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Abstract

Biotite is widely used for Rb–Sr and K–Ar isotopic dating and influences Sr isotope geochemistry of hydrological regimes. The iso-
topic system of biotite behaves diversely in response to surface weathering; i.e. the complete preservation of original Rb–Sr and K–Ar
isotopic ages or dramatic reduction. In this study, we have explored the relation between the behavior of isotopic systems and complex
weathering processes of biotites in the weathering profiles distributed on the Mesozoic granitoids in South Korea. In the lower parts of
the profiles, biotite in the early stages of weathering was transformed into either oxidized biotite or hydrobiotite, with a mass release of
87Sr and 40Ar forced by the rapid oxidation of ferrous iron. During the transformation to oxidized biotite, 87Sr and 40Ar were prefer-
entially released relative to Rb and K, respectively, via solid-state diffusion through the biotite lattice, resulting in a drastic reduction
of original isotopic age. The reduction of Rb–Sr age was greater than that of K–Ar age because K was preferentially released over
Rb whereas 87Sr and 40Ar were released proportionally to each other. However, during the transformation of biotite to hydrobiotite
(i.e., to regularly interstratified biotite-vermiculite), 87Sr, Rb, 40Ar, and K were completely retained in the alternating biotite interlayer,
and thus the original isotopic age can be preserved. In the upper parts of the profiles, where iron oxidation was almost completed, 87Sr,
Rb, 40Ar, and K were gradually and proportionally released, with no further significant change in isotopic age during the gradual trans-
formation of the early-formed oxidized biotite into hydrobiotite and vermiculite or during their final decomposition to kaolinite. The
ratios and amounts of isotopes released from weathered biotites are dependent upon the degree of iron oxidation and the pathways
of mineralogical transformation. Regional and local variations in isotopic systems affected by particular weathering processes should
be considered when dating biotite or biotite-bearing rocks in weathering environments, modeling the transfer of Sr isotopes to hydrologic
regimes, and tracking the provenance of sediments.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Biotite is an important reservoir of Rb–Sr and K–Ar
isotopes, which are useful in dating lithological units
(Faure, 1986; McDougall and Harrison, 1999) and tracing
the provenance of biotite-bearing sediments (Michell and
Taka, 1984; Mitchell et al., 1988; Renne et al., 1990).
Weathering biotite releases inorganic nutrients essential
for plant growth (Scott and Amonette, 1988) and Sr iso-
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topes useful in tracing regional and global hydrological
cycles (Brass, 1976; Palmer and Edmond, 1989; Edmond,
1992; Krishnaswami et al., 1992; Richter et al., 1992;
Blum et al., 1994; Blum and Erel, 1997; Bullen et al.,
1997; Erel et al., 2004). Although the weathering of biotite
has been widely studied in many disciplines, there still re-
main many uncertainties regarding isotopic systems under
weathering environments, especially in mineralogical
viewpoints.

Rb–Sr and K–Ar isotopic systems of biotite subjected to
weathering were already investigated in the early days of
their geochronological application, and diverse behaviors
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Fig. 1. Distribution of Mesozoic granitoids in South Korea and locations
of the weathering profiles (cross) investigated in this study.
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of these isotopic systems have been reported since then.
Goldich and Gast (1966) observed that weathering drasti-
cally reduced Rb–Sr ages even in the incipient stages of
weathering. Clauer (1981) and Clauer et al. (1982) showed
that both the K–Ar and Rb–Sr ages of weathered biotites
were dramatically reduced. Mitchell et al. (1988) also
reported a significant reduction of K–Ar ages in the biotites
of weathered granites. On the other hand, Kulp and Engels
(1963) showed in their column experiments that K–Ar and
Rb–Sr ages remain unchanged after the removal of 50% of
K. One sample of weathered biotite in Mitchell et al. (1988)
completely retained the original K–Ar age. Zartman (1964)
studied the effects of weathering on the K–Ar systems of
biotite in one weathered granite, and observed no change
in K–Ar age. However, there is no explanation on the di-
verse responses of Rb–Sr and K–Ar isotopic systems of
biotite subjected to weathering from the complete preserva-
tion of original isotopic ages to dramatic reduction.

A geochemical mass balance study of a granitic wa-
tershed indicated that biotite weathering plays a critical
role in the 87Sr/86Sr ratio of stream water and soil
exchangeable pool because its 87Sr/86Sr ratio is significantly
high and readily affected by weathering (Blum et al., 1994;
Blum and Erel, 1997; Erel et al., 2004). Despite the general
agreement on the important role of biotite in the geochem-
ical and Sr isotopic compositions of water and soils, de-
tailed mass balancing is not straightforward, for which
several assumptions should be made about the weathering
mechanism of biotites.

Previous isotopic studies of weathered biotite have usu-
ally overlooked the complex mineralogical and chemical
changes in the course of weathering, which inevitably dis-
turb isotopic systems. On the other hand, numerous miner-
alogical investigations have lacked systematic isotopic
data. Biotite passes through several pathways of structural
transformation to hydrobiotite (1:1 regularly interstratified
biotite-vermiculite), discrete vermiculite, oxidized biotite or
their mixtures (Scott and Amonette, 1988; and references
therein; Jeong and Kim, 2003; and references therein;
Murakami et al., 2003). It is highly likely that these diverse
pathways have some connections with the diverse respons-
es of biotite isotopic systems to weathering. To clarify this
interesting issue, here we combined detailed mineralogical
investigations with Rb–Sr, K–Ar, and Ar–Ar isotopic anal-
yses of biotites systematically collected from weathering
profiles well developed on Mesozoic granitoids in South
Korea, and suggest a new model on the behaviors of the
isotopic systems of biotite subjected to weathering. Impli-
cations for isotopic dating and hydrological cycles of Sr
isotopes will be also discussed.

