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Abstract

Potassium isotopic compositions of profiles through saprolites developed on a diabase in South Carolina, U.S.A., and on a
granite in Guangdong, China, allow characterization of the behavior of K isotopes during continental weathering. Saprolites
from the diabase profile are heavily weathered with chemical index of alteration (CIA) values up to 95; however, their K
isotopic variation is limited, with 8*'K ranging from —0.475 & 0.028%o in the unweathered diabase to —0.407 & 0.021%o
for the saprolites. The lack of significant K isotope fractionation mainly reflects the conservative behavior of K in the diabase
weathering profile, with >50% of the original K remaining in the saprolites. By contrast, K isotopes are fractionated during
granite weathering and correlate with sample depth, CIA, and kaolinite abundance, with MK decreasing from —0.493
=+ 0.030%0 in the unweathered granites at the bottom to —0.628 + 0.021%o in the most weathered saprolite close to the surface.
These observations suggest the preference of light K isotopes in saprolites relative to fluids, which is further supported by the
overall isotopically heavy nearby stream water samples (5*'K = —0.709 & 0.017 to —0.339 + 0.018%0). These results demon-
strate that continental weathering plays an important role in the global K isotopic budget through the formation of isotopi-
cally heterogeneous rivers and weathered regolith. Recycling of K-rich crustal materials with distinct K isotopic signatures
may produce distinct mantle K isotopic end members.
© 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Continental weathering is the first and one of the key
steps in global elemental cycling (Goldich, 1938). It releases
elements from the continental crust into air, plants, and
rivers for a trip to the oceans. Weathering drives the chem-
ical evolution of the atmosphere, biosphere, hydrosphere,
and continents over geologic time-scales (Brantley et al.,
2011; Berner and Berner, 2012).
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Continental weathering exerts a primary control on glo-
bal isotopic budgets; it commonly produces large isotope
fractionations that ultimately leads to the formation of dis-
tinct isotopic reservoirs (Valley and Cole, 2001; Teng et al.,
2017). For example, chemical weathering shifts the isotopic
composition of the hydrosphere and continents away from
that of the mantle (e.g., Li and Mg isotopes, Penniston-
Dorland et al., 2017; Teng, 2017), which lays the founda-
tion for using stable isotopes as tracers of crustal cycling
(Teng et al., 2019).

Recent development of K isotope geochemistry has doc-
umented large K isotopic variations (up to 2%o) that greatly
exceed analytical precision (<%0.06%o, 20) in terrestrial
rocks (Wang and Jacobsen, 2016a, 2016b; Li et al., 2016,
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2017; Parendo et al., 2017; Hu et al., 2018; Morgan et al.,
2018; Chen et al.,, 2019a, 2019b; S.L. Li et al., 2019;
Tuller-Ross et al., 2019; Xu et al., 2019; Huang et al.,
2020; Sun et al., 2020). These studies indicate that the
hydrosphere, especially seawater, has a homogenous and
overall heavy K isotopic composition (Hille et al., 2019),
whereas continental crustal rocks have highly heteroge-
neous and, on average, light K isotopic compositions
(Huang et al., 2020). This large (~0.6%0) K isotopic differ-
ence between seawater and continental crust may reflect
the influence of chemical weathering by analogy to other
stable isotopes (e.g., Li and Mg isotopes, Penniston-
Dorland et al., 2017; Teng, 2017). However, to date, few
studies have been carried out to study the behavior of K
isotopes during chemical weathering (S.L. Li et al., 2019;
Huang et al., 2020).

Potassium is a major element in rivers (average
K =0.78 ppm) (Gaillardet et al., 1999) and continental
crust (average K,O = 1.81 wt%), particularly in the upper
crust (average K,O = 2.8 wt%) (Rudnick and Gao, 2003).
Granite, among all types of crustal rocks, is the most com-
mon K-rich rock and dominates the K budget of the upper
continental crust (Wedepohl, 1995). Therefore, studies of
chemical weathering of granite, a main source of K in the
hydrosphere, are essential for understanding K isotopic dis-
tribution and transport between the hydrosphere and conti-
nents, which places fudamental constraints on the global K
isotopic budget.

Here we report high-precision K isotopic data for sapro-
lites and related stream waters in a well-characterized, 40-
meter weathering profile developed on granite in the tropi-
cal environment of Guangdong, South China. To assess the
potential influence of protolith composition on K isotope
fractionation, we also studied a well-characterized weather-
ing profile developed on a diabase dike in the subtropical
environment of South Carolina, U.S.A. We found limited
K isotope fractionation during diabase weathering and sig-
nificant fractionation during granite weathering, mainly
reflecting their different degrees of K loss and different types
of protoliths. These observations provide the first direct evi-
dence for the preferential release of heavy K to the hydro-
sphere and the retention of isotopically light K in the
continental regolith. They further suggest that continental
weathering has a major control on the global K isotopic
budget by producing the isotopically heterogeneous hydro-
sphere and continental crust.

2. SAMPLES
2.1. Granite weathering profile, Guangdong

The Fogang granite formed between 190 and 150 Ma
and is located in Guangdong, South China (23°42'28.8"N,
113°30'14.4"E) in a tropical climate, with a mean annual
temperature of ~25 °C and annual precipitation of 800 to
2500 mm (Wang et al., 2018). The granite weathering pro-
file is located on a local hilltop ~28 m above the surround-
ing landscape. At the foot of this hill, a stream flows from
east to west.

