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Magnesium isotopic compositions of a profile through saprolites developed on a diabase dike from South
Carolina have been measured in order to study the behavior of Mg isotopes during continental weathering. As
weathering progresses, Mg isotopes are greatly fractionated and are correlated with Mg concentration, clay
mineral proportions and density of the saprolites. δ26Mg values increase from −0.22 in the unweathered
diabase to +0.65 in the most weathered saprolite. These observations are consistent with the release of light
Mg to the hydrosphere and formation of isotopically heavy Mg in the weathered products. The loss of Mg
during weathering can be modeled by Rayleigh distillation with an apparent fractionation factor between the
saprolite and fluid (α) of 1.00005 to 1.0004, i.e., up to 0.4‰ fractionation in the 26Mg/24Mg ratio between the
saprolite and fluid. The large variation in α value reflects a mineralogical control on Mg isotope fractionation
during primary dissolution of Mg-rich minerals and formation of secondary minerals during continental
weathering. Like Mg isotopes, Li isotopes in the saprolite profile are also greatly fractionated, with δ7Li values
ranging from−6.7 down to−20. The large Li isotope fractionation and variation in Li concentration, as well as
irregularities in the δ7Li profile with depth, however, cannot be explained by Li loss during weathering alone.
Instead, Li can be modeled by a two-step process: (1) equilibrium isotope fractionation during continental
weathering, which lowered δ7Li and Li concentrations and produced a Li concentration gradient in the
saprolites like that seen in Mg, and (2) subsequent kinetic isotope fractionation produced by diffusion of Li in
the saprolites, possibly across a paleo-water table. The results presented here suggest that continental
weathering will shift the Mg isotopic composition of the continental crust to values higher than the mantle
value, whereas crustal recycling over the history of the Earth will have no discernible effect on the Mg isotopic
composition of the mantle.
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1. Introduction

Continental weathering is a geochemical link between the outer
parts of the Earth i.e., atmosphere, hydrosphere and continents. For
example, chemical weathering on the continents and deposition of
limestones sequester CO2 and regulate the CO2 content of the
atmosphere (Urey, 1952). Furthermore, chemical weathering leads
to the decomposition of rocks and the release of elements from
continents into solution. It may be one of the processes that shifts the
composition of the continental crust from basaltic to andesitic
(Albarede, 1998; Anderson, 1982; Lee et al., 2008). It also controls
the chemical composition of river waters, which further influences the
composition of seawater (Edmond et al., 1979).
Two types of natural samples have generally been used to study
continental weathering (Kump et al., 2000, and references therein):
chemical weathering profiles and river waters. Studies of chemical
weathering profiles developed on different types of rocks in different
climates demonstrate how chemical weathering affects mineral
dissolution, secondary phase crystallization, elemental transport and
isotope fractionation as a function of mineralogy of the protolith, the
supply of water, temperature, humidity and other chemical and
physical conditions. Such studies date back to 1938 when Goldich
(1938) systematically investigated the relative susceptibility of
common rock-forming minerals to weathering and the behavior of
elements in a weathering profile developed on an Archean granite
gneiss. On the other hand, studies of rivers can yield the rates of
chemical erosion and indirectly reflect the mineral compositions of
rocks that are the source of the river loads, as well as climate,
topography and other chemical and physical conditions (Berner and
Berner, 1987; Drever, 1997).

http://dx.doi.org/10.1016/j.epsl.2010.09.036
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Fig. 1. Sketch of cross-section through granite quarry wall near Cayce, South Carolina,
showing diabase dike mantled by alteration halo in surrounding granite saprolite. Light
green depicts region of green-stained granite whereas light red represents region of red-
stained granite. Horizontal line marks a change in vertical scale. Star represents
unweathered diabase; and open circles represent samples at or above 2 m depth and
closed circles are samples below 2 m. Inset shows sample locality for diabase outcrop.
From Rudnick et al. (2004), after Gardner et al. (1981).
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Magnesium is a water-soluble major element that occurs in the
hydrosphere, continental crust and the mantle. Magnesium has three
stable isotopes (24Mg, 25Mg and 26Mg), the study of which, during
continental weathering, may help to document the interactions
between hydrosphere, crust and mantle. Whereas the mantle has
δ26Mg=−0.25±0.1 (Dauphas et al., 2010;Handler et al., 2009; Teng et
al., 2007, 2010; Yang et al., 2009), the upper continental crust, as
sampled by shales, loess and granites, is quite heavy, with δ26Mg up to
+0.92 (Li et al., 2010; S.-A. Liu et al., 2010; Shen et al., 2009). This
isotopically heavy composition has been attributed to continental
weathering, with light Mg partitioned into water, leaving heavy Mg
behind in the residue. The Mg isotopic composition of seawater is light
and homogenous with δ26Mg=−0.8±0.1 (Chang et al., 2003; de
Villiers et al., 2005; Teng et al., 2010; Young and Galy, 2004), consistent
with the relatively long residence time for Mg in the oceans (Li, 1982).
δ26Mg of riverwaters ismore variable, and, on average, lighter than that
of the seawater and mantle, reflecting heterogeneous source rocks and
Mg isotope fractionation during continental weathering (Brenot et al.,
2008; de Villiers et al., 2005; Pogge Von Strandmann et al., 2008a,b;
Tipper et al., 2006a,b; 2008). When compared to Mg, the isotope
geochemistry of Li is better understood. The mantle has δ7Li=+4
(Jeffcoate et al., 2007;Magna et al., 2006; Seitz et al., 2004) whereas the
seawater is heavy with δ7Li=+32 (Chan and Edmond, 1988). By
contrast, both the upper and deep continental crusts are highly
heterogeneous and isotopically light (Teng et al., 2004, 2008, 2009).
The isotopically light composition of the continental crust is inferred to
result from weathering, with heavy Li isotopes lost into the hydro-
sphere, leaving lighter Li behind in the weathered residue (Teng et al.,
2004, 2008, 2009). This interpretation is supported by studies of
weathering profiles and river waters (Huh et al., 2004; Kisakurek et al.,
2004, 2005;Pistiner andHenderson,2003; PoggeVonStrandmannet al.,
2008b; Rudnick et al., 2004).