2. Samples

Granitoid rocks constitute major lithological units in
South Korea that intruded over a wide geological time
scale ranging from the Precambrian to early Tertiary
(Fig. 1). Of these, the Jurassic and Cretaceous granitoids
are the most widespread plutons. The granitic rocks have
more homogeneous fabrics, mineralogy, and chemistry
than other biotite-bearing rocks, so that their weathering
profiles are good candidates for a systematic study of bio-
tite weathering. Biotite is usually a primary magmatic min-
eral of granitoids. It is either pristine or altered in varying
degrees to chlorite, zoisite, epidote, and titanite.

The study areas are located in the middle latitudes of
the northern hemisphere, and belong to the humid tem-
perate climate zone with four distinct seasons. The mean
annual air temperature of the study areas ranges from 10
to 16 �C while the mean annual precipitation ranges from
1000 to 1400 mm. About 50% of the annual precipitation
falls between June and August. Under humid temperate
climatic conditions, weathering profiles are well developed
in the granitoid outcrops. Ten weathering profiles (942,
951, AS, ES, GJ, NJ1, NJ2, NS, YC-A, and YC-B) were
selected for this study (Fig. 1). A complete transect from
fresh rock to thick saprolite and reddish brown soil is ex-
posed by recent road cutting and stone quarrying (profiles
942, 951, AS, NJ2, NS, and YC-A), but in some sites, the
fresh bedrock underlying the saprolite is not exposed in
the very deeply weathered outcrops (profiles ES, GJ,
NJ1, and YC-B). Samples weighing 2–3 kg were systemat-
ically collected throughout the weathered profile from
fresh rock to the uppermost soil at intervals of 1–2 m,
on the basis of changes in biotite color and the mechani-
cal strength of the samples. In the Yecheon area, profile
YC-A is separated from profile YC-B by about 100 m.
Fresh bedrock is exposed in the lowermost part of profile



Fig. 2. X-ray diffraction patterns of the oriented mounts of the biotites
from the profiles 951 (samples 9511–9516), YC-A (samples A1–A8), and
YC-B (samples B1–B4). Oxidized biotite is the major weathering product
of fresh biotite (samples 9511 and A1). Depth in meter below ground
surface is indicated in brackets. Percent indicates the oxidation degree of
ferrous iron of biotite. FWHM, full width at half maximum of the XRD
peak; B, biotite; K, kaolinite.
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YC-A, but not in profile YC-B. Jeong and Kim (2003)
showed that profile YC-B is the more weathered equiva-
lent of profile YC-A. Granitoids underlying all the weath-
ering profiles except the 942 site are Jurassic in intrusion
ages (197–158 Ma; Sagong et al., 2005). The 942 profile is
developed on Cretaceous granite (75 Ma; Cheong et al.,
1998).

3. Methods

Biotite grains 0.15–0.35 mm in diameter were separated
by wet sieving, magnetic separation, and hand sorting un-
der a stereomicroscope. The biotite concentrates were
ground under acetone to prevent iron oxidation, and
X-ray diffraction (XRD) patterns were obtained from the
oriented samples after Mg saturation and ethylene glycol
saturation using a Rigaku D/MAX2200 instrument
equipped with a Cu target operating at 40 kV/30 mA.
The iron oxidation states of fresh biotites and hydrobiotites
in profile 942 were determined for one hundred milligrams
of concentrate mixed with sugar and ground under acetone
by Mössbauer spectroscopy at the Department of Physics,
Pukyong National University, South Korea. Their chemi-
cal compositions were analyzed for polished thin sections
using a Cameca SX51 electron probe microanalyzer
(EPMA) at Korea Basic Science Institute (KBSI), Daejeon,
South Korea.

The Rb–Sr isotopic compositions of biotites, plagioclas-
es, and whole rock powders were analyzed for profiles YC-
A, YC-B, AS, and 942. Isotopic analyses were performed at
KBSI. Several 10 mg of separated minerals and whole-rock
powders were mixed with highly enriched 84Sr and 87Rb
spikes and then dissolved with a mixed acid (HF/
HClO4 = 10:1) in Teflon vessels. Rb and Sr fractions were
separated by conventional cation column chemistry
(Dowex AG50W-X8, H+ form) in HCl medium. Isotopic
ratios were measured using a VG54-30 thermal ionization
mass spectrometer equipped with nine Faraday cups.
Instrumental fractionation was normalized to 86Sr/88Sr =
0.1194 and the measured 87Sr/86Sr ratio was further cor-
rected for the contributions of the added spikes. Replicate
analysis of NBS 987 gave a mean 87Sr/86Sr of 0.710246 ±
0.000004 (n = 14, 2r SE). Total procedural blank levels
were around 30 pg for Rb and 120 pg for Sr. Isochron
parameters were calculated according to Ludwig (2001)
and errors in reported ages are given at 95% confidence
level.

The radiogenic 40Ar content of both fresh and weath-
ered biotites was measured for all the pofiles using a
VG5400 static vacuum mass spectrometer, and their K
contents were analyzed using a Unicam 989 atomic absorp-
tion spectrometer at KBSI. Standard air is used to obtain
the discrimination factor between Ar isotopes.