To avoid samples that are significantly influenced by
biological activity, the top 1.5 m of the soil was discarded
and the underlying weathering profile was drilled 40 m
downwards until relatively unweathered parental rock was
reached (Fig. 1). The bottom section of the profile from
39.8 to 31.6 m is the relatively unweathered granite, con-
taining significant amounts of biotite (7.7%) and chlorite
(7.2%) in addition to quartz (25.6%), K-feldspar (30.7%),
and plagioclase (30.9%) (Wang et al., 2018). Towards the
surface, weathering intensity gradually increases. Biotite
and chlorite break down first and completely disappear at
30 m depth, followed by plagioclase that is completely
decomposed at 25 m depth. Due to the dissolution of these
minerals, the relative abundance of K-feldspar roughly
increases until 10 m depth, and subsequently decreases
upwards within the top 10 m of the profile. Secondary min-
erals (e.g., kaolinite and illite) start forming at about 25 m
depth and continue upwards through the whole profile
(Fig. 1). Among primary and secondary minerals, kaolinite
is the most suitable mineral index for weathering intensity
as it is the dominant secondary mineral; its abundance
increases systematically upwards as the intensity of weath-
ering increases (Fig. 1).

These mineralogical changes are also reflected in the
chemical variations along the weathering profile, e.g.,
MgO and CaO contents decrease dramatically in the initial
stage of weathering, reflecting the dissolution of mafic min-
erals and plagioclase (Wang et al., 2018). The K,O concen-
tration increases with the abundance of K-feldspar, and to
a lesser extent, illite, in the weathering profile (Fig. 2). This
is consistent with the fact that mineral-bound K is partially
released into solution during weathering and that K-
feldspar and illite are the major mineral hosts for K during
granite weathering.

Eight stream water samples were collected at the base of
the hill at different times over a year. They were filtered
through 0.45 ym Millipore membrane filters in the field,
and acidified immediately to pH <2 using distilled nitric
acid and then stored in polyethylene plastic bottles (Wang
et al., 2018).

2.2. Diabase weathering profile, South Carolina

The diabase weathering profile formed during the Pale-
ogene in a humid, subtropical climate on a diabase dike
in South Carolina, U.S.A. (33°58'09"N, 81°3'7"W)
(Gardner et al., 1981). Unweathered diabase contains sig-
nificant amounts of talc (20%) and chlorite (8%), in addi-
tion to plagioclase (40%), clinopyroxene (29%), and
opaque minerals (3%) (Gardner et al., 1981). Saprolite sam-
ples were collected along a 11 m vertical profile through the
center of the dike (Fig. 3). As the intensity of weathering
increases towards the surface, talc and chlorite were weath-
ered first, followed by clinopyroxene and plagioclase
(Gardner et al., 1981). Kaolinite, smectite, and Fe-oxides
are the main weathering products (Gardner et al., 1981).
At a depth of ~2 m a discontinuity is recorded in the clay
mineralogy and chemical composition (Gardner and
Kheoruenromne, 1980; Gardner et al., 1981). This
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Fig. 1. Sketch of cross-section of the granite weathering profile (modified from Wang et al., 2018) and variations in key mineral abundances
along the profile, with relatively unweathered granite at the bottom and an increasing degree of weathering upwards. Data in this and the

following figures are reported in Tables 1-3.
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Fig. 2. Variation of K,O content with depth, illite, and K-feldspar
abundances in the granite weathering profile.

discontinuity was interpreted to reflect a change in redox,
with the upper profile being more oxidized and lacking side-
rite, and the lower portion being more reduced and contain-
ing siderite.

The weathering intensity recorded by the saprolites
increases upwards, as indicated by increasingly lower den-
sity, higher CIA (chemical index of alteration, see Table |
for definition) values (up to 95) and large isotopic varia-

tions in Li, Mg, Cu, and Fe (Gardner et al., 1981;
Rudnick et al., 2004; Teng et al., 2010; Liu et al., 2014).
Compared to other major elements (e.g., Al, Fe, Ca, and
Mg), the K,O concentrations show smaller variations and
are equal to or higher in saprolites than in the unweathered
diabase (Fig. 3) (Gardner et al., 1981).

Nine saprolite samples from the weathering profile
below the 2 m discontinuity and one unweathered diabase
from 30 m depth were analyzed for K isotopes. Archived
samples are not available above the discontinuity and,
therefore, not analyzed here.

3. ANALYTICAL METHODS

The rock powders and stream waters investigated here
are the same as those used in previous studies for character-
izing their mineralogical, elemental and isotopic composi-
tions (Gardner et al., 1981; Rudnick et al., 2004; Teng
et al., 2010; Liu et al., 2014; Wang et al., 2018). Potassium
isotopic analyses were performed at the Isotope Laboratory
of the University of Washington, Seattle, following estab-
lished procedures (Hu et al., 2018; Xu et al., 2019). In brief,
samples and standards were dissolved in a mixture of con-
centrated HF-HNO3-HCI acids. Potassium is separated
from matrix elements through cation exchange chromatog-
raphy with Bio-Rad AG 50 W-X8 cation exchange resin
(200400 mesh) in 0.5 N HNO; media. The procedure
was repeated to obtain pure K solution for mass spectrom-
etry. The K yield is close to 100% and the total procedure
blank is <9 ng. The purified K from the sample was intro-
duced into a “cold plasma” via a DSN-100 desolvation sys-
tem with the RF forward power ranging from 750 to
850 W. The K isotopes were measured by the standard-
sample bracketing method using a Nu Plasma II MC-
ICPMS. The intensity of “°K was not measured due to iso-
baric interference of *°Ar. Only *°K and *'K were measured
in pseudo high-resolution mode at the interference-free
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Fig. 3. Sketch of cross-section of the diabase weathering profile (modified from Rudnick et al., 2004) and variations in density, CIA, and K,O
content along the profile, with unweathered diabase at the bottom and increasing degree of weathering upwards. See footnote to Table 1 for

definition of CIA.

shoulders of *K and *'K. The K isotopic data are reported
relative to the NIST K standard SRM 3141a (Hu et al.,
2018):

541K(%0) _ {( (41K/ 391<)sample

41K/ 39I<)SRM3I4111

The long-term external precision, based on replicate
analysis of geostandards and seawater samples, is <0.06%o
(95% confidential interval) (Hu et al., 2018). Granite and
basalt standards as well as Hawaiian seawater analyzed
during the course of this study are within the uncertainty
of previously published results (Tables 1-3) (Chen et al.,
2019b; Hille et al., 2019; Xu et al., 2019).

