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Abstract

Rubidium is an active element on Earth, but whether and how its isotopes fractionate during geological processes are not
known yet. In this study, we present data showing large variations in d87Rb in bulk samples and individual mineral species
from a granite weathering profile in South China as well as in surrounding stream water. The bulk samples show that the
mobility of Rb (sRbTiO2

) fluctuates dramatically from �42.0% to 259%, and d87Rb values vary from �0.30 ± 0.13‰ in the
unaltered bedrock to 0.04 ± 0.08‰ in the weathered saprolites. Significant isotopic variations exist among individual mineral
species. In the parent rock, biotite, chlorite, K-feldspar and plagioclase have the d87Rb values of �0.42‰, �0.30‰, �0.23‰
and +0.01‰, respectively. In weathered products, major Rb-bearing minerals are K-feldspar, illite and kaolinite. The d87Rb
values of K-feldspar range from �0.23‰ to 0.14‰, which are likely influenced by the secondary clay minerals adhered on the
surface. Illite is the intermediate secondary mineral during biotite and K-feldspar decomposition into kaolinite. The d87Rb
values of illite vary from �0.28‰ to �0.10‰. As the final product of chemical weathering in this profile, kaolinite has the
heaviest isotopic composition, with calculated d87Rb values ranging from �0.07‰ to 0.20‰. Chemical weathering drives
the d87Rb values of saprolites to become heavier. Nearby stream water has the average d87Rb value of �0.22‰, which is
slightly heavier than the value of parent rock but lighter than the saprolites at the upper part of the profile. Our results demon-
strate significant Rb isotope fractionation at the Earth’s surface and that adsorption and desorption of clay minerals play a
crucial role in triggering Rb isotope fractionation.
� 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Rubidium (Rb) is a moderately volatile (Lodders, 2003),
lithophile, fluid-mobile (You et al., 1996) element with an
atomic number of 37. Because of its high incompatibility
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(Mckenzie and O’Nions, 1991; Beattie et al., 1993), Rb is
enriched in highly differentiated magmatic rocks such as
pegmatites. Rb has two isotopes, 87Rb and 85Rb. 85Rb is
a stable isotope whereas 87Rb is a radioactive isotope
through a b- decay to 87Sr with a long half-life of
4.976 � 1010 y (Nebel et al., 2011b). Due to the long half-
life of 87Rb, we can regard them as stable isotopes in speci-
fic geological processes. Thanks to the advancement of
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chemical procedures and precision of mass spectrometry,
the reproducibility of d87Rb measurements has been
improved from 0.2 ~ 0.5‰ (2SD, standard deviation)
(Nebel et al., 2005; Nebel et al., 2011a) to 0.06‰ (Pringle
and Moynier, 2017; Zhang et al., 2018). Rb isotopes have
been demonstrated as a useful proxy for constraining the
origin of volatile element variations in the inner solar sys-
tem (Nebel et al., 2011a; Pringle and Moynier, 2017; Nie
and Dauphas, 2019; Zhang et al., 2021b). However, mea-
surements on terrestrial samples are limited and these sam-
ples display a very narrow range of d87Rb from �0.27‰ to
�0.05‰ during magmatic processes (Pringle and Moynier,
2017; Zhang et al., 2018; Nie and Dauphas, 2019). Signifi-
cant isotope fractionation may occurs in low-temperature
processes (Teng et al., 2017), but no investigation of Rb iso-
topes has been done on these processes yet.

Understanding whether and how Rb isotope fractiona-
tion occurs during low-temperature processes has impor-
tant implications. Continental weathering is a pivotal
process linking the atmosphere, hydrosphere, biosphere
and lithosphere, which shapes the Earth’s topography
(Berner and Berner, 2012), influences the ocean chemistry
(Opfergelt and Delmelle, 2012), affects the evolution and
development of terrestrial ecosystems (Carey et al., 2005)
and also regulates the global climate by removing CO2 from
the atmosphere (Raymo et al., 1988; Gaillardet et al., 1999;
Dessert et al., 2003; Calmels et al., 2014). Alkali elements
show great potential in tracing continental weathering,
because of their fluid-mobility, only + 1 valence state,
and high abundance in continental crust (Nesbitt et al.,
1980). Li and K isotopes are also proven to be powerful
tracers for weathering processes (Teng et al., 2010; Misra
and Froelich, 2012; Lechler et al., 2015; Santiago et al.,
2018; Sun et al., 2018; Li et al., 2019; Chen et al., 2020;
Teng et al., 2020). The establishment of a high precision
Rb isotope analytical method makes it possible to explore
whether Rb isotopes can be a weathering tracer like Li
and K isotopes. In addition, Rb behaves slightly different
from Li and K during weathering (Nesbitt et al., 1980,
Teppen and Miller, 2006). The K/Rb ratio (g/g) is fraction-
ated dramatically during continental weathering, 232 in the
crust but 1000 and 3765 in rivers and seawater, respectively
(Fabricand et al., 1966; McDonough and Sun, 1995;
Wedepohl, 1995; Peltola et al., 2008). The enrichment
degree of alkali metal elements in chemical weathering
products is often observed as follows: Cs+＞Rb+>K+>Li+

(Pauley, 1953; Teppen and Miller, 2006; Zaunbrecher et al.,
2015). Whether these differences are also reflected in iso-
topes is unknown.

Therefore, we investigate Rb isotope fractionation on a
well-characterised profile derived from granite weathering
in Fogang, Guangdong Province, South China. The varia-
tions in Rb concentrations, Rb mobility of weathering
products (sRbTiO2

) and Rb isotopic composition (d87Rb)
of the bulk samples in the 40 m-long weathering profile
are studied. In addition, individual minerals from seven dif-
ferent bulk samples at different weathering stages, and
stream water near the weathering profile are analysed to
reveal the distribution of Rb and its isotopes during weath-
ering processes. Our work confirms Rb isotope fractiona-
tion during granite chemical weathering and clay minerals
have a major control on the fractionation.

2. STUDY AREA AND SAMPLES

The Fogang granite is one of the Early Yanshanian
granites in Southeast China (Fig. 1a), which was formed
at 160 ± 5 Ma (Li et al., 2009). It is the largest Mesozoic
batholith in the Nanling Range with an outcrop of
~6000 km2 (Fig. 1a) (Li et al., 2009). This region has a
warm and humid tropical climate and is influenced by the
East Asian monsoon, with mean annual temperature of
25 �C, and annual precipitation ranges from 800 to
2500 mm (mean: 1600 mm) (Wang et al., 2018). High tem-
peratures and abundant precipitation create favourable
conditions for chemical weathering.

The studied weathering profile (23�42028.800N, 113�30014.
400E) is located on a small hilltop ~28 m above the sur-
rounding landscape with a gentle slope of 25� (Wang
et al., 2018). A stream flows from east to west at the foot
of the hill, which is primarily fed by water from the sur-
rounding mountains and merges into the Beijiang River
(Fig. 1a). Samples are from a drill core with the top
1.5 m of the soil being discarded. Previous study divided
the remaining 40 m-long drill core into four sections, which
are, from the bottom, relatively non-weathered parental
rock (39.8 m � 31.6 m), slightly weathered granite
(31.6 m � 29.3 m), moderately weathered granite (29.3 m
� 16.0 m) and highly weathered saprolites and soil
(16.0 m � 0.0 m), on the basis of the colour and mineral
assemblage (Wang et al., 2018). A simplified section of
Fogang granite weathering profile is illustrated in Fig. 1b.