For 40Ar–39Ar dating, biotite grains were wrapped with
the pure (<99.5%) aluminum foil and set into a sample
bucket. Flux monitoring minerals (Fisher Canyon sanidine,
Renne et al., 1998) and salt (CaF2 and K2SO4) were also
prepared to correct interfering isotopes during irradiation.
The sample bucket was placed into an irradiation target
made from pure aluminum and irradiated for four days
in the IP11 position of the ‘‘Hanaro’’ reactor in the Korea
Atomic Energy Research Institute. After irradiation, the
samples and flux monitoring materials were placed in the
glass sample chamber of the gas preparation system at
KBSI. Samples were heated from 500 to 1450 �C with
increment intervals of 40–60 �C. The extracted gas was
purified and analyzed using the VG5400 mass spectrometer
to measure Ar isotopes by the peak-jumping method.

4. Results

4.1. Pathways of biotite weathering

In the investigated weathering profiles, fresh biotite was
transformed into oxidized biotite, hydrobiotite, or hydro-
biotite via oxidized biotite (Figs. 2–4). Although a small



Fig. 3. X-ray diffraction patterns of the oriented mounts of the biotites
from the profiles AS (samples AS1–AS4) and NS (samples NS1–NS6).
Oxidized biotite (samples AS3 and NS5) developed from fresh biotite
was transformed into hydrobiotite (samples AS1, AS2, and NS1).
Depth in meter below ground surface is indicated in brackets. FWHM,
full width at half maximum of the XRD peak; A, amphibole; B, biotite;
C, chlorite; G, goethite; H, hydrobiotite; K, kaolinite; P, plagioclase; V,
vermiculite.

Fig. 4. X-ray diffraction patterns of the oriented mounts of the biotites
from the profiles 942 (samples 9421–9425) and NJ2 (samples NJ2-1–NJ2-
6). Hydrobiotite is the major weathering product of fresh biotite (sample
9420) throughout the profile 942, but in the upper three samples (NJ2-1, -
2, and -3) in the profile NJ2. Depth in meter below ground surface is
indicated in brackets. Percent indicates the oxidation degree of ferrous
iron of biotite. FWHM, full width at half maximum of the XRD peak; B,
biotite; C, chlorite; H, hydrobiotite; ICV, interstratified chlorite-vermic-
ulite; K, kaolinite; V, vermiculite.
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amount of vermiculite is associated with weathered bio-
tites, it is not a major weathering product, at least in our
samples. In the granitic bedrocks, partial chloritization of
biotite before weathering was common and significant in
some profiles (e.g., NJ2). In the very early stages of weath-
ering, chlorite admixed with biotite tends to be
transformed into vermiculite or interstratified chlorite-
vermiculite (ICV), with the enhancement of relative inten-
sity of the XRD peak at 14–15 Å. Thus, both the vermicu-
lite and the ICV derived from chlorite can be misidentified
as having transformed from biotite, requiring a careful
interpretation of the mineralogical nature of the weathered
biotite.

4.1.1. Transformation to oxidized biotite

Oxidized biotite was a major transformation product of
biotite in eight weathering profiles (951, ES, GJ, NJ1, YC-
A, and YC-B) (Fig. 2). Oxidized biotite is characterized by
a 10 Å peak in the XRD pattern and the almost complete
oxidation of iron. In profile YC-A, 88% of Fe2+ was oxi-
dized in sample A4 (3.7 m depth), and then the proportion
increased gradually to 99% in sample A8 (0.1 m depth)
(Fig. 2). 100% of Fe2+ was oxidized in the sample B4 of
profile YC-B (Fig. 2). A basal spacing of 10 Å is main-
tained well throughout the profile. Lattice imaging by
transmission electron microscopy also showed that oxi-
dized biotite consists mostly of 10Å layers (Jeong and
Kim, 2003). The period of active iron oxidation from A1
to A4 coincides with a dramatic decrease in the peak height
of d001, a very slight increase in d001-spacing of only about
0.06 Å, and an increase in the full width at half maximum
(FWHM) from 0.16� to 0.59� in 2h (Fig. 2). Although the
oxidized biotite is a major component of the weathered
biotite, vermiculite is commonly associated with the oxi-
dized biotite. According to XRD pattern simulations using
the NEWMOD program (Reynolds, 1985), a slight
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increase in d001 spacing and a large increase in FWHM001

indicate the presence of a small amount of vermiculite
randomly interstratified with biotite (less than 10%). The
structural formula of the oxidized biotite in profile YC-
A, derived by Jeong and Kim (2003), is given in Table 1.
They showed that the structural and chemical modifica-
tions in the formation of oxidized biotite were a bo-dimen-
sion decrease and the non-stoichiometric removal of
interlayer K and octahedral Mg and Fe to compensate
for the charge imbalance induced by iron oxidation.

In profile 951, iron oxidation also occured in the lower
part of the weathering profile. 78% of Fe2+ was rapidly oxi-
dized up to sample 9513 (5 m depth), and the proportion
gradually approached 100% in sample 9516 (0.1 m depth).
In profiles 951, ES, GJ, NJ1, YC-A, and YC-B, oxidized
biotite persisted throughout the profile with very slight
but gradual vermiculitization and decomposition into
kaolinite.

In profiles AS and NS, biotite was rapidly transformed
to oxidized biotite (samples AS3 and NS5) in the early
stages of weathering, and then transformed gradually into
hydrobiotite (Fig. 3). The major pathways of structural
transformation of biotite in the profiles YC and AS are
graphically summarized in Fig. 5.