— 1} x 1000

4. RESULTS

The unweathered South Carolina diabase has a §*'K of
—0.475 £ 0.028%o. Saprolites developed on the diabase dis-
play a narrow range in 8*'K of —0.462 =+ 0.028%. to
—0.396 + 0.035%o (Fig. 4). By contrast, $*'K values in the
granite weathering profile decrease systematically from
—0.493 £+ 0.030%0 in unweathered granite samples at the
bottom of the drill core to —0.628 4-0.021%0 in highly-
weathered saprolites approaching the surface (Fig. 5).

Stream waters collected near the granite weathering pro-
file display a large range in 8*'K (—0.709 +£0.017 to
—0.339 £+ 0.018%0), encompassing the values of relative-
lyunweathered granites and saprolites (Fig. 6). All but
one sample (LD-RW20141117) have K isotopic composi-
tion similar to or heavier than the unweathered granite.
Sample LD-RW20141117 has the lightest K isotopic com-
position ever reported for river waters (Fig. 6).

5. DISCUSSION

Saprolites developed on the diabase from South Caro-
lina are highly weathered, as indicated by their extremely
low density and high CIA values (Fig. 3). However, the K
isotopic variation within the weathering profile is limited,
barely beyond the analytical uncertainty, and does not cor-
relate with indexes of weathering such as depth and CIA

values (Fig. 4). The lack of K isotope fractionation is con-
sistent with the conservative behavior of K during chemical
weathering of the diabase. Even though these samples are
highly weathered, K content does not change systemati-
cally, with 1 K,O (see Table 3 for definition of Tt K,0) vary-
ing from —35% to 36%, indicating that some samples lost K
while others gained K during weathering (Fig. 4). There-
fore, large K isotope fractionation might only occur when
a significantly greater amount of K is mobilized during
weathering.

By contrast, K isotopes are significantly and systemati-
cally fractionated within the granite weathering profile.
As inter-mineral K isotope fractionation is limited at mag-
matic temperatures (<0.06%o0, Y.H. Li et al., 2019; Zeng
et al., 2019) and K-feldspar is the dominant K-rich mineral
in these granites, the observed isotopic variation is unlikely
to be produced by preferential leaching of different igneous
minerals. Instead, the isotopic fractionation must have been
generated during chemical weathering. This is strongly sup-
ported by the negative correlations between 3*'K and inten-
sity of chemical weathering, as measured by sample depth,
CIA, and kaolinite abundance (Fig. 5). The heavily weath-
ered samples at the top of the profile are enriched in light K
isotopes compared to relatively unweathered granites at the
bottom, suggesting that light K isotopes are preferentially
retained in the weathered regolith relative to fluids. This
interpretation is further supported by the variable but over-
all isotopically heavy K in the stream waters (Fig. 5).

Given the limited fractionation observed in the diabase
weathering profile, the discussion below focuses on the
factors controlling K isotope fractionation during granite
weathering, followed by their implications for global K
isotopic mass balance.

5.1. Mechanisms for K isotope fractionation during granite
weathering

K-feldspar is the major host of K in the unweathered
granites; hence, the behavior of K isotopes during weather-
ing is dominated by the incongruent weathering of
K-feldspar, which breaks down to illite, then to kaolinite,
accompanied by the release of soluble silica and K cations



Table 1
Potassium isotopic compositions of granite standard G-2, unweathered granites, and saprolite samples from Guangdong, China.

Sample Depth (m) K-feldspar Tllite (wt.%)  Kaolinite (wt.%)  Illite/K- K0 (wt.%) 1 K0 (%) CIA 3K (%o) 2SD (%o) 95% cd. (%) N
(wt. %) feldspar

TT-1 1.0 42 4.2 57.0 1.00 1.65 —80 90 —0.649 0.060 0.048 4
Replicate —0.623 0.057 0.024 8
Average —0.628 0.021

TT-2 2.0 20.0 9.3 43.6 0.47 343 —55 79 —0.599 0.153 0.071 7
TT-3 3.0 18.1 12.1 40.7 0.67 3.51 —43 75 —0.591 0.051 0.024 7
TT-4 4.0 23.7 124 35.7 0.52 5.27 —18 63 —0.602 0.106 0.055 6
TT-5 5.0 21.7 12.5 29.6 0.58 4.71 -23 64 —0.597 0.078 0.048 5
TT-6 6.0 16.4 9.5 34.2 0.58 5.24 —18 70 —0.577 0.019 0.012 5
TT-10 10.0 39.1 3.5 25.7 0.09 6.27 -3 68 —0.544 0.088 0.054 5
TT-12-2 12.5 49.9 7.9 21 0.16 7.33 14 65 —0.572 0.072 0.038 6
TT-13-2 13.5 29.1 33.6 5.12 —15 70 —0.586 0.127 0.067 6
TT-14-2 14.5 53.8 25.1 6.51 12 58 —0.572 0.092 0.048 6
TT-16 16.0 55.9 7.3 20.9 0.13 7.56 22 60 —0.508 0.065 0.040 5
TT-17-3 17.7 27.5 12.5 31 0.45 5.76 —14 63 —0.499 0.064 0.033 6
TT-25-3 25.5 57.8 5.4 9.8 0.09 6.50 9 61 —0.525 0.096 0.077 4
TT-27-1 27.0 437 9.9 10 0.23 6.83 15 57 —0.548 0.038 0.023 5
TT-28-3 28.5 54.7 5.4 11.3 0.10 6.46 -1 61 —0.516 0.075 0.039 6
TT-29-2 29.3 38.3 8.4 7.7 0.22 5.53 -7 63 —0.527 0.033 0.020 5
TT31-4 31.6 27.6 4.85 —11 53 —0.493 0.057 0.030 6
TT34-4 34.6 37.9 6.45 3 51 —0.506 0.078 0.036 7
TT39-3 394 23.8 5.77 -3 48 —0.496 0.098 0.041 8
G-2 —0.448 0.057 0.026 7
Duplicate —0.448 0.038 0.031 4
Duplicate —0.461 0.066 0.041 5
Average —0.450 0.018