Here, thirty-three bulk samples throughout the weather-
ing profile were selected to reveal the behaviour of Rb and
its isotopes during the weathering process (Fig. 1b). Con-
sidering significant changes in mineral assemblages during
chemical weathering, we also separated individual minerals
from seven bulk samples to investigate their Rb concentra-
tions and isotopic ratios. Six water samples from the stream
at the foot of the hill over different months were collected to
explore the relationship of Rb isotopic composition
between the stream water and the weathered saprolites.

3. ANALYTICAL METHODS

All laboratory work was carried out at the State Key
Laboratory of Isotope Geochemistry, Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences (GIGCAS).
Wang et al. (2018) reported pH values, mineral contents,
major and trace elements of some samples from this profile,
and the data of new samples were obtained following the
methods described by Wang et al. (2018). The pH values
of the weathering products were measured by a Thermo
Orion Star A (520M-01A), mineral composition was anal-
ysed by a Bruker D8 Advance X-ray diffractometer
(XRD), and major and trace elements were measured by
a Rigaku ZSX100e X-ray fluorescence spectrometer
(XRF) and Thermo Element inductively coupled plasma
mass spectrometer (ICP-MS). In situ trace element mea-
surements of minerals were conducted using a Thermo



Fig. 1. (a) Simplified geological map of the study area in Fogang County. Sampling location is donated by yellow star. Inset showing the
distribution of Mesozoic granites (After Li et al., 2009); (b) Simplified section of Fogang granite weathering profile which is divided into four
stages based on colour and texture (after Wang et al. 2018). Horizontal lines indicate the sampling locations.
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Fisher Scientific inductively coupled plasma-sector field-
mass spectrometry (ICP-SF-MS) coupled with a 193-nm
(ArF) Resonetics RESOlution M-50 laser ablation system,
following the method described by Zhang et al. (2019).
The Rb isotopic analysis includes sample preparation,
chemical purification and instrumental measurement, which
are shown with details below.

3.1. Sample preparation

Individual mineral species, including K-feldspar, plagio-
clase, biotite, chlorite and illite were picked from the bulk
samples after cleaning, crushing, sieving, and panning.
Each type of mineral was cleaned with Milli-Q water before
ground into powder.

Approximately 10–30 mg powder of the bulk and
mineral samples were digested in an acid mixture of
HF–HNO3 for 7 days in capped beakers on a hot plate at
a temperature of 120 �C. After complete evaporation,
1 mL of aqua regia was added in the capped beakers for
an additional 4 hours dissolution, to ensure all samples
dissolved entirely. Then all the samples were evaporated
to dryness, 1 mL of concentrated HNO3 were added into
the beakers, dried again, and repeated these steps twice.
After that, 2 mL of 1:1 HNO3 was added and heating at
120 �C for 4 hours. The samples were dried, re-dissolved
with 2.7 M HNO3, and heated in the capped beakers for
4 hours for chemical purification (Zhang et al., 2018).

Six stream water samples were filtered through 0.45 lm
Millipore membrane filters and acidified to pH < 2 using
distilled nitric acid in the field immediately. All the samples
were collected in 500 mL pre-cleaned PP bottles. 4 mL of
each stream water was taken to measure major and trace
elements by ICP-AES and ICP-MS, respectively. According
to the Rb content of each water sample, approximately 20–
30 mL of water samples were evaporated to dryness in bea-
kers on a hot plate at a temperature of 120 �C. In order to
avoid interference from organic matter, 0.5 mL of concen-
trated H2O2 was added to each sample during the evapora-
tion process. Then 1 mL of concentrated HNO3 were added
into the beakers and dried again, repeating this step twice.
After that, each sample were dissolved with 2 mL of 1:1
HNO3 in the capped beakers on a hot plate for 4 hours.
Finally, they were dried again and dissolved with 0.15 mL
of 2.7 M HNO3 in the capped beakers on a hot plate for
4 hours for chemical purification.

3.2. Column chemistry

Quartz column with a diameter of 0.4 cm and a length of
20 cm, filled with 2.5 mL of Sr-spec resin (50–100 mesh) was
used to separate Rb from matrix elements. Resin was firstly
washed and conditioned following the description by
Zhang et al. (2018). Then, 0.1 mL of the dissolved sample
material was loaded onto the pre-cleaned resin, followed
by addition of 3 mL of 2.7 M HNO3 which can remove
most matrix elements (especially Na, Mg, Al, and Ca).
After that, Rb was collected with 4 mL of 2.7 M HNO3

before K was washed out of the column. Only small
amount of Na (<0.20 wt. % of total Na) and Ca (<0.40
wt. % of total Ca) had been detected in the 4 mL of Rb
eluted solutions. According to our previous test that when
Na/Rb weight ratio is less than 2 and Ca/Rb weight
ratio is less than 4, the purified solution can meet the
requirements for high-precision measurement (Zhang
et al., 2018). Because most samples in this study are granite,
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aluminosilicate minerals with relatively high Rb but low
Na, Ca contents, and stream water samples with low Rb
content but low Na, Ca contents, one column purification
is enough. Only the plagioclase which has low Rb but high
Na and Ca contents was purified by Sr-Spec resin for twice
to remove residual Na and Ca. We collected 200 lL of
washing solution before and after Rb eluted solutions,
respectively, and took 100 lL sample out of the 4 mL of
Rb purification solution for ICP-MS measurement, to
ensure the recovery of Rb close to 100% and the residual
matrix not affecting high-precision measurement of Rb iso-
topes by MC-ICP-MS. Finally, the eluted solutions were
dried and re-dissolved in 2% HNO3 for Rb isotope
measurement.

3.3. Instrument measurement

The Rb isotope analysis was carried out using a Thermo
Fisher Scientific Neptune Plus multi-collector inductively
coupled plasma mass spectrometry (MC-ICP-MS). Sample
solutions were introduced through a PFA nebulizer
(~50 lL min�1, ESI) and a quartz dual cyclonic-Scott spray
chamber (Thermo Fisher Scientific). An X skimmer cone
was used at the interface to improve the sensitivity of the
instrument. The signals of 85Rb, 87Rb and 88Sr were
detected by the L2, the axial and the H1 Faraday cups,
respectively. The isobaric interference of 87Sr on 87Rb was
corrected by monitoring the signals of 88Sr (generally less
than 1 mV) by 87Sr = 0.085 � 88Sr. Sample-standard brack-
eting (SSB) mode was used for mass bias corrections and
NIST SRM 984 was selected as the calibrator. The d87Rb
of the samples was calculated as the equation shown below:

d87Rb‰ ¼ 2� 87Rb= 85Rbsample
87Rb= 85RbNISTSRM984A þ 87Rb= 85RbNISTSRM984B

� 1

� �

� 1000

ð1Þ

where NIST SRM 984A and NIST SRM 984B serves as the
calibrator measured after and before the sample, respec-
tively. Both the sample and the standard solution were
diluted with 2% HNO3 and their concentrations were
adjusted to 100 ng mL�1, which yielded a 85Rb isotopic
intensity about 5 V, to reduce the difference of mass bias
between the sample and the NIST SRM 984 standard solu-
tion during Rb isotope measurement. After each Rb isotope
measurement, the signal of 85Rb decreased to within 1 mV
after 5 min of washing with 2% HNO3. The signal-to-
background ratio for each measurement can be better than
5000, so the influence of the background on Rb isotope
measurement could be regarded as negligible. The procedu-
ral Rb blanks for the bulk samples and minerals were gen-
erally lower than 1 ng, far less than the total Rb in the
samples (300–2700 ng); thus, the influence of the blank
could be ignored during the analytical procedure.