Oxidized biotite in the weathering profiles has generally
been overlooked in the study of biotite weathering and is
often not distinguished from fresh biotite. However, the
oxidized biotite should be considered a common type of
transformation in the weathering of biotite because its
chemistry and detailed structure are different from those
of fresh biotite and it is considerably stable in the weather-
Table 1
Formulas of fresh biotites, oxidized biotite, and hydrobiotite derived from
the electron microprobe data

Fresh
biotite
(profile
YC-A)

Oxidized
biotite
(profile
YC-A)

Fresh
biotite
(profile
942)

Hydrobiotite
(profile 942)

Si 5.50 5.51 5.53 5.53
Al(IV) 2.50 2.49 2.30 2.30
Fe3+(IV) 0.00 0.00 0.17 0.17
Sum 8.00 8.00 8.00 8.00
Al(VI) 0.40 0.32 0.00 0.00
Fe2+ 2.08 0.00 1.81 0.00
Fe3+(VI) 0.50 2.24 0.40 1.77
Fe(total) 2.58 2.24 2.21 1.77
Mg 2.17 1.98 2.72 2.46
Ti 0.33 0.30 0.57 0.54
Mn 0.04 0.03 0.03 0.02
Sum 5.52 4.87 5.52 4.78
Octahedral

occupancy (%)
92 81 92 80

Octahedral
charge

12.6 12.9 12.6 12

Ca 0.01 0.04 0.00 0.05
Na 0.02 0.01 0.03 0.05
K 1.87 1.51 1.85 1.01
Al(OH)2+ — — 0.00 0.45
Interlayer charge 1.91 1.60 1.89 2.07
ing profile. Oxidized biotite has been widely reported in the
deeply weathered soil-saprolite profiles developed on gra-
nitic terranes under humid tropical (Murphy et al., 1998),
mediterranean (Fordham, 1990), and temperate climates
(Harris et al., 1985).

4.1.2. Transformation to hydrobiotite

In profile 942, biotite was transformed directly into
hydrobiotite by the hydration and expansion of alternating
interlayers in the early stages of weathering (Fig. 4). Möss-
bauer spectroscopy showed that 72% of the original Fe2+

was oxidized in sample 9421, and 93% in sample 9422. Be-
fore iron oxidation was completed, the biotite was almost
completely transformed into hydrobiotite in sample 9421,
and this persisted throughout the profile, with only partial
decomposition to kaolinite in the uppermost sample 9425.
XRD pattern simulation showed that the biotite (B):ver-
miculite (V) ratios of the hydrobiotites in the profile 942
were B55V45 (samples 9421, 9422, and 9424) and
B46V54(9425). However, sample 9423 was a mixture of
B82V18, B58V42, and discrete vermiculite in a ratio of
56:37:7.

The structural formula for Ca-saturated hydrobiotite in
sample 9422 was derived from electron microprobe data
according to the method of Jeong and Kim (2003). Hydro-
xy-Al cations are the major ones occupying the interlayer
of vermiculite (Table 1). Hydroxy-Al-interlayered vermicu-
lite is common in acidic weathering environments, and the
hydroxy-Al cations are hard to be exchanged by other cat-
ions (Banhisel and Bertsch, 1989 and references therein).
The K content per formula decreased from 1.85 in fresh
biotite to 1.01 in hydrobiotite. The layer ratio based on
K content is B55V45 which is consistent with that obtained
from XRD pattern simulations. The pathway of structural
transformation of biotite in the profile 942 is also summa-
rized in Fig. 5.

In the profile NJ2, the biotite in fresh rock (sample NJ6)
was significantly chloritized as shown in the XRD pattern
(Fig. 4) and by thin-section petrography. Weathered bio-
tites in the lower part of the profile (samples NJ4 and
NJ5) consist predominantly of vermiculite with minor
ICV and hydrobiotite. The vermiculite and ICV must have
been transformed from chlorite in the parent rock. Howev-
er, weathered biotites in the upper part of the profile (sam-
ples NJ2-1, -2, and -3) are dominated by hydrobiotite.
FWHMs of the d002 diffraction line of hydrobiotite
(0.20�–0.28�) are similar to those of the hydrobiotite in pro-
file 942 (0.25�–0.34�). The layer ratio is about B55V45

according to XRD pattern simulations. We think that the
hydrobiotite was transformed from fresh biotite that had
undergone less chloritization before weathering at that
position.

In profiles AS and NS, hydrobiotite gradually developed
from previously oxidized biotite, which had been trans-
formed from fresh biotite in the early stages of weathering,
with formation of minor kaolinite in the upper part of the
profile (Fig. 3). The d002 lines of hydrobiotite in profiles AS



Fig. 5. Three types of pathways of structural transformation of biotite in the weathering profiles.
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and NS are much broader and lower in intensity than those
of hydrobiotite in profiles 942 and NJ2, and their FWHMs
(0.69�–0.98�) are similar to those of oxidized biotites (AS3
0.96�, NS5 0.43�, and AS4 0.59�).

4.2. Rb–Sr and K–Ar isotopic systems of weathered biotites

4.2.1. Rb–Sr system

The Rb–Sr isotopic data of fresh and weathered biotites
are given in Table 2. Because profile YC-B is the more
weathered equivalent of profile YC-A, samples from the
profile YC-B are arranged after those from the profile
YC-A in Table 2. In profile YC, the Sr content increases
abruptly from 8.51 ppm (A1) to 45.9 ppm (A2) and then
gradually increases to 156 ppm (B3). Conversely, the Rb
content decreases slightly by only 5% from 486 ppm in
fresh biotite (A1) to 462 ppm in weathered biotite (A4) that
is mostly oxidized biotite with minor vermiculite. The
87Rb/86Sr and 87Sr/86Sr ratios of fresh biotite are remark-
ably higher than those of fresh whole rock and plagioclase.
The apparent Rb–Sr ages of weathered biotites in profile
YC decrease systematically with the advance of weathering
(Table 2). The decrease in age is great in the period of ac-
tive iron oxidation between A1 and A4 to form oxidized
biotite, but thereafter the age decreases gradually. The
Rb–Sr isotopic data are plotted on the fresh whole rock–
fresh biotite (A1) isochron diagram. Data of plagioclase
are similar to those of whole rock, being plotted almost
at the same position. All the data of weathered biotites
cluster near whole rock (or plagioclase) point (Fig. 6).
Magnified view of the cluster shows that data for samples
in the early stages of weathering (A2–A4) deviate more
and more from the isochron with advancing weathering,
whereas in the later stages beyond A4, data fall close to a
straight line toward the whole rock (or plagioclase) point
(Fig. 6).