Note 1. To evaluate the relative mobilization of K,O during weathering, the T K,O was used and calculated using the following the equation: T K,0 (%) = 100 x [(K,O/ALO;); — (K,O/ALOs),)/
(K»0/ALO5),, where (K,O/ALO3); is the ratio of K,O to Al,O; in weathering products, and (K,O/Al,O3), is that in the parent (unweathered) rocks.

Note 2. Chemical index of alteration (CIA) is defined as molar Al,O3/(Al,0; + CaO* + Na,O + K,0), where CaO* is the amount of CaO in silicates, which has been used to measure the
transformation of feldspar to clay minerals and the degree of chemical weathering (Nesbitt and Young, 1982).

Note 3. 2SD represents two standard deviation; 95% c.i. = 95% confidence interval, represents two standard error corrected by the Student’s t factor; N = number of analyses. See Hu et al. (2018)
for more details.

Note 4. Replicate represents repeat sample dissolution, column chemistry, and instrumental analysis. Duplicate represents repeat analyses of the same K cut in different instrumental analytical
sessions. Average represents error weighted values.

Note 5. Depth, mineral abundance and major elemental data are from Wang et al. (2018).

122192 (020T) $LT ©IOY BOIWIYOOWSOD) 19 BOIWUIYI03D) /8 33 BUSL "Z-'d

74



266 F.-Z. Teng et al./ Geochimica et Cosmochimica Acta 278 (2020) 261-271

Table 2

Potassium isotopic compositions of seawater standard and stream water samples from Guangdong, China.

Sample Sampling date pH K (ppm) Na (ppm) S*K (%o) 2SD (%o) 95% c.i. (%o) N
LD-RW20140917 09/17/2014 6.83 2.94 4.66 —0.494 0.089 0.040 6
Replicate —0.451 0.032 0.020 7
Average —0.460 0.018

LD-RW20141117 11/17/2014 6.85 3.70 6.11 —0.701 0.001 0.069 2
Replicate —0.710 0.067 0.018 9
Average —0.709 0.017

LD-RW20150117 01/17/2015 6.76 2.71 5.14 —0.458 0.081 0.044 5
Replicate —0.429 0.082 0.016 8
Average —0.432 0.015

LD-RW20150316 03/16/2015 6.67 3.20 6.08 —0.537 0.120 0.049 4
Replicate —0.457 0.030 0.020 7
Average —0.468 0.019

LD-RW20150518 05/18/2015 6.35 2.56 391 —0.454 0.047 0.044 5
Replicate —0.432 0.025 0.017 7
Average —0.435 0.016

LD-RW20150727 07/27/2015 6.51 2.54 4.42 —0.424 0.033 0.049 4
Replicate —0.381 0.067 0.016 8
Average —0.385 0.015

LD-RW20150929 09/29/2015 6.51 2.76 4.87 —0.331 0.053 0.049 4
Replicate —0.340 0.050 0.019 8
Average —0.339 0.018

LD-RW20151125 11/25/2015 6.42 2.47 5.16 —0.404 0.110 0.037 7
Replicate —0.396 0.035 0.017 7
Average —0.397 0.015

Seawater 0.136 0.025 0.034 5
Replicate 0.153 0.035 0.022 6
Duplicate 0.134 0.030 0.018 6
Duplicate 0.144 0.043 0.040 6
Average 0.141 0.012

Note 1. 2SD represents two standard deviation; 95% c.i. = 95% confidence interval, represents two standard error corrected by the Student’s t

factor; N = number of analyses. See Hu et al. (2018) for more details.

Note 2. Replicate represents repeat sample dissolution, column chemistry, and instrumental analysis. Duplicate represents repeat analyses of
the same K cut in different instrumental analytical sessions. Average represents error weighted values.
Note 3. Sampling date, pH, K and Na contents of stream water are from Wang et al. (2018).

into solutions. These reactions can be simplified to the
following two steps:

1) 3 KAISi;05 + 2H" + 12 H,0 = KA13Si30,(OH), + 6 HySiO4 + 2 K*

K-feldspar illite (muscovite) soluble silica

2) 2 KALSi3010(OH), + 2H" + 3 H,0 = 3 AL,Si,Os(OH)4 + 2 K*

illite kaolinite

Potassium isotope fractionation can potentially occur
(1) between dissolved K* and K-bearing minerals in both
steps, (2) between different minerals in both steps, and (3)
between adsorbed-K in kaolinite and structurally-bound
K in illite in step 2. Although the last process is capable
of producing large isotope fractionations in some stable iso-
tope systems such as Mg, Cu, and Zn (see reviews of
Moynier et al., 2017; Teng, 2017), it is unlikely to be the
main cause for the K isotopic variation in the saprolite,
as K-feldspar and illite, instead of kaolinite, dominate the

K budget even in the most weathered samples. Therefore,
the first two processes are likely responsible for fractionat-
ing K isotopes during weathering of the granite.