The NIST SRM 984 standard solution and three stan-
dard samples (JG-2, AGV-2 and W-2a) that were chemi-
cally treated with the samples were repeatedly measured
accompanying with the samples. The d87Rb results of these
standards are 0.00 ± 0.06‰ (2SD, N = 261) for NIST SRM
984, �0.20 ± 0.06‰ (2SD, N = 14) for JG-2, �0.08 ±
0.04‰ (2SD, N = 6) for AGV-2 and �0.11 ± 0.02‰
(2SD, N = 7) for W-2a. The results coincide with previously
published values within analytical error (Pringle and
Moynier, 2017; Zhang et al., 2018).
4. RESULTS

The Rb concentrations of bulk samples are presented in
Table 1, which show an upward increase trend from
311 lg/g of the bedrock to 724 lg/g at 15.5 m, then
decreases to the minimal (177 lg/g) at 1 m. To quantita-
tively evaluate the relative depletion or enrichment of an
element during chemical weathering, the mobility of
elements in weathering products is calculated into the
s value, defined as follows (Nesbitt, 1979):

sE %ð ÞI ¼ E=Ið Þs � ð E=Ið ÞpÞ
h i

= E=Ið Þp � 100 ð2Þ

where E is the target element, I is the relatively immobile
constituent, and s and p indicate saprolite (weathering pro-
duct) and parent rock, respectively. Here, we choose Ti as
an immobile agent because TiO2 concentration is high
and generally conservative during chemical weathering
(Nesbitt, 1979). The unaltered bedrock accounts for
approximately 8 m (from 39.8 m to 31.6 m) in this profile
(Wang et al., 2018), and the values of the studied elements
in unaltered rocks are calculated by averaging the samples
from TT-32-2 to TT-39-5 to better reflect the overall char-
acteristics of the bedrock. The s values of Rb and K relative
to TiO2 in the Fogang granite weathering profile are pre-
sented in Table 1. From 29.3 m to 6.0 m, the sRbTiO2

increases from �5.05% to 259%, suggesting that the section
undergoes Rb enrichment. From 6.0 m to the top of the
profile, sRbTiO2

decreases from 55.0% to �42.0%, showing
that the enrichment degree of Rb is gradually weakened.
The saprolites near the surface even exhibit a Rb loss trend
(Table 1 and Fig. 2).

The d87Rb values of the bulk samples in the whole pro-
file range from �0.30‰ to 0.04‰. The values in the unal-
tered parent rocks are relatively uniform with a mean
d87Rb of �0.26 ± 0.09‰, which are close to the value of
previously measured granite standard G-2, �0.27 ±
0.06‰ (Zhang et al., 2018). The heaviest d87Rb values occur
at ~6.0 m of 0.04‰. Measurable fractionations are
observed in the profile, and d87Rb values show a tendency
to become heavier with increasing chemical weathering
intensity (Table 1 and Fig. 2).

The mineral contents data of Fogang granite weathering
profile are listed in Table 2 and exhibited by Fig. 3. The
bottom bedrock (39.8 m � 31.6 m) is dominated by quartz,
K-feldspar, plagioclase, biotite, and chlorite. Biotite and
chlorite disappear at ~ 31.6 m and plagioclase decomposed
completely at ~27.3 m. Kaolinite and illite form above
29.5 m and gradually increase with depth decrease. With
the enhancement of chemical weathering, quartz,
K-feldspar and clay minerals become the dominant
minerals. Rb concentrations and d87Rb of individual min-
eral species from seven different depths are listed in Table 3
and shown in Fig. 4. Rb concentrations of each mineral



Table 1
Rb concentrations and isotope compositions of the bulk samples with the variations in depth, sRbTiO2

, sK2OTiO2
, CIA, pH and TOC.

Sample Depth

(m)

sRbTiO2
(%) sK2OTiO2

(%) CIAa

(%)

pH TOC

(%)

Rb

(lg/g)
d87Rb
(‰)

2SD n

TT-1 1.0 �42.0 �68.2 89.6 5.06 177 �0.15 0.03 4
TT-2 2.0 �5.45 �28.1 78.7* 4.88* 0.10* 265 �0.11 0.04 3
TT-3 3.0 5.89 �15.0 74.6 4.99 257 �0.14 0.11 4
TT-4 4.0 43.0 13.0 63.3 5.42 392 �0.17 0.12 5
TT-5 5.0 55.0 �2.89 64.3 5.31 442 �0.21 0.07 4
TT-6 6.0 259 143 70.4* 5.15* 0.07* 396 0.04 0.08 3
TT-7 7.0 89.2 34.6 63.7 6.14 280 �0.12 0.10 5
TT-8 8.0 216 134 70.8 6.24 394 �0.11 0.05 4
TT-9 9.0 246 164 66.1 6.02 440 �0.02 0.13 4
TT-10 10.0 222 140 68.0* 5.63* 0.13* 496 �0.15 0.06 3
TT-11-1 11.0 166 103 63.3 450 �0.11 0.10 6
TT-11-2 11.5 149 82.0 65.9 506 �0.09 0.09 4
TT-12-1 12.0 187 137 65.2 521 �0.07 0.07 4
TT-12-2 12.5 191 136 64.5* 5.25* 0.05* 532 �0.11 0.06 4
TT-13-1 13.0 85.3 17.0 76.8 346 �0.11 0.12 4
TT-13-2 13.5 150 101 70.1 374 �0.09 0.12 9
TT-15-1 15.0 83.6 30.3 63.9 613 �0.26 0.10 7
TT-15-2 15.5 67.4 �15.5 67.3 5.34 0.05 724 �0.27 0.12 5
TT-16 16.0 117 75.4 60.3* 5.82* 0.05* 550 �0.22 0.02 5
TT-17-3 17.7 144 43.8 62.8* 5.63* 0.05* 575 �0.02 0.06 6
TT-18-2 18.3 31.9 3.79 65.2* 5.82* 0.07* 450 �0.13 0.07 4
TT-19 19.0 126 113 61.1* 5.86* 0.06* 438 �0.23 0.09 4
TT-20-2 20.3 45.3 37.4 66.6* 6.06* 0.06* 414 �0.11 0.04 4
TT-21-2 21.3 27.4 14.8 66.1* 6.16* 0.05* 417 �0.17 0.02 4
TT-22-4 22.8 14.8 22.1 61.5* 6.22* 0.06* 402 �0.21 0.04 4
TT-23-2 23.3 29.1 23.4 61.2* 6.87* 0.05* 412 �0.16 0.07 4
TT-27-1 27.0 51.4 60.2 56.8* 6.83* 0.05* 379 �0.28 0.10 5
TT-28-3 28.5 34.5 28.4 60.6* 7.03* 0.06* 398 �0.16 0.06 2
TT-29-2 29.5 �5.05 �12.9 63.4* 6.93* 0.06* 355 �0.13 0.05 4
TT-31-4 31.6 63.9 44.6 52.6* 8.74* 0.07* 323 �0.26 0.04 2
TT-34-4 34.6 10.6 21.9 50.8* 9.74* 0.06* 344 �0.28 0.11 5
TT-39-3 39.4 3.48 13.1 48.1* 9.46* 0.06* 311 �0.30 0.13 4
TT-39-5 39.8 �25.7 �32.4 49.8* 9.50* 0.08* 321 �0.20 0.03 3

a: Chemical index of alteration (CIA) is defined as molar A12O3 / (A12O3 + CaO + Na2O + K2O) � 100 (Nesbitt and Young, 1982). The
major elements used for calculation are listed in Table B as supplementary data.
*: Data with asterisk are from Wang et al. (2018).