In profile 942, the Rb content decreases abruptly from
607 ppm (sample 9420) to 410 ppm (9421) and then
decreases gradually. The Rb content of sample 9423 is
higher than those of neighbouring samples. The Sr content
increases from 9.45 ppm (9420) to 31.6 ppm (9421) and
then gradually decreases. The 87Rb/86Sr and 87Sr/86Sr ra-
tios of fresh biotite are enormously higher than those of
fresh whole rock and plagioclase. Data except the sample
9423 are plotted on the fresh whole-rock – fresh biotite
(9420) isochron (Fig. 6), giving nearly the same age.
Hydrobiotites in profile 942 preserve the original age of
the fresh biotite except in sample 9423. It is notable that
data of hydrobiotites in the lower part of the profile
(9421 and 9422) fall close to whole rock point, whereas
those in the upper part of the profile (9424 and 9425) ap-
proach fresh biotite point.



Table 2
Rb–Sr isotopic data of whole rock, plagioclase and biotite from the weathering profiles YC-A, YC-B, AS, and 942 in South Korea

Samplea Rb (ppm) Sr (ppm) 87Rb/86Srb 87Sr/86Sr 2s SE Age (Ma)c 87Sr (ppm)d Retention %

87Sr% Rb% Age

B4WB 276 88.5 9.029 0.721745 0.000014 38.9 ± 0.3 0.11 12 57 24
B3WB 303 156 5.618 0.719891 0.000014 39.3 ± 0.3 0.11 12 62 24
B2WB 399 123 9.396 0.721525 0.000013 35.5 ± 0.2 0.14 16 82 22
B1WB 369 115 9.276 0.722075 0.000013 40.4 ± 0.3 0.15 17 76 25
A8WB 402 92.0 12.66 0.727767 0.000014 61.7 ± 0.3 0.26 30 83 38
A7WB 466 106 12.74 0.725570 0.000013 48.7 ± 0.3 0.24 27 96 30
A6WB 447 92.5 14.00 0.728641 0.000013 60.3 ± 0.3 0.29 32 92 37
A5WB 425 85.9 14.33 0.727623 0.000013 53.6 ± 0.3 0.24 27 87 33
A4WB 462 71.5 18.75 0.732119 0.000011 55.2 ± 0.3 0.29 33 95 34
A3WB 450 54.5 23.99 0.750560 0.000021 98.5 ± 0.5 0.50 56 93 61
A2WB 448 45.9 28.45 0.771802 0.000024 136.5 ± 0.7 0.68 77 92 84
A1FB 486 8.51 171.7 1.112340 0.000024 162.2 ± 0.8 0.89 100 100 100
B2WR 87.6 408 0.6213 0.717105 0.000011
A6WR 97.2 437 0.6443 0.717206 0.000010
A1FR 109 440 0.7184 0.717990 0.000010
A1P 95.1 645 0.4272 0.717353 0.000013

AS1WB 694 24.6 81.81 0.750016 0.000012 30.9 ± 0.2 0.11 17 82 20
AS2WB 372 46.0 23.41 0.723886 0.000013 29.4 ± 0.2 0.06 9 44 19
AS3WB 830 20.0 121.1 0.777610 0.000012 37.6 ± 0.2 0.16 24 98 24
AS4FB 844 2.62 1166 3.273445 0.000032 154.5 ± 0.8 0.67 100 100 100
AS1WR 172 315 1.583 0.714760 0.000013
AS4FR 152 443 0.9912 0.713556 0.000013

9425WB 220 4.20 153.8 0.862926 0.000032 71.4 ± 0.4 0.29 36 36 98
9424WB 279 4.64 177.0 0.885185 0.000023 70.9 ± 0.4 0.37 45 46 98
9423WB 406 14.6 80.84 0.750571 0.000016 36.9 ± 0.2 0.29 35 67 51
9422WB 305 21.7 40.81 0.749674 0.000016 73.5 ± 0.4 0.42 51 50 101
9421WB 410 31.6 37.63 0.743706 0.000017 68.6 ± 0.4 0.52 64 67 95
9420FB 607 9.45 189.2 0.901874 0.000018 72.5 ± 0.4 0.82 100 100 100
9424WR 101 88.2 3.318 0.710207 0.000008
9422WR 116 149 2.257 0.709391 0.000011
9420FR 119 226 1.516 0.708515 0.000011
9420P 12.7 552 0.0668 0.706897 0.000011

a Sample types: WB, weathered biotite; FB, fresh biotite; WR, weathered whole rock; FR, fresh whole rock; P, plagioclase.
b Reproducibility was below 0.5%.
c Whole rock-biotite apparent ages.
d 87Sr content in the biotite interlayer of the weathered biotite calculated according to the method discussed in the text. Since 87Sr/86Sr ratio of

plagioclase was not measured in the profile AS, that of whole rock was used for calculation.
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In profile AS, the Sr content increases abruptly from
2.62 ppm in fresh biotite (AS4) to 20.0 ppm in weathered
biotite (AS3) that is mostly oxidized biotite with minor ver-
miculite, but the Rb content only slightly decreases during
the transformation of fresh biotite to oxidized biotite, sim-
ilar to the variation from sample A1 to sample A4 in profile
YC. Data point of sample AS3 significantly deviates from
the fresh whole rock – fresh biotite (AS4) isochron. During
the transformation of oxidized biotite (AS3) to hydrobio-
tite (AS1 and AS2), however, data are plotted on the
straight line toward the whole-rock point. The apparent
Rb–Sr age decreases greatly during the transformation of
fresh biotite (A4) to oxidized biotite (AS3), and thereafter
shows little change during the development of hydrobiotite
(AS1 and AS2).