While several studies have been performed on the Mg isotopic
compositions of river waters, to our knowledge, no systematic study
has yet beenmade onweathering profiles. Here we report Mg isotopic
data for a profile through well-characterized saprolites developed on
a subvertical Mesozoic diabase dike, South Carolina (Gardner et al.,
1981). The bulk composition, mineralogy and bulk density of this
saprolite profile were previously determined by Gardner and
colleagues (Gardner and Kheoruenromne, 1980; Gardner et al.,
1981), allowing one to evaluate the effects of chemical weathering
directly. In addition, previous studies of Li isotopes in this saprolite
revealed significant isotope fractionation (Rudnick et al., 2004), which
we re-evaluate here.

Our results show that the degree of Mg isotope fractionation
increases directly with the intensity of chemical weathering, with the
preferential loss of light Mg into the hydrosphere, resulting in
extremely high δ26Mg values (up to +0.65) in the residue. By
contrast, Li isotopes show an irregular change with weathering
intensity, which likely reflects the influence of kinetic isotope
fractionation superimposed upon Rayleigh distillation. These findings
demonstrate that diffusion-driven fractionation of Li isotopes can
occur during low-temperature water–rock interactions and that, over
time, continental weathering shifts the stable isotopic compositions of
the continental crust away from the mantle values.

2. Samples

The saprolites in this study formed during the Tertiary in a humid,
subtropical climate and are developedon aMesozoic greenschist facies
diabase dike that cuts granite in Cayce, South Carolina (N33° 58.09′,
andW81° 03.07′) (Gardner et al., 1981). The diabase dike is exposed in
the walls of a quarry, overlain by a thin (~2 m) layer of coastal plain
sediment, and is approximately 7 m wide, with saprolites developed
within the top 11 m (Fig. 1) (Gardner et al., 1981). Unweathered
diabase crops out below 11 m and contains significant amounts of talc
(20%) and chlorite (8%), in addition to plagioclase (40%), clinopyrox-
ene (29%) and opaqueminerals (3%) (Gardner et al., 1981). Green- and
red-stained alteration haloes occur sequentially within the granite
surrounding the dike. These form a rather narrow (3–6 m thick)
aureole in the upper 6 m of the profile, but increase in thickness up to
~30 m below 6 m depth (Fig. 1).

Fresh saprolite samples were collected along a vertical profile
through the center of the dike (Fig. 1), pulverized and analyzed for
density, clay mineral proportions and bulk composition (Gardner et al.,
1981). The weathering intensity is greatest at the shallowest level,
where the greatest amount of leaching occurred due to rainwater
infiltration, and falls off with depth (Fig. 2). Talc and chlorite were
weathered first, followed by clinopyroxene and plagioclase. Kaolinite,
smectite and Fe-oxides are the main secondary minerals that formed in
the saprolites during the weathering (Fig. 2).

A discontinuity in clay mineralogy and bulk chemistry exists at a
depth of ~2 m of the weathering profile (Gardner and Kheoruenromne,
1980; Gardner et al., 1981). Below the discontinuity, siderite veins have
developedbyweatheringof original chlorite veins in thediabase and the
kaolinite to smectite ratio increases as the weathering intensity
increases and bulk density decreases towards the discontinuity
(Fig. 2). These mineralogical changes reflect dissolution of chlorite,
talc, clinopyroxene and plagioclase and formation of kaolinite and
smectite, as well as transformation of smectite to kaolinite during
progressing weathering. Above the discontinuity, no siderite veins
formed, the kaolinite/smectite ratio and bulk density are roughly
constant (Fig. 2), and kaolinite and smectite contents decrease with the
decreasing density towards the surface (Gardner et al., 1981). Gardner
et al. (1981) interpreted the discontinuity as a result of a change in
redox: the upper profile was more oxidized, as reflected in the lack of
siderite and by greater amounts of Fe-rich smectite compared to
kaolinite, while the lower portion of the profile was more reduced, as
reflected in the formation of siderite and formation of kaolinite over
Al-rich smectite. Chemical compositions of saprolites also reflect these
mineralogical changes at the 2 m discontinuity (Fig. 2). Furthermore,
below the 2 m depth, chemical and Li isotopic compositions show a
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Fig. 2. K/S (kaolinite/smectite) ratio, bulk density and selected element concentrations of saprolites as a function of depth. Star represents unweathered diabase; and open circles
represent samples at or above 2 m depth and closed circles are samples below 2 m. Data are reported in Table 2.