Large isotope fractionation between dissolved K* and
silicate-hosted K is supported by the overall isotopically
heavy stream waters relative to the saprolites (Fig. 5). The
one stream sample (LD-RW20141117) with the unusually
low 8*'K also has the highest Na and K contents and pH
(Fig. 6), which might reflect inheritance of K from the com-
plete dissolution of isotopically light saprolites formed dur-
ing a more advanced stage of weathering. The mineral
dissolution process can be approximated by Rayleigh distil-
lation, with light K isotopes preferring saprolites (e.g., K-
feldspar and illite) to waters. The apparent o [o0 = (*'K/>°-
K)saprotite/ (Y K/ K)auia] values vary from 0.99992 to
0.9996 (Fig. 7), which corresponds to a range of K isotope
fractionation between saprolite and fluid from —0.08%o to
—0.4%o. This range in o overlaps with the calculated K iso-
tope fractionation between illite and water (ca. —0.2%o)
(Zeng et al., 2019); however, it differs from another theoret-
ical study, which suggests that muscovite is enriched in
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Table 3
Potassium isotopic compositions of basalt standard BHVO-1, unweathered diabase (M-20), and saprolite samples from South Carolina,
US.A.

Sample Depth (m) Density (Kg/cm?) K,0 (wt.%) T K0 (%) CIA 3K (%o) 2SD (%o) 95% c.i. (%o) N
M-7 3.0 1.0 0.34 -35 95 —0.403 0.106 0.025 10
Replicate —0.417 0.075 0.039

Average —0.407 0.021

M-8 4.0 1.0 0.36 =32 95 —0.478 0.078 0.040 6
Replicate —0.446 0.072 0.039 6
Average —0.462 0.028

M-9 5.0 1.2 0.46 3 93 —0.427 0.079 0.044 5
M10 6.0 1.4 0.48 2 91 —0.396 0.077 0.035 8
M-12 8.0 2.3 0.43 26 55 —0.450 0.063 0.036 7
M-14 10.0 1.7 0.56 31 90 —0.454 0.075 0.036 7
L14-8 10.0 2.5 0.37 14 49 —0.407 0.082 0.044 7
L14-9 10.0 2.5 0.39 24 46 —0.401 0.075 0.047 6
M-15 11.0 1.9 0.56 36 88 —0.451 0.095 0.044 7
M-20 30.0 3.0 0.32 0 45 —0.459 0.053 0.036 7
Replicate —0.498 0.067 0.044 7
Average —0.475 0.028

BHVO-1 —0.396 0.066 0.032 6
Duplicate —0.406 0.023 0.044 5
Average —0.399 0.026

Note 1. To evaluate the relative mobilization of K,O during weathering, the t K,O was used and calculated by following the equation: t K,O
(%) =100 x [(K,0/AL,O3); — (K20/ALO;),J/(K,0/ALLOs),, where (K,0/AlLO3); is the ratio of K,O to Al,O5 in weathering products, and
(K,0/AL05),, is that in the parent (unweathered) rocks.

Note 2. Chemical index of alteration (CIA) is defined as molar Al,03/(Al,03 + CaO* + Na,O + K,0), where CaO* is the amount of CaO in
silicates, which has been used to measure the transformation of feldspar to clay minerals and the degree of chemical weathering (Nesbitt and
Young, 1982).

Note 3. 2SD represents two standard deviation; 95% c.i. = 95% confidence interval, represents two standard error corrected by the Student’s t
factor; N = number of analyses. See Hu et al. (2018) for more details.

Note 4. Replicate represents repeat sample dissolution, column chemistry, and instrumental analysis. Duplicate represents repeat analyses of
the same K cut in different instrumental analytical sessions. Average represents error weighted values.

Note 5. Depth, density and K,O data are from Gardner et al. (1981).

heavy K isotopes by ~0.5%0 compared to water, while K- weathering, ocean chemistry, crustal cycling, and mantle
feldspar is depleted by ~0.3%c at room temperature (Y.H. heterogeneity.
Li et al., 2019). The contribution of chemical weathering to global ele-
Our saprolite data suggest that illite is enriched in light mental distribution and cycling has been well documented
K isotopes compared to K-feldspar. This is indicated by (Berner and Berner, 2012). Our results here suggest that
the negative trend between 3*'K and the illite/K-feldspar chemical weathering also governs global K isotopic distri-
ratio, where more deeply weathered saprolite samples tend bution and is the major process that produces the comple-
to have higher illite/K-feldspar ratios and lower §*'K val- mentary and highly heterogeneous K isotopic compositions
ues (Fig. 7). To account for the isotopically heavy K in of crustal rocks and rivers. Furthermore, our data reveal a
stream waters, mass balance also suggests that illite in the strong negative correlation between 8*'K and indexes of
saprolite is enriched in light isotopes relative to K- chemical weathering, and hence greater K isotopic varia-
feldspar in the unweathered granite. Our conclusion is fur- tion would be expected to occur at extreme weathering con-
ther supported by the recent theoretical calculation suggest- ditions. The most weathered sample in the granite
ing that illite is ~0.3%o lighter than K-feldspar (Zeng et al., weathering profile still contains 1.5 wt.% K,O after losing
2019). Nonetheless, the fractionation between illite and K- ~80% K,0. As weathering intensifies, the enhanced K loss
feldspar suggested here might reflect kinetic processes in the saprolite will lead to an even lighter K isotopic com-
instead of equilibrium fractionation, considering the slug- position. For example, a saprolite sample with a K,O con-
gishness of isotope exchange at room temperature. tent of 0.5 wt.% would have a 8*'K value of —0.9%o,
assuming a fractionation factor o =0.99985. The highly
5.2. Implications for K isotope fractionation during chemical heterogeneous K isotopic values in weathered products
weathering can thus be accounted for by varying degrees of chemical
weathering.
Our study demonstrates that large K isotope fractiona- The highly variable and commonly heavy K isotopic
tion occurs during chemical weathering, with fluids taking composition of stream waters studied here is complimen-
heavy K isotopes. This finding has important implications tary to the variably light weathered residues resulting from

for using K isotope geochemistry to trace continental differential weathering. Furthermore, K is biologically
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Fig. 4. Plots of 8*'K versus depth, CIA and t K,O of saprolites
from the diabase weathering profile in South Carolina. See
footnote to Table 1 for definition of CIA and t© K,O. Stars
represent unweathered diabase. Error bars in this and the following
figure represent 95% confidence interval.

active and is enriched in plants. Biological processes are
expected to play a role in fractionating K isotopes during
weathering (Li et al., 2016; Christensen et al., 2018). Thus,
chemical weathering, combined with contributions from
heterogeneous bedrocks and plants, might be responsible
for the large K isotopic variations observed in other rivers
(S.L. Li et al., 2019).