4.2.2. K–Ar system

In accordance with the Rb–Sr system, the apparent K–
Ar age of the weathered biotite decreased during the for-
mation of oxidized biotite in the early stage of weathering.
In profile YC, the K–Ar age decreases dramatically from
samples A1 to A4, but then decreases very gently in the lat-
er stages (Table 3). In profile 951, the K–Ar ages decrease
to 69% of the original age in sample 9512, and then de-
crease rather gradually. In profiles ES, GJ, and NJ3, the
K–Ar ages of the weathered biotite are much younger than
the ages of host Jurassic bedrocks. In profiles NS and AS,
the K–Ar ages decrease greatly during the early formation
of oxidized biotite, but change little during the later devel-
opment of hydrobiotite from oxidized biotite.

The data for weathered biotites in profiles YC, 951, NS,
AS, ES, GJ, and NJ3 are plotted on a K versus 40Ar diagram
(Fig. 7a). Most of the data for the weathered biotites deviate
from the reference lines connecting fresh biotite to the origin.
Data plot more and more away from the reference lines con-
necting fresh biotites to the origin in the early stages of
weathering, and then, plot along straight lines connecting
the oxidized biotites to the origin in the later stages.



Fig. 6. Rb–Sr isotope data of the fresh and weathered biotites from four profiles (YC-A, YC-B, AS, and 942) plotted on Rb–Sr isochron diagrams.
Isochron (solid lines) was calculated from data of fresh biotite and fresh whole rock. Data of profiles YC-A and -B are plotted on the same isochron
diagram (see text). Dashed arrows and lines in the diagrams of profiles YC (A and B) and AS indicate that the evolution of Rb–Sr isotopic systems consists
of early and later stages.
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In profile 942, hydrobiotites maintain their original ages
very well following the trend of the Rb–Sr system, except in
sample 9423, and plot onto the reference line connecting
fresh biotite to the origin (Fig. 7b). In profile NJ2, data
of hydrobiotites in the upper part of the profile (samples
NJ2-1, -2, and -3) are plotted on the reference line of
166 Ma which represents the cooling ages of Jurassic grani-
toids (Sagong et al., 2005).

40Ar–39Ar data were obtained from fresh biotites and
their weathered counterparts in profiles YC-A (Fig. 8)
and 942 (Fig. 9). In profile YC-A, the age spectrum for
fresh biotite (A1) defines a plateau age of 157.3 ± 1.4 Ma,
which is nearly consistent with the Rb–Sr age
(162.2 ± 0.8 Ma) and the conventional K–Ar age
(164.7 ± 3.2 Ma). However, the plateau is not defined in
the age spectra of the weathered biotites (A4 and A7).
The apparent ages increase gradually toward the high-tem-
perature degassing steps. Total gas ages of samples A4 and
A7 are 74.4 ± 2.5 Ma and 98.7 ± 2.4 Ma, respectively. The
total gas age of A4 quite well accords with the conventional
K–Ar age (75.5 ± 1.5 Ma), while that of A7 is slightly high-
er than the conventional K–Ar age (81.6 ± 1.6 Ma). In pro-
file 942, fresh biotite (sample 9420) defines a plateau age of
74.7 ± 3.7 Ma, which is consistent with the Rb–Sr age
(72.5 ± 0.4 Ma) and the conventional K–Ar age
(70.2 ± 1.4 Ma). The plateau is still preserved in the age
spectrum of hydrobiotite (9422), but the plateau age
(284.1 ± 9.1 Ma) is four times greater than the age of fresh
biotite.

5. Discussion

5.1. Origin of the diverse responses of Rb–Sr and K–Ar

isotopic systems

5.1.1. Oxidized biotite

The weathered biotites in the profile YC consist of oxi-
dized biotite with minor vermiculite layers. The abrupt in-
crease in Sr content from sample A1 to sample A2 (Table
2) indicates the addition of Sr from an ambient weathering
solution into the interlayer of vermiculite, because Sr, a
large divalent cation, cannot invade the interlayer of



Table 3
K–Ar isotopic data of the fresh and weathered biotites from the weathering profiles 951, YC-A, YC-B, ES, GJ, NJ, NS, AS, 942, and NJ in South Korea

Samplea K (wt%) 40Arb

(10�8 ccSTP/g)

36Ar
(10�10 ccSTP/g)

Age (Ma) Air (%) 40Arb/K
atom ratio (·10�7)

Retention %

K 40Arb Age

9516WB 5.17 1072.7 277.6 52.6 ± 1.1 43.3 3.6 78 21 28
9515WB 5.54 1654.5 230.6 75.3 ± 1.6 29.2 5.2 84 32 40
9514wb 6.21 2434.0 195.3 98.3 ± 1.9 19.2 6.8 94 47 52
9513WB 5.90 2920.1 254.6 123.2 ± 2.4 20.5 8.6 89 57 65
9512WB 6.10 3208.1 135.0 130.7 ± 2.5 11.1 9.2 92 62 69
9511FB 6.63 5137.4 185.9 189.3 ± 3.6 9.7 13.5 100 100 100