Z. Zhang et al. /Geochimica et Cosmochimica Acta 313 (2021) 99–115 103
species change significantly except for quartz and plagio-
clase, which contain neglectable Rb. The main Rb-
bearing minerals in TT-39–5 are biotite, K-feldspar and
chlorite, which have Rb content of 1160 lg/g, 563 lg/g
and 363 lg/g, respectively. In weathered residues, the main
Rb-bearing minerals become K-feldspar and illite, which
contain 563 lg/g ~ 1031 lg/g and 191 lg/g ~ 984 lg/g of
Rb, respectively (Fig. 4a). The d87Rb values of each mineral
species also vary with depths. d87Rb of K-feldspar change
from �0.23‰ in TT-39–5 to 0.06‰ in TT-2. The d87Rb val-
ues of illite become lighter from �0.10‰ in TT-28–3 to
�0.28‰ in TT-10, then rise to �0.19‰ in TT-2 (Fig. 4b).
Kaolinite in these samples appears as crypto-crystals, and
they cannot be isolated for Rb content and isotope analysis.

Six stream waters collected near the weathering profile
contain low Rb content (10.06 ng/g to 18.9 ng/g) but dis-
play a large range in d87Rb (from � 0.40‰ to �0.10‰),
with an average of �0.22 ± 0.10‰ (Table 4 and Fig. 5).
5. DISCUSSION

Rb isotopes are significantly fractionated within the
Fogang granite profile with low d87Rb (mean: �0.26 ±
0.09‰) in relatively non-weathered rocks and variable but
generally high d87Rb (-0.30‰ to 0.04‰) in weathered
residues (Table 1 and Fig. 2). The positive correlations
between sRbTiO2

, CIA and d87Rb (Fig. 6a and b) strongly
support chemical weathering resulting in Rb migration
and Rb isotope fractionation. Exogenous input (such as
aeolian dust and rainwater) and internal processes during
chemical weathering (such as decomposition of primary
minerals, formation of secondary minerals, changes in
pH, and biological activity) may cause variations of the
Rb concentrations and d87Rb in the weathering products.
To better understand the behaviour of Rb and its isotopes
during chemical weathering process, these factors are
evaluated below.



Fig. 2. Variations in sRbTiO2
, TOC, pH, d87Rb and CIA with depth in the granite weathering profile. Error bars represent 2 standard deviation

(2SD).
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5.1. The influence of exogenous input and biological activity

External inputs mainly include precipitation and aeolian
dust. Precipitation is one of the important extraneous
sources that influence the isotopic ratios in the upper sec-
tions of weathering profiles (Ma et al., 2010; Lara et al.,
2014; Siebert et al., 2015; Wang et al., 2020). Available data
show very low Rb concentration in rainfall between 0.2 and
1.5 ng/g (Stössel and Prange, 1985; Berg et al., 1994;
Shimamura et al., 2007). Given the hundreds of lg/g level
of Rb in each weathered sample, the effect of short-term
rainfall on the Rb content and isotopic composition of
the profile should be negligible. The effect of long-term
accumulation of rainwater on Rb isotopic composition of
the weathering profile is evaluated by following calculation:

Rbrainwater ¼ CRb
rainwater �MAP � s� t

q� H � s
ð3Þ

where CRb
rainwater is the Rb concentration of precipitation,

MAP is the Mean Annual Precipitation, s is unit area
(1 m2), t is the weathering age of entire weathering profile,
q is the density of granite weathering crust (1.5 g/cm3)
(Pistiner and Henderson, 2003), H is the height of the
weathering profile (33.1 m). Average Rb concentration in
rainfall of 0.85 ng/g (Stössel and Prange, 1985; Berg
et al., 1994; Shimamura et al., 2007) and MAP of
1650 mm (Wang et al. 2018) are used here. Weathering
age t is calculated by:
t = H/v ð4Þ
where v is the granite erosion rates of about 20 m/Ma
(Kuhlemann et al., 2007; Mahara et al., 2010; Cui et al.,
2014; Cui et al., 2016). According to equation (3) and equa-
tion (4), the accumulated Rb content of rainwater on the
granite profile since chemical weathering is about
46.8 lg/g. The mean content of Rb in bulk samples
throughout the profile is 427 lg/g and Rb content in weath-
ered residues reaches 724 lg/g. Even if all the Rb in rainwa-
ter becomes concentrated in the profile, the accumulated
Rb content from rainwater is generally less than 10% of
the whole rock. Furthermore, the main Rb-bearing phases
in the profile are K-feldspar (primary mineral), illite and
kaolinite (secondary minerals). Of these, K-feldspar has
high Rb content (Table 3) and contributes the major Rb
to the weathered section. The Rb+ in rainwater can be
concentrated in the profile through adsorption by illite or
kaolinite. The greater influence should occur in the top
section where more secondary minerals are formed
(Table 2). However, this is not observed in the studied
profile. In addition, in order to minimize the influence of
rainwater, the top 1.5 m of the soil has been discarded.
Thus, rainwater input for Rb should has neglectable
influence in this profile.

For aeolian dust, we think the influence of loess is very
limited based on the following arguments: (1) The deposi-
tion of loess mainly influences the Rb content and the value
of d87Rb at the top of the profile. In order to eliminate the



Table 2
Mineral proportions in samples from Fogang granite weathering profile.

