputs and weathering processes.

The difference in the weathering intensity (as reflected in CIA values) between our BJ and GD weathering
profiles is likely influenced by climatic parameters. The temperate climate with low precipitation and vegetation
coverage in the BJ section likely results in a slower weathering rate (and thus less Mg isotope fractionation), while
the tropical humid climate with high precipitation and warm temperature will cause a fast weathering rate and
intensive weathering in the GD section. These results imply that the riverine §*Mg value may be affected not
only by rock type in the drainage basin but also by climatic factors. More similar studies in different weathering
regimes (especially at the moderate weathering stage) are needed to decipher the relative importance of other
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factors (including the type of vegetation cover, age of soil development, and erosion history) on Mg isotope vari-
ations during silicate weathering.

6. Conclusions

This study presents the mineralogy, element concentrations, and Mg isotope compositions of bulk and exchangea-
ble fractions in two granite regolith profiles from China developed under temperate, semiarid and tropical, humid
climate conditions. The following conclusions can be drawn from our results and discussions.

1. The slightly higher §2°Mg value in the bulk regolith and visibly lower §*Mg value in the exchangeable pool
in the temperate regolith profile than in the bedrock may be caused by the formation of small number of clay
minerals at the initial chemical weathering stage.

2. The large variation in the §*’Mg value of the bulk regolith and exchangeable fraction results from the mixing
of Mg from solid weathering products and atmospheric inputs (marine aerosols and/or rainwater). The forma-
tion of illite preferentially takes up isotopically heavy Mg into its crystal structures. However, the input of
atmospheric Mg contributes light Mg isotopes that may enter the illite structure and dominates the 5%°Mg
values of the bulk regolith, which has very low Mg content due to extreme weathering.

3. Our study demonstrated that climate may have a significant impact on Mg isotope fractionation during terres-
trial weathering, which is of significance to interpret the Mg isotope compositions of weathering products and
river waters at a global scale.
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