Table 1
Magnesium isotopic compositions of reference materials.

Standard Type δ26Mg 2SD δ25Mg 2SD

Cambridge 1 −2.61 0.08 −1.35 0.06
Replicate −2.62 0.07 −1.35 0.06

IL-Mg-1 Synthetic +0.04 0.06 +0.05 0.06
Replicate 0 0.05 −0.01 0.06
Replicate −0.02 0.09 −0.01 0.06

Hawaii seawater −0.81 0.07 −0.42 0.05
Replicate −0.86 0.05 −0.45 0.02

KH Olivine −0.26 0.10 −0.14 0.05
Replicate −0.29 0.04 −0.17 0.03

Allende Chondrite −0.28 0.10 −0.17 0.07
Replicate −0.32 0.08 −0.15 0.04

DTS-1 Dunite −0.30 0.09 −0.13 0.05
DTS-2 Dunite −0.33 0.05 −0.16 0.06

2SD=2 times the standard deviation of the population of n repeat measurements of a
sample solution. IL-Mg-1 is a synthetic solution with concentration ratios of Mg:Fe:Al:
Ca:Na:K:Ti=1:1:1:1:1:1:0.1. Replicate refers to repeat column chemistry and
measurement of different aliquots of a stock solution.
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discontinuity at 6 m depth, which was interpreted to reflect the former
presence of a water table at this depth (Gardner et al., 1981; Rudnick
et al. 2004).

Sixteen saprolite samples from the 11 m weathering profile and
one fresh diabase from 30 m below were analyzed for Mg isotopic
compositions. The mineralogy, major and trace element geochemistry
and Li isotope geochemistry of these samples were previously
reported (Gardner et al., 1981; Rudnick et al., 2004).

3. Analytical methods

Magnesium isotopic analyses were performed at the Isotope
Laboratory of the University of Arkansas, Fayetteville. Procedures for
sample dissolution, column chemistry and instrumental analysis are
similar to those reported in previous studies (Li et al., 2010; S.-A. Liu
et al., 2010; Teng et al., 2010; Yang et al., 2009). Only a brief description
is given below.

Samples were dissolved in Savillex screw-top beakers in a mixture
of concentrated HF–HNO3–HCl. Separation of Mg was achieved by
cation exchange chromatography with Bio-Rad 200–400 mesh
AG50W-X8 resin in 1 N HNO3 media. Samples containing ~50 μg of
Mg were loaded on the resin and eluted by 1 N HNO3 with Mg yield
close to 100%. This procedure was repeated in order to obtain a pure
Mg solution for mass spectrometry. At least two standards were
processedwith unknown samples for each batch of column chemistry.

Magnesium isotopic compositions were analyzed by the standard
bracketing method using a Nu Plasma MC-ICP-MS at the University of
Arkansas.Magnesium isotope data are reported in standard δ-notation
in per mil relative to DSM3 (Galy et al., 2003):

δXΜg=103 ×
ðXMg=24MgÞsample

ðXMg=24MgÞDSM3
−1

( )

where X refers to 25 or 26.
At least one standard was routinely analyzed during the course of
an analytical session. The precision on the measured 26Mg/24Mg ratio,
based on ≥4 repeat runs of the same sample solution during a single
analytical session, is b±0.1‰ (2SD) (Teng et al. 2010). Multiple
analyses of IL-Mg-1, a synthetic solution with concentration ratios of
Mg:Fe:Al:Ca:Na:K:Ti=1:1:1:1:1:1:0.1, yield δ26Mg of +0.04, 0 and
−0.02 (Table 1), within uncertainties of the expected value of 0±0.1
(2SD). Results for solution, rock and mineral standards analyzed
during the course of this study (Table 1) also agree with previously
published data (Chang et al., 2003; Galy et al., 2003; Teng et al., 2010;
Young and Galy, 2004).

4. Results

Magnesium isotopic compositions are reported in Table 1 for
solution, mineral and rock reference materials and Table 2 for the



Table 2
Major element composition, bulk density and Mg isotopic composition of saprolites and fresh Cayce diabase from South Carolina.