Our results also provide insight into the K isotopic bal-
ance of the oceans. The average 3*'K of stream samples in
our study is lower than that of the seawater. Similar
results have also been observed for rivers from other loca-
tions (S.L. Li et al., 2019). Hence, the K isotopic compo-
sition of seawater is controlled by other processes in
addition to the riverine inputs, which are required to
either remove light K isotopes from, or add heavy K iso-
topes to the oceans in order to shift the bulk oceanic 8*'K
to the current value of 0.14%0 (Hille et al., 2019). The K
elemental budget of the oceans is mainly controlled by
inputs from continental runoff (mainly riverine input)
and high-temperature hydrothermal activity, and by
outputs to low-temperature alteration of seafloor basalts
and sediments (reverse weathering, diagenetic K fixation,
cation exchange) (Berner and Berner, 2012). Large K iso-
topic variation has recently been observed in ophiolites
and pore fluids (Parendo et al., 2017; Santiago Ramos
et al., 2018). These studies indicate that K isotopes are
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Fig. 5. Potassium isotope fractionation along the granite weath-
ering profile, with progressively lower 8*'K values in more intensely
weathered saprolites as indicated by shallower depth, higher CIA
and higher kaolinite abundance. Stars represent the average of the
relatively unweathered granites. Nearby stream waters are also
plotted for comparison. See footnote to Table | for definition of
CIA.

not quantitatively removed from seawater to altered prod-
ucts, and the large K isotope fractionation associated with
oceanic sinks might be responsible for balancing the sea-
water isotopic budget. Thus, secular variations of seawater
K isotopic compositions may prove to be a powerful tra-
cer of continental weathering, atmospheric evolution, and
hydrothermal activity over geologic time.

Our study, together with recent literature (Parendo
et al., 2017; Santiago Ramos et al., 2018; Huang et al.,
2020), shows that large K isotope fractionation occurs dur-
ing water-rock interactions, especially at low temperatures,
similar to other stable isotope systems (Valley and Cole,
2001; Teng et al., 2017). These processes result in highly
heterogeneous K isotopic distribution in both continental
crust (Huang et al., 2020) and subducting slabs. This iso-
topic heterogeneity, coupled with variable but generally
high K concentration in crustal materials, makes K isotopes
a powerful tracer of crustal cycling in the mantle (e.g., Sun
et al., 2020).



F.-Z. Teng et al./ Geochimica et Cosmochimica Acta 278 (2020) 261-271 269

0.2

I O
02 r 9.0 o,

I O
waf’ PR

-0.6

4K (%0)

08 mbm—r———™—m—m————————————

0.2

02 | o9 o
04 | ° ﬁd%m%
06 |

r (]
0.8

341K (%o)
m}

1 10 100
Na (ppm)
0.3

-0.4 ]

(S]]

-0.5

K (%)

-0.6
0.7 =

-0.8 — T
6.3 6.4 6.5 6.6 6.7
pH

6.8 6.9

Fig. 6. Potassium isotopic variation versus water compositions (K,
Na and pH) for nearby streams measured in this study (filled
squares) and rivers from the literature (open squares) (S.L. Liet al.,
2019).

6. CONCLUSIONS

High-precision K isotopic data for saprolites developed
on diabase and granite weathering profiles, as well as data
from local stream waters, lead to the following conclusions:

1. Saprolites from the diabase weathering profile are heav-
ily weathered, but display limited K isotopic variation,
which mainly reflects the conservative behavior of K
during diabase weathering, with >50% of the original
K remaining in the saprolites.

2. Saprolites from the granite weathering profile show sig-
nificant and systematic K isotope fractionation
(~0.15%o0). Nearby stream waters display a slightly larger
range (~0.37%0) in 8*'K.

3. The large variation in 8*'K in the granitic saprolites
results from isotope fractionation during chemical
weathering, as indicated by the negative correlation
between 8*'K with various indexes of weathering (e.g.,
sample depth, CIA, and kaolinite abundance).

4. Light K isotopes partition into weathered residues rela-
tive to fluids, as supported by the isotopically light
saprolites and overall isotopically heavy stream water
samples.
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Fig. 7. Plots of 8*'K versus illite/K-feldspar (top panel) and versus
T K,O (bottom panel). Dotted lines in the bottom panel depict K
removal via Rayleigh distillation for different values of the
fractionation factor o [=(*"K/*K)suprotite/(*'K/*K)auia]. Stars
represent the average of the relatively unweathered granites.

5. Continental weathering fractionates K isotopes signifi-
cantly and is thus one of the main processes producing
highly heterogeneous rivers and crustal rocks.

6. Large K isotope fractionation produced by fluid-rock
interactions at Earth’s surface, coupled with variably
high K contents in surface materials, makes K isotopes
a potentially powerful tracer of crustal recycling into
the mantle.
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APPENDIX A. SUPPLEMENTARY MATERIAL

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2020.02.029.

REFERENCES

Berner E. K. and Berner R. A. (2012) Global Environment: Water,
Air and Geochemical Cycles. Princeton University Publisher,
488 pp.