B4WB 3.32 835.3 193.0 63.6 ± 1.3 40.6 4.4 43 16 39
B3WB 4.82 916.7 413.1 48.3 ± 1.1 57.1 3.3 63 18 29
B2WB 5.16 1044.0 326.5 51.4 ± 1.0 48.0 3.5 67 20 31
B1WB 5.18 1164.9 365.0 57.0 ± 1.2 48.1 3.9 68 23 35
A8WB 5.01 1534.8 223.2 78.7 ± 1.8 30.1 5.3 65 30 48
A7WB 5.26 1705.2 222.1 81.6 ± 1.6 27.8 5.7 69 33 50
A6WB 5.76 1732.6 268.8 75.8 ± 1.5 31.4 5.2 75 34 46
A5WB 5.53 1384.4 268.9 63.4 ± 1.3 36.5 4.4 72 27 38
A4WB 5.61 1677.8 224.0 75.5 ± 1.5 28.3 5.2 73 33 46
A3WB 6.35 2416.2 221.0 95.5 ± 1.9 21.3 6.6 83 47 58
A2WB 6.84 3742.3 141.8 135.7 ± 2.7 10.1 9.5 89 73 82
A1FB 7.68 5139.1 27.0 164.7 ± 3.2 1.5 11.7 100 100 100

ESWB 2.29 203.5 461.6 22.8 ± 0.8 87.0 1.6

GJWB 4.39 1870.9 635.3 106.5 ± 2.4 50.1 7.4

NJ1WB 0.88 167.7 101.2 48.4 ± 1.1 64.1 3.3

NS1WB 3.82 1054.1 207.9 69.8 ± 1.4 36.8 4.8 60 25 42
NS2WB 4.72 1171.1 396.1 62.8 ± 1.3 50.0 4.3 75 27 38
NS3WB 5.09 1293.6 426.9 64.3 ± 1.3 49.4 4.4 80 30 38
NS4WB 5.15 1809.5 392.7 88.4 ± 1.9 39.1 6.1 81 42 53
NS5WB 5.96 2235.9 419.8 94.2 ± 1.8 35.7 6.5 94 52 56
NS6FB 6.33 4298.1 22.9 166.9 ± 3.6 1.5 11.9 100 100 100

AS1WB 3.62 826.7 475.9 57.9 ± 1.2 63.0 4.0 53 19 36
AS2WB 2.22 582.4 455.0 67.5 ± 2.0 69.9 4.6 32 13 42
AS3WB 5.14 1209.9 388.8 60.7 ± 1.7 48.8 4.1 75 27 38
AS4FB 6.84 4431.2 49.1 159.6 ± 4.6 3.2 11.3 100 100 100

9425WB 2.56 796.8 23.8 78.5 ± 1.5 8.1 5.4 35 39 112
9424WB 3.51 997.5 44.3 71.8 ± 1.5 11.6 5.0 48 49 102
9423WB 3.64 775.9 204.7 54.1 ± 1.1 43.8 3.7 50 38 77
9422WB 3.64 1018.8 57.7 70.7 ± 1.4 14.3 4.9 50 50 101
9421WB 4.50 1270.1 87.1 71.3 ± 1.4 16.8 4.9 62 63 102
9420FB 7.31 2030.4 105.7 70.2 ± 1.4 13.3 4.9 100 100 100

NJ2-1WB 1.05 677.9 13.3 159.1 ± 3.1 5.5 11.3 48 53 111
NJ2-2WB 2.27 1551.8 7.2 168.4 ± 3.2 1.4 12.0 103 122 118
NJ2-3WB 1.08 846.7 7.0 192.1 ±3.7 2.4 13.7 49 66 134
NJ2-4WB 1.79 705.6 47.6 98.8 ± 1.9 16.6 6.9 81 55 69
NJ2-5WB 1.27 649.9 17.5 127.6 ± 2.5 7.4 9.0 57 51 89
NJ2-6FB 2.20 1274.4 42.8 143.2 ± 2.8 9.0 10.1 100 100 100

Standard sample (recommended age = 18.5 ± 0.6 Ma)
Bern21 8.68 616.7 18.2 ± 0.4 33.7

a Sample types: WB, weathered biotite; FB, fresh biotite.
b Radiogenic 40Ar.
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biotite. In contrast, the slight decrease in the Rb content
might be due to the very low Rb content of the weathering
solution. The increasing Sr and decreasing Rb contents of
the weathered biotites are likely related to the high Sr
and low Rb contents of soluble plagioclase (Table 2). The
87Sr/86Sr ratio of the Sr introduced into the interlayer of
vermiculite from the weathering solution is also probably
similar to that of plagioclase. It is reasonable that the sol-
uble plagioclase controls the isotopic and elemental com-
position of the weathering solution from following
discussions. Petrographic observations showed that plagio-
clase is the most abundant (44 vol %) and reactive, whereas
K-feldspar (5 vol %) and biotite (13 vol %) are minor com-
ponents and much less reactive. In the upper part of the
weathering profile, plagioclase dissolves actively forming
kaolin minerals (Jeong and Kim, 2003), whereas oxidized