Sample Depth
(m)

Density
(g/cm3)

K/S Al2O3

(wt.%)
Fe2O3

(wt.%)
FeO
(wt.%)

MgO
(wt.%)

CaO
(wt.%)

K2O
(wt.%)

TiO2

(wt.%)
Li
(ppm)

δ7Li MgO
(norm)

δ26Mg 2SD δ25Mg 2SD

M1 0.1 1.0 0.04 15.8 20.2 1.8 1.0 0.36 0.66 5.1 −11.6 0.11 +0.53 0.11 +0.28 0.08
M3 0.5 0.8 0.03 19.3 10.9 0.1 2.2 1.0 0.71 0.88 7.1 −10.1 0.10 +0.62 0.11 +0.32 0.08
M4 1.0 0.8 0.00 19.5 12.4 0.1 1.6 0.8 0.58 0.52 8.2 −13.3 0.13 +0.65 0.11 +0.35 0.08
M5 1.5 1.0 0.03 17.9 12.2 0.1 2.0 1.1 0.33 0.64 5.6 −14.4 0.13 +0.59 0.11 +0.31 0.08
M6 2.0 1.0 0.07 17.5 11.5 0.1 2.0 1.0 1.16 0.58 9.6 −12.1 0.14 +0.61 0.09 +0.31 0.04
M7 3.0 1.0 5.00 27.8 5.5 0.1 0.6 0.8 0.34 0.77 20.0 −13.8 0.03 +0.30 0.09 +0.15 0.04
Replicate +0.22 0.07 +0.12 0.04
M8 4.0 1.0 2.10 28.2 6.7 0.2 0.9 0.8 0.36 0.78 18.0 −17.1 0.05 +0.42 0.09 +0.23 0.04
M9 5.0 1.2 2.50 23.8 6.9 0.1 1.0 0.8 0.46 0.81 14.0 −17.3 0.05 +0.40 0.09 +0.22 0.04
M10 6.0 1.4 1.70 25.2 7.9 2.5 1.0 1.2 0.48 0.76 24.0 −20.2 0.05 +0.07 0.07 +0.02 0.04
Replicate +0.11 0.10 +0.03 0.04
M11 7.0 2.1 0.30 17.2 7.2 4.2 11.9 7.1 0.37 0.55 47.0 −6.7 0.88 −0.17 0.07 −0.10 0.04
M12 8.0 2.3 0.15 18.2 8.8 3.8 8.6 7.2 0.43 0.56 23.0 −10.4 0.62 −0.11 0.07 −0.04 0.04
M13 9.0 1.8 0.40 22.2 9.1 2.2 5.5 4.0 0.42 0.72 42.0 −11.8 0.31 +0.02 0.07 +0.02 0.04
M14 10.0 1.7 1.10 22.8 10.2 1.2 2.7 1.2 0.56 0.85 42.0 −9.7 0.13 −0.12 0.07 −0.05 0.04
L14-8 10.0 2.5 0.25 17.3 7.8 3.4 11.0 8.9 0.37 0.57 56.0 −9.1 0.78 −0.13 0.07 −0.08 0.04
L14-9 10.0 2.5 0.00 16.9 7.1 4.0 10.5 9.5 0.39 0.58 32.0 −8.1 0.73 −0.31 0.08 −0.17 0.05
M15 11.0 1.9 1.00 21.9 10.8 2.2 5.8 1.4 0.56 0.73 24.0 −13.7 0.32 −0.19 0.07 −0.08 0.04
M20 30.0 3.0 0.00 17.1 7.1 6.3 11.8 10.4 0.32 0.48 23.0 −4.4 1.00 −0.22 0.07 −0.12 0.04

Sample M20 is the unweathered diabase protolith while all other samples are saprolites. Depth, bulk densities, K/S and major element data are from Gardner et al. (1981), where
K/S=kaolinite/smectite intensity ratio analyzed from XRD and FeO concentration was determined by titration. Li and δ7Li data are from Rudnick et al. (2004). δ7Li=[(7Li/6Li)sample/
(7Li/6Li)L-SVEC−1]×1000,where L-SVEC is Li standard that ismade fromLi2CO3 (Fleschet al., 1973).NormalizedMgOconcentration,which is [MgO/TiO2]saprolite/ [MgO/TiO2]protolith, is used
here to evaluate the mobility of Mg relative to Ti. Replicate refers to repeat column chemistry and measurement of different aliquots of a stock solution.
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saprolites and unweathered diabase. For reference, major element, Li
concentration and isotopic data, bulk density and the kaolinite/
smectite (K/S) ratio analyzed by Gardner et al. (1981) and Rudnick
et al. (2004) are also included in Table 2.

Magnesium, like most other elements, shows a concentration
discontinuity at 2 m, and at 6 m depth (Fig. 3) in the weathering
profile. Above the 2 m discontinuity, Mg concentrations are more or
less constant at ~0.12 (normalized to Ti, Fig. 3). Below this, Mg
concentrations are uniformly low, but they increase dramatically and
non-uniformly below 6 m. The unweathered diabase, at 30 m depth,
has the highest Mg concentration.