Sample Depth (m) Quartz (wt. %) K-feldspar

(wt. %)

Plagioclase

(wt. %)

Biotite (wt. %) Chlorite

(wt. %)

Illite (wt. %) Kaolinite

(wt. %)

TT-1 1.0 31.8 4.20 4.20 57.0
TT-2* 2.0 24.8 20.0 9.30 43.6
TT-3 3.0 29.1 18.1 12.1 40.7
TT-4 4.0 27.0 23.7 12.4 35.7
TT-5 5.0 36.2 21.7 12.5 29.6
TT-6* 6.0 39.9 16.4 9.50 34.2
TT-7 7.0 40.5 14.2 7.50 37.8
TT-8 8.0 32.8 13.0 14.3 39.8
TT-9 9.0 35.1 17.7 14.1 33.1
TT-10* 10.0 31.6 39.1 3.50 25.7
TT-11-1 11.0 28.3 27.8 6.40 37.5
TT-11-2 11.5 37.0 34.9 28.1
TT-12-1 12.0 31.5 44.9 23.7
TT-12-2* 12.5 21.3 49.9 7.90 21.0
TT-13-1 13.0 34.1 13.4 12.2 40.3
TT-13-2 13.5 37.3 29.1 33.6
TT-15-1 15.0 28.5 43.2 28.3
TT-15-2 15.5 15.0 16.5 11.6 39.1
TT-16* 16.0 20.7 41.9 7.30 20.9
TT-17-3* 17.7 29.0 27.5 12.5 31.0
TT-18-2* 18.3 27.3 24.4 15.4 32.9
TT-19* 19.0 25.5 37.7 17.8 19.0
TT-20-2* 20.3 17.7 56.6 8.60 17.1
TT-21-2* 21.3 20.5 29.3 20.7 29.5
TT-22-4* 22.8 17.3 38.9 12.8 20.4
TT-23-2* 23.3 41.3 27.0 16.1 15.5
TT-27-1* 27.0 27.0 43.7 9.50 9.90 10.0
TT-28-3* 28.5 20.6 54.7 8.10 5.40 11.3
TT-29-2* 29.5 23.1 38.3 15.8 8.40 7.70
TT-31-4* 31.6 36.1 27.6 32.9 3.40
TT-34-4* 34.6 26.2 37.9 25.0 7.10 3.50
TT-39-3* 39.4 25.7 23.8 33.9 11.4 5.20
TT-39-5* 39.8 23.5 24.0 32.4 9.80 10.4

*: Data with asterisk are from Wang et al. (2018).
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interference of loess, the ~1.5 m topsoil had been discarded
at the beginning of drilling the 40 m-long rock core. (2) The
loess (Taylor et al., 1983) and Fogang weathered samples
plotted in two different groups in the La–Th–Sc discrimina-
tion diagram (Wang et al., 2018), indicating the limited
influence of loess on this profile.

Little is known about the Rb uptake by plants from soil.
To minimize biological influence, the ~1.5 m soil at the top
of the profile was removed. In addition, the total organic
carbon (TOC) content in the whole profile is very low, vary-
ing from 0.05% to 0.13% (Table 1), indicating that the influ-
ence of biological activities is limited.

5.2. Rb concentrations and d87Rb variations controlled by

minerals

Releasing cations during incongruent weathering of pri-
mary minerals, and adsorption and desorption of the same
cations onto the secondary clay minerals are important pro-
cesses resulting in element migration (Nesbitt et al., 1980),
and fractionations of Li, K and Mg isotopes during these
processes have been extensively reported (Huang et al.,
2012; Tsai et al., 2014; Teng et al., 2020). Rb isotopic com-
positions of bulk samples (except for the top one) in
Fogang weathering profile show a positive correlation with
CIA (Fig. 6b) and (Illite + Kaolinite)/K-feldspar ratio
(Fig. 6d), indicating that the Rb isotopic composition is
associated with minerals. To identify these mineralogical
processes, individual minerals separate from different
depths throughout the whole profile are investigated. Given
the low Rb contents in quartz and plagioclase (<2 lg/g,
Table 3), which have little contribution to the bulk d87Rb,
the analyses are mostly done on available Rb-rich minerals.
Each mineral species shows large Rb concentration and iso-
topic variations in different depths which may be caused by
mineral heterogeneity or mineralogical processes during
weathering.

5.2.1. Influence of mineral heterogeneity

In-situ analyses show that K-feldspar grains separated
from the same bulk sample have a large range of Rb con-
tents, and obvious variation also occurs within a single
grain (Fig. 7 and Table A), confirming the Rb content
heterogeneity within mineral. In order to assess the Rb iso-



Fig. 3. Variations in mineral proportion (wt. %) with depth, including quartz, K-feldspar, plagioclase, biotite, chlorite, illite and kaolinite in
the Fogang granite weathering profile.
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topic heterogeneity among a certain mineral species from
the same sample, about 40 mg of K-feldspar, biotite and
plagioclase grains are randomly selected from TT-10,
TT-35-5 and TT-39-3, respectively. Each mineral species
is divided into two different portions for grinding into
powders then for isotopic determination. The d87Rb value
of the same mineral from the same sample only show tiny
difference (0.01‰ ~ 0.03‰), except for the two portions
of K-feldspar from TT-35-5 that show 0.07‰ variation
(Table 5). Considering that the long-term precision of the
instrument is about 0.06‰, we deem that the influence of
mineral heterogeneity is small. Approximately 0.4‰
fractionation is found among different minerals in the fresh
parent rock. Larger differences display in the same mineral
species from different depths (e.g., d87Rb values of
K-feldspar vary from �0.23‰ to +0.14‰, and d87Rb
values of illite range from �0.28‰ to �0.10‰); therefore,
we believe that mineralogical processes have larger influ-
ence on the isotopic variation than mineral heterogeneity.

5.2.2. Rb isotopic composition of individual minerals in

parent rock

The parent rock sample (TT-39-5) consists of biotite (9.8
wt. %), plagioclase (32.4 wt. %), quartz (23.5 wt. %),
K-feldspar (24.0 wt. %) and secondary chlorite (10 wt.
%). The Rb content and d87Rb value of bulk sample and
individual minerals are shown in Fig. 4 and Table 3.
Rb-bearing minerals are biotite, chlorite and K-feldspar,
showing lighter d87Rb value than bulk sample. Plagioclase
has 2.4 lg/g Rb content and heaviest d87Rb value. The
chlorite, an alteration of biotite, has higher d87Rb than
biotite, indicating incongruent degradation of biotite
leaving heavy d87Rb in the residues. It’s worth noting that
TT-39-5 bulk sample has higher d87Rb value (-0.20‰) than
all Rb-rich minerals separated from this sample, but other
parental rocks have obvious lower and narrow d87Rb
between �0.26‰ to �0.30‰, which may reflect the
influence of mineral heterogeneity (uncertainty from
the individual minerals, which is less than 0.07‰) or the
long-term precision of the instrument (uncertainty from
the bulk sample which is about 0.06‰) or the uncertainties
in XRD mineral analysis (~5%).

Nevertheless, the 0.43‰ variation of d87Rb among indi-
vidual minerals is significantly larger than the measurement
uncertainty (0.06‰), which may be caused by: (1) equilib-
rium fractionation between silicate melt and crystalline
minerals; (2) kinetic processes. Theoretical calculation sug-
gested that equilibrium fractionation can only cause less
than 0.01‰ variations between silicate melt and crystal
minerals under 1100 � C ~ 900℃ (Zeng et al., 2019). There-
fore, the Rb isotope fractionation between individual min-
erals is more likely to be associated with kinetic processes.
This raises the question of whether Rb isotopes fractionate
during kinetic processes, such as fractional crystallization,
metamorphism, and diffusion. To clarify these processes is
beyond the scope of this study.



Table 3
Rb concentrations and d87Rb values of bulk samples and separated minerals from Fogang granite weathering profile.