Brantley S. L., Megonigal J. P., Scatena F. N., Balogh-Brunstad Z.,
Barnes R. T., Bruns M. A., Van Cappellen P., Dontsova K.,
Hartnett H. E., Hartshorn A. S., Heimsath A., Herndon E., Jin
L., Keller C. K., Leake J. R., McDowell W. H., Meinzer F. C.,
Mozdzer T. J., Petsch S., Pett-Ridge J., Pregitzer K. S.,
Raymond P. A., Riebe C. S., Shumaker K., Sutton-Grier A.,
Walter R. and Yoo K. (2011) Twelve testable hypotheses on the
geobiology of weathering. Geobiology 9(2), 140-165.

Chen H., Meshik A. P., Pravdivtseva O. V., Day J. M. D. and
Wang K. (2019a) Potassium isotope fractionation during high-
temperature evaporation determined from the Trinity nuclear
test. Chem. Geol. 522, 84-92.

Chen H., Tian Z., Tuller-Ross B., Korotev R. L. and Wang K.
(2019b) High-precision potassium isotopic analysis by MC-
ICP-MS: an inter-laboratory comparison and refined K atomic
weight. J. Anal. At. Spectrom. 34(1), 160-171.

Christensen J. N., Qin L., Brown S. T. and DePaolo D. J. (2018)
Potassium and calcium isotopic fractionation by plants (soy-
bean [Glycine max], rice [oryza sativa], and wheat [triticum
aestivum)). ACS Earth Space Chem. 2, 745-752.

Gaillardet J., Dupre B., Louvat P. and Allegre C. J. (1999) Global
silicate weathering and CO2 consumption rates deduced from
the chemistry of large rivers. Chem. Geol. 159(1-4), 3-30.

Gardner L. R. and Kheoruenromne 1. (1980) Siderite veins in
saprolite, Cayce, South Carolina. South Carolina. Geology 24
(1), 29-31.

Gardner L. R., Kheoruenromne I. and Chen H. S. (1981) Geochem-
istry and mineralogy of an unusual diabase saprolite near
Columbia, South Carolina. Clays Clay Miner. 29(3), 184-190.

Goldich S. S. (1938) A study in rock weathering. J. Geol. 46, 17-58.

Hille M., Hu Y., Huang T.-Y. and Teng F.-Z. (2019) Homoge-
neous and heavy potassium isotopic composition of global
oceans. Sci. Bullet. 64, 1740-1742.

Hu Y., Chen X.-Y., Xu Y.-K. and Teng F.-Z. (2018) High-
precision analysis of potassium isotopes by HR-MC-ICPMS.
Chem. Geol. 493, 100-108.

Huang T.-Y., Teng F.-Z., Rudnick R. L., Chen X.-Y., Hu Y., Liu
Y.-S. and Wu F.-Y. (2020) Heterogeneous potassium isotopic
composition of the upper continental crust. Geochimica et
Cosmochimica Acta 278, 122-136.

LiS. L., Li W. Q., Beard B. L., Raymo M. E., Wang X. M., Chen
Y. and Chen J. (2019) K isotopes as a tracer for continental
weathering and geological K cycling. Proc. Natl. Acad. Sci.
United States America 116(18), 8740-8745.

Li W., Beard B. L. and Li S. (2016) Precise measurement of stable
potassium isotope ratios using a single focusing collision cell
multi-collector ICP-MS. J. Anal. At. Spectrom. 31, 1023-1029.

Li W., Kwon K. D., Li S. L. and Beard B. L. (2017) Potassium
isotope fractionation between K-salts and saturated aqueous
solutions at room temperature: Laboratory experiments and
theoretical calculations. Geochim. Cosmochim. Acta 214, 1-13.

Li Y. H., Wang W. Z., Wu Z. Q. and Huang S. C. (2019) First-
principles investigation of equilibrium K isotope fractionation
among K-bearing minerals. Geochim. Cosmochim. Acta 264,
30-42.

Liu S.-A., Teng F.-Z., Li S., Wei G.-J., Ma J.-L. and Li D. (2014)
Copper and iron isotope fractionation during weathering and
pedogenesis: Insights from saprolite profiles. Geochim. Cos-
mochim. Acta 146, 59-75.

Morgan L. E., Ramos D. P. S., Davidheiser-Kroll B., Faithfull J.,
Lloyd N. S., Ellam R. M. and Higgins J. A. (2018) High-
precision “'K/*K  measurements by MC-ICP-MS indicate
terrestrial variability of 8*'K. J. Anal. At. Spectrom. 33(2),
175-186.

Moynier F., Vance D., Fujii T. and Savage P. S. (2017) The isotope
geochemistry of zinc and copper. Rev. Mineral. Geochem. 82,
543-600.

Nesbitt H. W. and Young G. M. (1982) Early Proterozoic climates
and plate motions inferred from major element chemistry of
lutites. Nature 299, 715-717.

Parendo C. A., Jacobsen S. B. and Wang K. (2017) K isotopes as a
tracer of seafloor hydrothermal alteration. Proc. Natl. Acad.
Sci. United States America 114, 1827-1831.

Penniston-Dorland S., Liu X.-M. and Rudnick R. L. (2017)
Lithium isotope geochemistry. Rev. Mineral. Geochem. 82, 165—
217.

Rudnick R. L. and Gao S. (2003) Composition of the continental
crust. In The Crust (ed. R. L. Rudnick). Treatise on Geochem-
istry, Elsevier-Pergamon, Oxford, pp. 1-64.

Rudnick R. L., Tomascak P. B., Njo H. B. and Gardner L. R.
(2004) Extreme lithium isotopic fractionation during continen-
tal weathering revealed in saprolites from South Carolina.
Chem. Geol. 212(1-2), 45-57.