Magnesium isotopic compositions decrease systematically with
depth and bulk density over the whole weathering profile (Fig. 3). The
shallowest saprolites have the lowest bulk density and the heaviest
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isotopic composition (δ26Mg=+0.65) while saprolites at the bottom
have the highest bulk density and the lightest isotopic composition
(δ26Mg=−0.31). The unweathered diabase has Mg isotopic composi-
tion similar to the leastweathered overlying saprolite, aswell as those of
unweathered oceanic basalts (Teng et al., 2007, 2010; Wiechert and
Halliday, 2007) (Fig. 4).

Lithium concentrations increase with depth, with very low Li
concentrations (5 ppm) near the surface increasing to variable but
high concentrations (up to 56 ppm) deep within the profile (Rudnick
et al., 2004). The unweathered diabase has a Li concentration
(23 ppm) falling between the two extremes (Table 2, Fig. 5). Lithium
isotopic composition is also highly variable, with δ7Li ranging from
−6.7 to −20 in the saprolites (Rudnick et al., 2004). Unlike the Li
concentration, δ7Li, however, does not vary systematically with depth
1.2
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cedure) and δ26Mg as a function of depth and bulk density for the diabase weathering
en circles represent samples at or above 2 m depth and closed circles are samples below
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equation: δ26Mgsaprolite=(δ26Mgdiabase+1000)f(α−1)−1000; f: the fraction of Mg
remaining in the rock, calculated from Mgsaprolite /Mgdiabase. Star represents unweath-
ered diabase; and open circles represent samples at or above 2 m depth and closed
circles are samples below 2 m. Error bars represent 2SD uncertainties. Data are reported
in Table 2.
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but rather shows a step function, with a discontinuity at 6 m depth
(Fig. 5). The unweathered diabase has the highest δ7Li (−4.3).

5. Discussion

In this section, we first discuss the behavior of Mg isotopes during
continental weathering, reinterpret the Li isotopic profile in this suite
of saprolites, and finally calculate the influence of weathering on the
Mg isotopic composition of the continental crust and the mantle.

5.1. Magnesium isotope fractionation during weathering

Magnesium is fluid-mobile and is released into the water during
continental weathering when Mg-rich minerals break down and
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Fig. 5. Diffusion models (solid lines) showing the effects of Li diffusion from a Li-rich
layer below 6 m depth upwards into the Li-poor saprolite above. This depth may mark
the position of a paleo-water table (Rudnick et al., 2004). Star represents unweathered
diabase; and open circles represent samples at or above 2 m depth and closed circles are
samples below 2 m. Error bars represent 2SD uncertainties. Lithium data are from
Rudnick et al. (2004). See text for details.
secondary minerals form. During this process, Mg is redistributed
between crust and hydrosphere, potentially coupled with large
isotope fractionation. The correlation between Mg concentrations
and isotopic compositions in the saprolite profile (Fig. 4) indicates
significant Mg isotope fractionation and Mg loss during chemical
weathering.

Inter-mineralMg isotope fractionation in igneous rocks is generally
limited (e.g., Δ26MgHbl−Bt=−0.06±0.08, 2SD, S.-A. Liu et al., 2010).
Minerals in the diabase are, thus, expected to have similar Mg isotopic
compositions, therefore differential weathering of Mg-host minerals
in the diabase can be ruled out as a cause of the variations in δ26Mg. The
isotope fractionation in the saprolite, thus, must be associated with
primary dissolution of diabase and formation of secondary minerals
during weathering. It is difficult to evaluate the exact role of these two
processes in controlling Mg isotopic compositions of the saprolites
since little is known about the behavior of Mg isotopes during primary
dissolution of pyroxene, talc and chlorite and formation of clay
minerals like smectite and kaolinite during continental weathering.
The correlated MgO and δ26Mg in the saprolite, however suggest
isotope fractionation accompaniedMg loss duringweathering. TheMg
loss indicates that the amount of Mg released into fluids during
primary dissolution of Mg-rich minerals in the diabase exceeded the
amount of Mg uptake into the secondary minerals.

The Mg loss can be modeled by Rayleigh distillation, with light Mg
isotopespreferringfluids to saprolites andwithvarious apparent fraction-
ation factors between saprolite and fluid [α=(26Mg/24Mg)saprolite/
(26Mg/24Mg)fluid] (Fig. 4). The apparent α values vary from 1.00005 to
1.0004 (Fig. 4),which corresponds to a changeofMg isotope fractionation
between saprolite and fluid from 0.05‰ up to 0.4‰. The large range inα
values reflects the complex effects of both dissolution of Mg-rich
minerals and formation of secondary minerals on Mg isotopic composi-
tions of the saprolite. Although it is difficult to evaluate the effect of
dissolution of primary minerals on controlling Mg isotopic composi-
tions of the saprolites since most of these primary minerals reacted
out, our data clearly indicate that formation of secondary minerals
plays a significant role. For example, saprolites above the 2 m
discontinuity fall near the Rayleigh distillation curves with higher
apparent α value, whereas those below the 2 m discontinuity fall
near the Rayleigh distillation curves with lower apparent α values.
This discontinuity is interpreted as a change in redox (Gardner et al.,
1981). The upper 2 m of the profile has greater amounts of Fe (Mg)-
rich smectite compared to kaolinite, i.e., a lower kaolinite/smectite
ratio, while the lower portion of the profile has more kaolinite over
Al-rich smectite. Since smectite is the main Mg-host mineral in the
saprolites of the upper profile, the larger α values may therefore
reflect larger fractionation factors between smectite and fluid than
those between kaolinite/other minerals and fluids.