Sample

ID

Sample type Mineral

content

(wt. %)

Rb

content

(lg/g)

Rb

contribution

(%)

Rb contribution of

unpicked minerals (%)

d87Rb
(‰)

2SD n Calculated Rb content of

kaolinite (lg/g)
Calculated d87Rb of

kaolinite

(‰)

TT-2 Bulk sample 269 34.37 �0.11 0.04 3
K-feldspar 20.0 794 59.03 0.07 0.06 3
Illite 9.30 191 6.60 �0.19 0.02 4
Kaolinite 43.6 318 0.12

TT-6 Bulk sample 396 63.93 0.04 0.08 3
K-feldspar 16.4 1031 23.30 �0.08 0.08 12
Illite 9.50 532 12.77 �0.24 0.10 6
Kaolinite 34.2 740 0.20

TT-10 Bulk sample 504 51.00 �0.15 0.06 3
K-feldspar 39.1 924 43.65 �0.16 0.06 8
Illite 3.50 771 5.35 �0.28 0.05 5
Kaolinite 25.7 1000 �0.07

TT-20-2 Bulk sample 414 2.52 �0.11 0.04 4
K-feldspar 56.6 637 87.14 �0.14 0.05 4
Illite 8.60 498 10.34 �0.17 0.05 2
Kaolinite 17.1

TT-23-2 Bulk sample 436 28.83 �0.16 0.07 4
K-feldspar 27.0 744 34.83 �0.13 0.05 5
Illite 16.1 984 36.34 �0.20 0.08 3
Kaolinite 15.5 811 �0.01

TT-28-3 Bulk sample 398 7.44 �0.16 0.06 2
K-feldspar 54.7 624 85.72 �0.20 0.03 3
Illite 5.40 504 6.84 �0.10 0.02 3
Kaolinite 11.3

TT-39-5 Bulk sample 321 10.50 �0.20 0.03 3
K-feldspar 24.0 563 42.06 �0.23 0.00 4
Chlorite 10.4 362 11.73 �0.30 0.03 4
Biotite 9.80 1160 35.40 �0.42 0.04 5
Plagioclase 32.4 2.39 0.24 0.01 0.06 5
Quartz 23.5 0.93 0.07
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Fig. 4. The concentrations of Rb (a) and d87Rb (b) in different minerals during chemical weathering. The green stars represent the calculated
Rb content and d87Rb of kaolinite, while other points represent the measured data. The vertical dashed line represents the assumed Rb
concentrations of quartz and plagioclase in other samples.

Table 4
Rb concentrations and isotope compositions of stream water samples near Fogang weathering profile.

Sample Sampling time Na (lg/g) Ca (lg/g) Rb (ng/g) d87Rb (‰) 2SD n

LDR-20140917 09/17/2014 4.66 4.66 18.9 �0.22 0.04 3
LDR-20141117 11/17/2014 6.11 3.95 15.6 �0.40 0.03 4
LDR-20150117 01/17/2015 5.14 4.45 10.3 �0.17 0.02 3
LDR-20150316 03/16/2015 6.08 5.60 11.1 �0.19 0.02 3
LDR-20150518 05/18/2015 3.91 3.97 13.7 �0.19 0.08 4
LDR-20150727 07/27/2015 4.42 3.69 12.0 �0.10 0.08 4

Fig. 5. The d87Rb value of stream water samples near the
weathering profile with sampling time.
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5.2.3. Rb isotopic composition of individual minerals in

weathered residues

With the increase of weathering, biotite and chlorite dis-
appear at approximately 31.6 m, and plagioclase at approx-
imately 27.3 m. Above 29.5 m, the Rb concentration and
isotopes budgets are mainly in K-feldspar, illite and kaolin-
ite, as discussed below.

5.2.3.1. K-feldspar. K-feldspar is a primary mineral. The
process of decomposition of K-feldspar can be expressed
as the following reactions (Edmunds and Smedley, 2000;
Teng et al., 2020):

3KAlSi3O8(K-feldspar) + 2Hþ + 12H2O

! KAl3Si3O10ðOHÞ2ðilliteÞ þ 2Kþ þ 6H4SiO4

ð5Þ

2KAl3Si3O10(OH)2(illite) + 2Hþ + 3H2O

! 3Al2Si2O5ðOHÞ4ðkaoliniteÞ þ 2Kþ ð6Þ

The Rb+ ions share the same site with K+ in K-feldspar
(Taylor, 1965; Shaw, 1968; Huntley and Hancock, 2001).
During the decomposition of K-feldspar into illite and
kaolinite, K+ and Rb+ will be gradually released
(Schroeder, 1978). However, the Rb content of K-feldspar
from Fogang profile increases from 624 lg/g in TT-28-3
to 1031 lg/g in TT-6, then decreases from TT-6 to
794 lg/g of TT-2. All these values are higher than Rb con-
tent of K-feldspar from parental rock (563 lg/g), indicating
a process raising Rb content during K-feldspar decomposi-
tion. In addition, the Rb content variation of K-feldspar is



Fig. 6. Correlation between (a) sRbTiO2
and d87Rb; (b) CIA and d87Rb; (c) (Illite + Kaolinite)/K-feldspar and sRbTiO2

and (d)
(Illite + Kaolinite)/K-feldspar and d87Rb. The hollow star and diamond represent parent rock and TT-1, respectively. Sample TT-1 shows
significant difference with other samples, which only contains 4.2 wt. % of K-feldspar but 61.2 wt. % of clay minerals. We deem that TT-1 may
be influenced by topsoil, so the single datum was presented as hollowed-out diamond and not discussed with other data.
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co-variant with sRbTiO2
value of bulk sample (Fig. 2 and

Fig. 4a). sRbTiO2
value is a proxy to evaluate the relative

depletion or enrichment of Rb during chemical weathering,
which, together with total clay mineral (the sum of illite
and kaolinite), revealing two processes in Fogang profile:
(1) From 28.5 m to 6 m, sRbTiO2

values considerably
increase from 30% to 260%, accompanying the total clay
mineral increase from 17 wt. % to 53 wt. %. The positive
correlation between sRbTiO2

and total clay mineral
(Fig. 8a) imply that Rb+ does not migrate out of the profile
directly with the decomposition of primary minerals but is
adsorbed by clay minerals again (Nesbitt et al., 1980). Rb
has a lower hydration energy, which allows it to be easily
absorbed by clay minerals, and even replace elements such
as Mg2+ and K+ in minerals (Teppen and Miller, 2006;
Huang et al., 2012). (2) From 6 m to top, sRbTiO2

value
decreases from 55% to �42%. A strong negative correlation
with the total clay mineral (from 43 wt. % ~ 61 wt. %) is
observed (Fig. 8a), suggesting that this section underwent
Rb desorption. The adsorption or desorption process of
Rb can easily be influenced by pH value (Nesbitt et al.,
1980; Sverjensky, 2006; Babechuk et al., 2014; Abedini
and Khosravi, 2020). Acid environment causes alkalis
adhered to the weathering products being replaced by H+

and dissolved into water (Nesbitt et al., 1980; Babechuk
et al., 2014). This explains the values of sRbTiO2

decreasing
from 259% to �42% from 6 m to the top of the weathering
profile, where low pH values range from 4.88 to 5.42 are
exhibited (Table 1 and Fig. 2), resulting in desorption of
Rb+. However, the pH values slowly rise to 7.03 from
6 m to 28.5 m, resulting in the leached Rb+ or Rb+ from
decomposition attaching to clay minerals again (Fig. 2)
(Nesbitt et al., 1980).