Santiago Ramos D. P., Morgan L. E., Lloyd N. S. and Higgins J.
A. (2018) Reverse weathering in marine sediments and the
geochemical cycle of potassium in seawater: Insights from the K
isotopic composition (YK/*’K) of deep-sea pore-fluids. Geo-
chim. Cosmochim. Acta 236, 99-120.

Sun Y., Teng F.-Z., Hu Y., Chen X.-Y. and Pang K.-N. (2020)
Tracing subducted oceanic slabs in the mantle by using
potassium isotopes. Geochimica et Cosmochimica Acta 278,
353-360.

Teng F.-Z., Li W.-Y., Rudnick R. L. and Gardner L. R. (2010)
Contrasting behavior of lithium and magnesium isotope frac-
tionation during continental weathering. Earth Planet. Sci.
Lett. 300, 63-71.

Teng F.-Z., Watkins J. M. and Dauphas N. (2017) Non-traditional
stable isotopes. In Riviews in Mineralogy & Geochemistry, vol.
82, p. 885. Riviews in Mineralogy & Geochemistry. Mineralog-
ical Society of America and the Geochemical Soceity, Wash-
ington, D. C..

Teng F.-Z. (2017) Magnesium isotope geochemistry. Rev. Mineral.
Geochem. 82, 219-287.

Teng F.-Z., Wang S.-J. and Moynier F. (2019) Tracing the
formation and differentiation of the Earth by non-traditional
stable isotopes. Sci. China Earth Sci. 62, 1702-1715.

Tuller-Ross B., Marty B., Chen H., Kelley K. A., Lee H. and Wang
K. (2019) Potassium isotope systematics of oceanic basalts.
Geochim. Cosmochim. Acta 259, 144-154.

Valley J. W. and Cole D. R. (2001) Stable isotope geochemistry. In
Reviews in Mineralogy & Geochemistry, vol. 43663, p. pp.
Reviews in Mineralogy & Geochemistry. Mineralogical Society
of America and the Geochemical Soceity, Washington D. C.

Wang K. and Jacobsen S. B. (2016a) An estimate of the Bulk
Silicate Earth potassium isotopic composition based on MC-
ICPMS measurements of basalts. Geochim. Cosmochim. Acta
178, 223-232.

Wang K. and Jacobsen S. B. (2016b) Potassium isotopic evidence
for a high-energy giant impact origin of the Moon. Nature 538,
487-490.


https://doi.org/10.1016/j.gca.2020.02.029
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0005
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0005
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0005
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0010
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0010
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0010
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0010
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0010
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0010
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0010
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0010
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0015
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0015
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0015
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0015
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0020
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0020
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0020
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0020
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0025
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0025
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0025
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0025
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0030
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0030
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0030
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0035
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0035
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0035
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0040
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0040
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0040
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0045
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0050
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0050
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0050
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0055
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0055
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0055
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0060
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0060
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0060
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0060
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0065
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0065
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0065
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0065
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0070
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0070
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0070
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0075
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0075
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0075
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0075
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0080
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0080
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0080
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0080
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0085
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0085
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0085
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0085
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0090
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0090
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0090
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0090
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0090
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0090
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0090
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0090
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0095
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0095
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0095
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0190
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0190
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0190
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0100
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0100
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0100
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0105
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0105
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0105
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0110
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0110
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0110
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0115
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0115
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0115
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0115
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0120
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0120
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0120
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0120
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0120
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0120
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0120
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0125
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0125
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0125
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0125
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0130
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0130
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0130
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0130
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0135
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0135
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0135
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0135
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0135
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0140
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0140
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0145
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0145
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0145
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0150
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0150
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0150
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0155
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0155
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0155
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0155
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0160
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0160
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0160
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0160
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0165
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0165
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0165

F.-Z. Teng et al./ Geochimica et Cosmochimica Acta 278 (2020) 261-271 271

Wang Z., MaJ., LiJ., Wei G., Zeng T., Li L., Zhang L., Deng W., Zeng H., Rozsa V., Nie N. X., Zhang Z., Pham T. A., Galli G. and
Xie L. and Liu Z. (2018) Fe (hydro) oxide controls Mo isotope Dauphas N. (2019) Ab Initio calculation of equilibrium isotopic
fractionation during the weathering of granite. Geochim. fractionations of potassium and rubidium in minerals and

Cosmochim. Acta 226, 1-17. water. ACS Earth Space Chem.. https://doi.org/10.1021/
Wedepohl K. H. (1995) The composition of the continental crust. acsearthspacechem.9b00180.
Geochim. Cosmochim. Acta 59(7), 1217-1232.
XuY.K.,HuY. Chen X. Y., Huapg T.'Y., SlF:tLen R. S.', Zhu D. Associate editor- Brian W. Stewart
and Teng F. Z. (2019) Potassium isotopic compositions of
international geological reference materials. Chem. Geol. 513,
101-107.


http://refhub.elsevier.com/S0016-7037(20)30139-3/h0170
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0170
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0170
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0170
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0175
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0175
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0180
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0180
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0180
http://refhub.elsevier.com/S0016-7037(20)30139-3/h0180
https://doi.org/10.1021/acsearthspacechem.9b00180
https://doi.org/10.1021/acsearthspacechem.9b00180

	Potassium isotope fractionation during continental �weathering and implications for global K isotopic balance
	1 Introduction
	2 Samples
	2.1 Granite weathering profile, Guangdong
	2.2 Diabase weathering profile, South Carolina

	3 Analytical methods
	4 Results
	5 Discussion
	5.1 Mechanisms for K isotope fractionation during granite weathering
	5.2 Implications for K isotope fractionation during chemical weathering

	6 Conclusions
	Declaration of Competing Interest
	ack13
	Acknowledgements
	Appendix A Supplementary material
	Appendix A Supplementary material
	References