Nonetheless, in order to fully understand howMg isotopes behave
during weathering in different climates and for different types of
rocks, more studies on the direction, magnitude andmechanism ofMg
isotope fractionation between minerals and fluids during primary
dissolution of different types of rocks and formation of various
secondary minerals are needed.

5.2. Diffusion-driven Li isotope fractionation during weathering

Rudnick et al. (2004) measured Li concentrations and isotopic
compositions of the saprolites and show that Li isotopic compositions
of the saprolites are always lighter than that of the unweathered
diabase (Fig. 5), suggesting a preference of light Mg in the residue.
Unlike the Mg isotopes, δ7Li, however, does not vary systematically
with depth but rather shows a step function, with a discontinuity at
6 m depth (Fig. 5). Such a trend has been explained by Rayleigh
distillation during intense weathering for samples above 6 m depth
and by mixing between an isotopically light saprolite and heavy
groundwater for samples below 6 m depth (Rudnick et al., 2004). The
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extremely light sample at 6 m discontinuity remains enigmatic. The
complex behaviors of Li isotopes may reflect a mineralogical control
on Li isotope fractionation in the saprolite (Rudnick et al., 2004). For
example, with the increasing weathering intensity, the K/S ratio
increases in samples below the 2 m discontinuity, coupled with a
decrease of Li and δ7Li (Fig. 6). Samples above the 2 m discontinuity
have the lowest K/S ratio, lowest Li concentration, medium δ7Li value
(Fig. 6), lowest kaolinite and smectite content, and the highest Fe2O3

content (Gardner et al., 1981). The coupled variations of kaolinite and
smectite with Li and δ7Li values suggest a preference of Li in smectite
over kaolinite and a difference in Li isotopic composition between
kaolinite and smectite. This agrees with previous studies that
showed that uptake of Li into smectite doesn't fractionate Li isotopes
(Zhang et al., 1998), whereas uptake into kaolinite will (Pistiner and
Henderson, 2003).

In addition, recent advances related to diffusion-driven Li isotope
fractionationmake it possible to explore the possibility of interpreting
the complex behavior of Li isotopes in the saprolite profile by
involving Li diffusion. The peculiar trend of δ7Li with depth in the
saprolite profile can be modeled by a two-step process: equilibrium
isotope fractionation during continental weathering, followed by
kinetic isotope fractionation during diffusively-driven redistribution
of the Li in the saprolite.

Lithium is fluid-mobile and is released into the water during
continental weathering, with 7Li preferring fluids to rocks (Huh et al.,
2004; Kisakurek et al., 2004, 2005; Pistiner and Henderson, 2003;
Pogge Von Strandmann et al., 2008b; Rudnick et al., 2004). As a result,
Li and δ7Li values in the saprolite profile are expected to decrease as
weathering increases towards the surface. Loss of heavy Li during
weathering is supported by the observation that all saprolites have
δ7Li values lower than the unweathered diabase. The downward
transports of leached Li from above and a possible water table at 6 m
depth may have led to an increased Li concentration in the rocks
below thewater table and resulted in upward diffusion of Li across the
6 m boundary, possibly in water wicked into capillaries above the
water table. This upward diffusion of Li was attended by kinetic
isotope fractionation, which can be very large during diffusion of Li
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Fig. 6. K/S (kaolinite/smectite) ratio vs. Li concentration and isotopic composition. Star
represents unweathered diabase; and open circles represent samples at or above 2 m
depth and closed circles are samples below 2 m. Data are reported in Table 2.
(e.g., Aulbach and Rudnick, 2009; Jeffcoate et al., 2007; Lundstrom
et al., 2005; Marks et al., 2007; Parkinson et al., 2007; Richter et al.,
2003; Teng et al., 2006; X.-M. Liu et al., 2010).

The diffusion is modeled as a two-dimensional process, with 6Li
and 7Li profiles modeled separately, following similar methods
outlined by Teng et al. (2006). The best fit for the Li concentration
and δ7Li data of the saprolites (Fig. 5) results in the following values:
Dt=0.5 (m2) where D= diffusion coefficient and t = the duration of
the diffusion process; the upper and lower portions of the saprolite
profiles have the initial Li concentrations of 9 ppm and 50 ppm,
respectively, with a homogenous δ7Li=−12 (weathering is unlikely
to have resulted in an initial homogenous profile with respect to Li
and δ7Li values, but we make this assumption in order to simplify the
modeling). The β value, which is defined from the ratio of the relative
diffusivities of the two isotopes: D6

Li /D7
Li=(m7

Li /m6
Li)β, is equal to

0.18. It is worth noting that these values are not unique and can vary
slightly within the data limits of the saprolite profile.