Given the facts that (1) K-feldspar has very limited
adsorption ability of Rb compared to clay minerals,
(2) Rb content of K-feldspar in weathered section is
obviously higher than that in fresh rock (Fig. 4), and
(3) Rb content of K-feldspar shows the similar variation
with sRbTiO2

value of the bulk rock that exhibit positive cor-
relation with total clay mineral, we infer that Rb content
variation of K-feldspar is related to the clay minerals
attached on the corroded surface of K-feldspar (Bath



Fig. 7. The photomicrographs of K-feldspar grains from TT-6, TT-20-2, TT-28-3 and TT-39-3 under different weathering degree. The yellow
number denotes the Rb concentration in lg/g of the in-situ analyses.

Table 5
Rb concentrations and isotope compositions of two portions of a
certain mineral.

Sample Mineral Rb (lg/g) d87Rb (‰) 2SD n

TT-10 K-feldspar (1) 924 �0.15 0.04 5
K-feldspar (2) 901 �0.18 0.05 3

TT-35-5 K-feldspar (1) 646 �0.09 0.10 5
K-feldspar (2) 655 �0.16 0.06 3

TT-39-3 Biotite (1) 1310 �0.39 0.05 3
Biotite (2) 1256 �0.40 0.04 3

TT-39-3 Plagioclase (1) 1.34 �0.02 0.04 3
Plagioclase (2) 1.56 �0.03 0.01 2
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et al., 1987). This is supported by the photomicrographs of
K-feldspar crystals, showing the evolution from clean and
euhedral grains to blurred and xenomorphic with the
increase of weathering intensity (Fig. 7).

Rb isotopes are fractionated in K-feldspar from different
depths. The d87Rb of K-feldspar varies from �0.23‰ in
parent rock (TT-39-5) to 0.14‰ in TT-2 (Fig. 4b). Within
28.5 m to 6 m, the d87Rb values of K-feldspar (-0.20‰ in
TT-28-3 to �0.13‰ in TT-10) only show < 0.10‰
fractionation compared with K-feldspar in parent rock
(d87Rb TT-39-5K-feldspar = -0.23‰). Larger isotope fractiona-
tion of K-feldspar is observed within 6 m of the surface
(-0.08‰ in TT-6 and 0.14‰ in TT-2), where Rb content
in K-feldspar increases along with total clay mineral. The
variation may be caused by: (1) incongruent weathering
of K-feldspar; (2) adsorption or desorption process
influenced by clay minerals in altered K-feldspar. Given
that the strong positive correlation between d87Rb of
K-feldspar and the total clay mineral (Fig. 8b), the
observed Rb isotope fractionation among K-feldspar in
Fogang profile is more likely controlled by adsorption or
desorption process of clay minerals which adhere on
K-feldspar.

5.2.3.2. Illite. Illite is one of major clay minerals in Fogang
weathering profile. Alkali metal elements, especially Rb and
Cs can be easily adsorbed to illite via outer sphere adsorp-
tion to mineral surfaces (Pauley, 1953; Teppen and Miller,
2006), edge adsorption or intercalation into structural sites
(Kim et al., 1996; Wampler et al., 2012; Fuller et al., 2015;
Zaunbrecher et al., 2015) during chemical weathering. Rb
contents of illite are basically above 500 lg/g in adsorption
process, where the d87Rb values of illite display a decreasing
trend from �0.10‰ in TT-28-3 to �0.24‰ in TT-6 (28.5 m
– 6 m). In desorption process (6 m � 0 m), Rb contents of
illite decrease from 532 lg/g of TT-6 to 191 lg/g of TT-2,
and d87Rb values show an increasing trend from �0.24‰
in TT-6 to �0.19‰ in TT-2 (Fig. 4). The d87Rb values show



Fig. 8. Correlation of the total clay mineral (sum of illite and kaolinite proportion in wt. %) with (a) sRbTiO2
, and with (b) the d87Rb value of

K-feldspar; as well as correlation of the kaolinite content with (a) sRbTiO2
and (b) the d87Rb value of K-feldspar. Red and blue dots denote the

samples underwent adsorption process and desorption process, respectively.
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that the fractionation among illite is about 0.18‰ in
Fogang profile.

Illite is an intermediate product of decomposition of
K-feldspar (equation 5 and 6), or biotite (equation 7 and
8) (Fordham, 1990; Bétard et al., 2009) to kaolinite. The
latter reactions can be expressed as follows:

3 K(MgFe)3AlSi3O10(OH)2(biotite) + 20Hþ

! KAl3Si3O10ðOHÞ2ðilliteÞ þ 2Kþ þ 9ðMgFeÞ2þ
þ 6H4SiO4

ð7Þ

2KAl3Si3O10(OH)2(illite) + 2Hþ + 3H2O

! 3Al2Si2O5ðOHÞ4ðkaoliniteÞ þ 2Kþ ð8Þ

Both processes are likely to occur in Fogang profile,
causing the Rb content and d87Rb value of illite to be influ-
enced by the Rb released from the decomposition of the
two primary minerals. Rb content of illite varies from
984 lg/g in TT-23-2 to 191 lg/g in TT-2 and shows the sim-
ilar fluctuation as that of K-feldspar (Fig. 4a), suggesting
that Rb adsorbed by illite may come from K-feldspar
decomposition. However, the Rb content of illite in
TT-23-2 reaches 984 lg/g, which is likely to be dominated
by biotite decomposition as biotite has the highest Rb
mineral (1160 lg/g) in the profile. The d87Rb values of
illite are heavier than that of biotite in parent rock
(d87Rb TT-39-5biotite = �0.42‰) but generally lighter than
that of K-feldspar from the same depth, which may also
be controlled by adsorption of Rb released from the
decomposition of both biotite and K-feldspar.

5.2.3.3. Kaolinite. Kaolinite is the final product of chemical
weathering in Fogang profile. Alkalis can be adsorbed to
crystallite basal surfaces, edge sites, expandable layers, or
by the cluster structure of kaolinite (Kim et al., 1996;
Tian et al., 2015; Zhang et al., 2021a), which may result
in Rb content variation and isotope fractionation.

The content of kaolinite increases gradually from 7.7 wt.
% at 29.5 m to 57 wt. % at the top with the weathering
intensity (Table 2). Limited by its size and morphology,
kaolinite cannot be separated from the bulk samples, nor
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can the Rb concentration and isotopic composition be mea-
sured. The influence of unselected kaolinite on Rb content
and d87Rb for TT-39-5, TT-28-3 and TT-20-2 should be
limited, because the sum of Rb content in available individ-
ual minerals account for more than 90%. However, Rb
budget in available individual minerals from TT-23-2,
TT-10, TT-6 and TT-2 is less than 75%, indicating that
the unpicked kaolinite, the only possible host for this
amount of Rb, cannot be neglected. Therefore, we roughly
calculate the Rb content and isotopic composition of
kaolinite by mass balance for furthering discussion. What
should be mentioned is that the Rb content and d87Rb
value of K-feldspar from parent rock (TT-39-5) is used
for the calculation, to exclude the effect from clay minerals
which influence the Rb content and d87Rb of K-feldspar
under highly weathered environment as discussed above.
The calculated Rb content of kaolinite varies from
318 lg/g to 1000 lg/g and the d87Rb values range from
�0.07‰ to 0.20‰ (Fig. 4 and Table 3).

Similar to illite, kaolinite undergoes adsorption and des-
orption processes as well. Form 28.5 m to 6 m, sRbTiO2

increases with the kaolinite proportion (Fig. 8c), suggesting
that large amount of Rb is adsorbed into kaolinite. This is
accompanied by increasing Rb content and d87Rb of
kaolinite from TT-23-2 to TT-10 with the increase of
weathering intensity. From 6 m to the surface of Fogang
profile, sRbTiO2

decreases with the continued increase of
kaolinite proportion (Fig. 8c), indicating that kaolinite
experienced a desorption process. The calculated Rb con-
tent of kaolinite gradually decreases, and d87Rb becomes
lighter.

Overall, the d87Rb values of illite are heavier than biotite
but lighter than K-feldspar, whereas kaolinite has the heav-
iest Rb isotopic composition in Fogang profile. In addition,
the kaolinite content shows a good correlation with the
d87Rb of K-feldspar but illite content does not (Fig. 8d).
Therefore, the heavy Rb isotopic composition of altered
K-feldspar and the whole weathered section is dominated
by kaolinite. The Rb isotopes of 28.5 m to 6 m profile are
controlled by clay minerals (mainly kaolinite) preferentially
adsorbing the heavier Rb isotope, whereas the slight drop
of d87Rb in the 6 m to top profile is controlled by desorp-
tion of Rb from clay minerals.

5.3. Implications for Rb isotope fractionation during chemical

weathering

Granite is an important reservoir of Rb; therefore, the
process of granite weathering has huge impact on trans-
forming the d87Rb of river water and seawater over the
Earth’s history. Large Rb isotope fractionation occurring
during chemical weathering is demonstrated by this study,
with the heavy Rb isotope remaining in the weathered resi-
dues. This is further supported by the overall lighter d87Rb
(except for the 20150727 sample that has a higher Rb iso-
topic composition of �0.10‰) of six nearby stream water
samples (mean: �0.22 ± 0.10‰) compared to the saprolites
near the profile surface, which are primarily fed by water
from the surrounding mountains, suggesting that heavy
Rb isotope preferred to be partitioned into weathered
saprolites relative to fluids. Given that the d87Rb of bulk
samples show good correlations with the CIA and sRbTiO2

value (Fig. 6b), Rb isotopes could be a promising tracer
for continental weathering, ocean chemistry and global
Rb cycling.

Recent studies showed the great potential of isotopes of
alkali elements (Li and K) in tracing chemical weathering
(Teng et al., 2010; Misra and Froelich, 2012; Lechler
et al., 2015; Santiago et al., 2018; Sun et al., 2018; Li
et al., 2019; Chen et al., 2020; Teng et al., 2020). However,
the wide range of d7Li in crustal materials hinders this
proxy in reconstructing continent chemical weathering.
Rb and K isotopes have some advantages in serving as such
proxy, because they have a narrow range of isotopic com-
positions among most igneous rocks (Pringle et al., 2017;
Zhang et al., 2018; Li et al., 2019) but the isotope fraction-
ation in weathering is large.

However, Rb and K do not always behave in the same
way (Nesbitt et al., 1980). The K/Rb ratio (g/g) in Earth’s
inner reservoirs varies slightly (400 for the BSE and 232 for
crust) (Shaw, 1968; Rudnick and Gao, 2014), but the ratio
in hydrosphere varies significantly (1000 in rivers and 3765
in seawater) (Fabricand et al., 1966; Peltola et al., 2008).
Chemical weathering plays a crucial role in modifying the
K/Rb ratio. This is confirmed by sRbTiO2

and sKTiO2
which

co-vary during the early weathering stage but are decoupled
on the upper profile (Fig. 9). Rb shows a more significant
enrichment trend than K in the upper weathering products.
The processes in clay minerals may play pivotal role in
changes of K/Rb ratio, because: (1) The alkali elements
released by decomposition are easily adsorbed by clay min-
erals. Compared with K+, Rb+ has a relatively lower hydra-
tion energy, which allows Rb+ to adhere more easily onto
the surface of clay minerals than K+ and be fixed more
strongly, acting like an immobile element (Nesbitt et al.,
1980; Teppen and Miller, 2006; Huang et al., 2012). (2)
2:1 sheet structure mineral such as illite and mica will form
frayed edge wedges during chemical weathering. Rb+ and
Cs+ from the soil solution can replace K+ which is previ-
ously fixed in the interlayers (Zaunbrecher et al., 2015). It
is probably these processes that reduce the K/Rb ratio in
weathered residues and raise that of rivers and seawater.
In addition, Rb and K isotopes behave differently as well.
The K isotopic compositions of the bulk samples in the
Fogang profile had been measured by Teng et al. (2020).
In contrast to Rb isotopes, the K isotopic compositions
in the whole profile change from �0.49‰ to �0.65‰ from
the unaltered rock to the top, and d41K gradually becomes
lighter with the enhancement of chemical weathering
(Fig. 9). This is also confirmed by another study where a
negative correlation between CIA values and d41K in river
sediments is found (Li et al., 2019), which differs from the
positive correlation between Rb isotopes and CIA in this
study. The reverse trend may be influenced by the difference
in coordination numbers and bond energy in clay minerals
and soil solutions between Rb and K. In general, higher
coordination number and lower bond energy prefer light
isotope. The coordination number of both Rb and K in clay
minerals is 8 (Zaunbrecher et al., 2015; Sposito et al., 1999).
The coordination number of Rb in solutions ranges from



Fig. 9. The variations of sKTiO2
, sRbTiO2

, d87Rb and d41K with
depth.
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5.6 to 8.9 (Caralampio et al., 2017), whereas that of K var-
ies from 4.0 to 8.3 (Smirnov and Trostin, 2007; Varma and
Rempe, 2006). We hypothesized that the differences in Rb
and K coordination numbers between the solution and
the clay minerals lead to the opposite fractionation trend
of the two isotopes. More work is needed to answer this
question. Nevertheless, in-depth study on Rb isotope frac-
tionation during chemical weathering may provide unique
information that isotopes of other alkali elements cannot.

6. CONCLUSIONS

Rb mobility and isotopic ratios among the bulk samples
and major host minerals from a 40 m-long granite chemical
weathering profile in Guangdong Province, South China,
and of surrounding stream water samples are investigated,
to explore the mechanism triggering Rb isotope fractiona-
tion during chemical weathering. The main conclusions
reached by this study are listed as follows:

1. The Rb isotopic compositions show significant fraction-
ation along the whole profile, with d87Rb ranging from
�0.30‰ in the unaltered granite to 0.04‰ in weathered
saprolites.

2. The Rb isotopic compositions display an obvious corre-
lation with the value of sRbTiO2

and CIA, suggesting that
chemical weathering drives 87Rb to be enriched in the
weathered residues.
3. Variations of d87Rb exist among different mineral species
from the same bulk samples and the same mineral spe-
cies from different depths. Kaolinite, the final product
of chemical weathering, has the heaviest isotopic compo-
sition in Fogang profile.

4. The adsorption and desorption processes of kaolinite is
the main reason for Rb concentration change and iso-
tope fractionation in Fogang profile.

5. Stream water has lighter d87Rb value than the weathered
saprolites in the upper part of the profile.
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