Although neither the effective diffusion coefficient (D) nor the
duration of the diffusion process (t) are known, the minimum D can
be calculated by assuming that the maximum time of diffusion is
equal to the age of the saprolites. Although the exact age of the
saprolites is uncertain, based on the saprolite geometry and soil
development, Pavich and Obermeier (1985) suggested that the
saprolites developed after the Miocene. If we assume the maximum
age of the saprolites is 23 Ma, then the minimum Dsaprolite for Li is
calculated to be ~7×10−12 cm2/s. This estimated minimum D value is
at least N2 orders of magnitude higher than those measured in silicate
minerals (e.g., feldspar and pyroxene) at temperatures of N800 °C
(Coogan et al., 2005; Giletti and Shanahan, 1997) but is similar to D's
inferred for fluid-infiltrated amphibolites (2×10−12 cm2/s) and
schists (2×10−11 cm2/s) at temperatures of ≥~350 °C (Teng et al.,
2006). These results rule out the possibility of solid-state diffusion as
the mechanism for Li diffusion in the saprolites, but suggest diffusion
might have occurred in an interconnected fluid phase that interacted
with secondarymineral grains. In addition, the inferred β value of 0.18
is similar to those inferred for fluid-infiltrated amphibolite and schist
(0.12 to 0.15) (Teng et al., 2006), but is greater than thosemeasured in
water (0.071 and 0.015, Fritz (1992) and Richter et al. (2006),
respectively). This further suggests that diffusion of Li in the saprolites
occurred along fluid-filled grain-boundaries, the same mechanism
that produced Li diffusion profiles in country rocks of the Tin
Mountain pegmatite (Teng et al., 2006). It is worth noting that our
modeling cannot rule out the possibility of transport of Li through
both diffusion and advection via aqueous fluid, as in this case the
apparent D value would be even larger, as shown by X.-M. Liu et al.
(2010).

It is unclear why Li isotopes were fractionated by diffusion in the
saprolite profile while Mg isotopes were not. Lithium diffuses slightly
slower than Mg in pure H2O (Leaist and Kanakos, 2000; Richter et al.,
2006) but considerably faster than Mg in silicate minerals (Brady,
1995). Furthermore, Li isotopes can be significantly fractionated
during diffusion in water, whereas Mg isotopes cannot (Richter et al.,
2006). Both of these factors may contribute to the different behaviors
between Li and Mg in the saprolite. Nonetheless, the modeling
presented above suggests that diffusion-driven kinetic isotope
fractionation of Li can occur not only during high-temperature
geological processes (e.g., Jeffcoate et al., 2007; Lundstrom et al.,
2005; Marks et al., 2007; Parkinson et al., 2007; Teng et al., 2006;
X.-M. Liu et al., 2010) but also likely during water–rock interactions at
low temperatures.

5.3. Implications for the Mg isotopic composition of the crust and mantle

Our studies indicate that Mg isotopes, like Li isotopes (e.g., Chan
et al., 1992; Huh et al., 1998, 2001, 2004; Kisakurek et al., 2004, 2005;
Pistiner and Henderson, 2003; Pogge Von Strandmann et al., 2008b;



69F.-Z. Teng et al. / Earth and Planetary Science Letters 300 (2010) 63–71
Rudnick et al., 2004), Ca isotopes (e.g., Fantle and DePaolo, 2007;
Jacobson and Holmden, 2008; Tipper et al., 2006b, 2008) and Fe
isotopes (e.g., Bergquist and Boyle, 2006; Fantle and DePaolo, 2004;
Thompson et al., 2007), can be significantly fractionated during
continental weathering. In comparison to Li isotopes, continental
weathering releases light Mg into the hydrosphere and leaves
isotopically heavy Mg behind in the weathered products — the
opposite of what is observed for Li isotopes. Consequently, compared
to the upper mantle, the hydrosphere, on average, becomes
isotopically lighter, as shown in studies of rivers and seawater
(Brenot et al., 2008; de Villiers et al., 2005; Pogge Von Strandmann
et al., 2008a,b; Tipper et al., 2006a,b, 2008) and the continental crust, at
least the upper continental crust, is inferred to be isotopically heavier.

This prediction is supported by recent studies of crustal rocks (shale,
loess and granites), which have variable, but, on average, heavier Mg
isotopic compositions compared to the mantle (Li et al., 2010; S.-A. Liu
et al., 2010; Shen et al., 2009). It is further supported by a first-order
calculationbased on the global budget ofMg isotopes (Fig. 7). Given that
Mg isotopes do not fractionate during igneous differentiation (Li et al.,
2010; S.-A, Liu et al., 2010; Teng et al., 2007, 2010; Yang et al., 2009),
juvenile crust and themantle are assumed to have identicalMg isotopic
compositions. Weathering will gradually modify Mg isotopic composi-
tion of the juvenile crust by yielding isotopically light Mg isotopes that
are transferred to oceans via river and groundwater discharge.
Assuming that the MgO content of the juvenile continental crust is
~10 wt.% (similar to juvenile arc basalts, Lee et al., 2008) with an initial
mantle-like δ26Mg of −0.25 (Handler et al., 2009; Teng et al., 2007,
2010; Yang et al., 2009) and that the present-day riverineMg flux to the
oceans of 5.2×1018 moles per million years (Wilkinson and Algeo,
1989) with an average δ26Mg of −1.09 (Tipper et al., 2006c) is
representative of the past flux, the Mg isotopic evolution of the
continental crust as a result of weathering can be calculated (Fig. 7).
The model is run in 1×108 yr time steps for ~4.0×109 yr, when the
Fig. 7. Upper panel: cartoon showing the major components of the global Mg cycle with
present-day δ26Mg values (in the parentheses). Light color of the component
corresponds to light Mg isotopic composition. Lower panel: isotopic evolution of
continental crust and upper mantle in response to removal of riverine Mg from the
continental crust and its recycling into the mantle via subduction. The Mg isotopic
composition of the present-day continental crustal rocks is from Shen et al. (2009), Li et
al. (2010) and S.-A. Liu et al. (2010). See text for details.
model continental crust composition meets the higher end of Mg
isotopic composition of the present-day continental crustal rocks (Li et
al., 2010; S.-A. Liu et al., 2010; Shenet al., 2009). Although thisfirst-order
calculation is clearly an oversimplification, themain conclusion, thatMg
isotopic composition of the continental crust is clearly modified by
weathering, is robust. It is also consistent with Li isotopic systematics,
where the Li isotopic composition of the continental crust is clearly
modified byweathering, as shown by both first-order modeling (Elliott
et al., 2004) and studies of continental rocks (Qiu et al., 2009; Teng et al.,
2004, 2008, 2009).

Compared tomodeling the effects of weathering on theMg isotopic
composition of the continental crust, assessing the effects of
subduction of altered oceanic crust on the Mg isotopic composition
of the mantle is difficult, since the Mg isotopic composition of altered
oceanic crust is still unknown. However, it is still possible to evaluate
this indirectly by assuming a steady-state Mg isotopic composition for
the oceans: if seawater has a constant Mg isotopic composition, then
the Mg flux from continents to the oceans must balance the flux to the
oceanic crust (Fig. 7), which is eventually subducted into the mantle
via subduction. Following the approach used above for studying the
effects of weathering on the Mg isotopic composition of continental
crust and assuming that the MgO content of the upper mantle is
37.8 wt.% (McDonough and Sun, 1995) with an initial δ26Mg of−0.25
(Handler et al., 2009; Teng et al., 2007, 2010; Yang et al., 2009), theMg
isotopic evolution of the upper mantle as a result of subduction can be
calculated (Fig. 7). Although the subducted Mg has a lighter isotopic
composition than themantle, themagnitude of this light, recycled flux
is not sufficient to shift the Mg isotopic composition of the upper
mantle due to the fact that N99.9 wt.% of Mg in the bulk Earth lies
within themantle, whileMg in the crust and hydrosphere is b0.1 wt.%.
6. Conclusions

The main conclusions from this study are:

1. As the intensity of weathering increases from the bottom of the
profile towards the surface, Mg concentrations gradually decrease
and δ26Mg consistently increases from −0.22 in the unweathered
saprolite up to +0.65 in saprolites near the surface.

2. Magnesium isotope fractionation, coupled with Mg loss during
progressive weathering, can be modeled by Rayleigh distillation,
with apparent fractionation factors between saprolites and the
fluid (α) of 1.00005 to 1.0004, i.e., there is up to 0.4‰ fractionation
in the 26Mg/24Mg ratio between saprolite and fluid. The large
variation in α value reflects a mineralogical control on Mg isotope
fractionation during primary dissolution of Mg-rich minerals and
formation of secondary minerals during continental weathering.

3. In contrast to Mg isotopes, Li isotopes in the profile might reflect
both chemical weathering and superimposed kinetic fractionation
due to diffusion. The reasons for the contrasting behaviors between
Li and Mg isotopes remain unclear but may reflect differences in
their diffusivities and larger isotope fractionation of Li in fluids
compared to Mg.

4. Continental weathering significantly fractionates Mg isotopes,
releasing light Mg into the hydrosphere and leaving isotopically
heavy Mg behind in the regolith — the opposite sense of Li isotope
fractionation during weathering. We show that weathering will
gradually shift Mg isotopic composition of the continental crust
towards heavy values, whereas subduction recycling should not
significantly modify the Mg isotopic composition of the mantle.

5. More studies on natural weathering profiles developed on different
protoliths under various climate conditions and laboratorywork on
Mg isotope fractionation between fluids and minerals are needed
in order to further understand the behavior of Mg isotopes during
continental weathering.
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