Fig. 7. K–Ar isotopic data plotted on K–40Ar diagram. Solid lines connect origin with the data points of fresh biotites. Dashed lines and arrow in the
diagram (a) indicate the early and later stages of the evolution of K–Ar isotopic systems. Three hydrobiotite data of the profile NJ2 in the diagram (b) are
plotted with a regression line of which slope suggests the cooling age of bedrock as 166 Ma.
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biotite is more resistant to dissolution after the early rapid
chemical modification. Murphy et al. (1998) reported that
oxidized biotite is the major primary mineral remaining
in the tropical soil-saprolite weathering profile developed
on granodiorite where plagioclase disappeared completely
by dissolution. Sr isotopic data of weathered biotites are
clustered near whole rock (or plagioclase) data in the
Rb–Sr isochron diagram and approach toward the whole
rock (or plagioclase) data with the progress of weathering
(Fig. 6). These indicate that the Sr isotopic compositions
of vermiculite interlayer of the weathered biotite are greatly
influenced by the dissolution of plagioclase of relatively
low 87Rb/86Sr and 87Sr/86Sr ratios though a very small con-
tribution from biotite of high 87Rb/86Sr and 87Sr/86Sr ra-
tios. Biotite may control the Sr isotopic compositions of
the weathering solutions in recently deglaciated terrains
where bedrocks undergo only an incipient weathering of
active biotite oxidation and little plagioclase dissolution
(Blum et al., 1994) or in the intensively weathered tropical
profile lacking plagioclase (Murphy et al., 1998), but not in
mature weathering profiles undergoing the active dissolu-
tion of plagioclase.

The 87Sr content in the interlayer of oxidized biotite of
the weathered biotite was calculated, assuming (1) the
weathered biotite being composed of oxidized biotite and
vermiculite, (2) the preservation of the 87Sr/86Sr ratio of
fresh biotite in the interlayers of oxidized biotite, and (3)
the 87Sr/86Sr ratio of vermiculite in the weathered biotite
being equivalent to that of plagioclase. Four equations
are established:

87SrWB ¼ 87SrB þ 87SrV ð1Þ
86SrWB ¼ 86SrB þ 86SrV ð2Þ
87SrB=

86SrB ¼ 87SrFB=
86SrFB ¼ RFB ð3Þ

87SrV=
86SrV ¼ 87SrP=

86SrP ¼ RP ð4Þ
where subscripts denote weathered biotite (WB), biotite in
weathered biotite (B), vermiculite in weathered biotite (V),
fresh biotite (FB), and plagioclase (P). From Eqs. (2)–(4),
87SrV is expressed as

87SrV ¼ 86SrWBRP � 87SrBRP=RFB ð5Þ
From Eqs. (1) and (5), 87SrB (ppm) is calculated from the
87Sr(ppm) and 86Sr (ppm) of weathered biotite and the iso-
tope weight ratios of fresh biotite (RFB) and plagioclase
(RP) converted from atomic ratios.

87SrB ¼ RFBð87SrWB � 86SrWBRPÞ=ðRFB �RPÞ ð6Þ
The results are given in Table 2. The 87SrB content decreas-
es dramatically to 31% of the original content in sample
A4, whereas Rb content decreases only slightly to 95% of
the original content, implying a mass and preferential re-
lease of 87Sr from the interlayers of oxidized biotite during
the period of most active iron oxidation. Similarly, radio-
genic 40Ar content decreases to 33% of the original content
in A4, whereas K content decreases to only 73% of the ori-
ginal content.

In the period of active iron oxidation from sample A1 to
sample A4, this preferential release of 87Sr and 40Ar relative
to respective Rb and K results in the progressive deviation of
isotopic data from isochron and a significant reduction in the
Rb–Sr and K–Ar ages during the early stages of weathering
(Figs. 6 and 7). Cations including Fe and Mg in the octahe-
dral sheet and K, Rb, and Sr in the interlayer are released
to compensate excess positive charge induced by the oxida-
tion of Fe2+ to Fe3+. The preferential mobilization of radio-
genic 87Sr and 40Ar is promoted by a local charge imbalance
caused by the change in ionic charge and radius during radio-
active decay. In the later stages of weathering, Rb–Sr and K–
Ar data are plotted along straight lines toward the origin,
indicating a proportional release of 87Sr and 40Ar relative
to Rb and K and little changes in apparent ages.



Fig. 8. Ar–Ar age spectra of fresh biotite (A1) and weathered biotites (A4
and A7) from the profile YC-A. Box heights in age spectrum represent 2r
uncertainties. Heating temperatures for Ar degassing in vacuo are given
below the boxes.

Fig. 9. Ar–Ar age spectra of fresh biotite (9420) and weathered biotite
(9422) from the profile 942.
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The loss of cations and isotopes by solid-state diffusion
is indicated by both the mineralogical properties and
40Ar–39Ar age spectra. Since 10 Å basal spacing has been
maintained during the iron oxidation period, it is inevitable
that the loss of isotopes as well as Fe, Mg, and K occurred
via diffusion through the non-expanded lattice of oxidizing
biotite as discussed in Jeong and Kim (2003). The solid-
state diffusion is also indicated by the shapes of the
40Ar–39Ar age spectra changing from the flat one (sample
A1) to the curved one (samples A4 and A7). Because the
interlayer water of vermiculite is completely degassed be-
low 500 �C probably together with extraneous Ar in the
interlayer of minor vermiculite, the apparent ages in the
age spectra of samples A4 and A7 (Fig. 8) relate to the oxi-
dized biotite. The total gas age of sample A4 is same as the
conventional K–Ar age, indicating that crystals of oxidized
biotite are sufficiently thick to trap 39Ar during the neutron
irradiation. However, in the age spectrum of sample A7,
some escape of recoiling 39Ar is indicated by the total gas
age slightly higher than its conventional K–Ar age. This
is reasonable because sample A7 is more weathered than
sample A4, higher in vermiculite content, and more commi-
nuted allowing the escape of recoiling 39Ar. Nevertheless,
the age spectrum of sample A7 was lowered far below that
of fresh biotite (A1) with the loss of plateau. In both spec-
tra, gradual increase in age toward higher-temperature deg-
assing steps correlates well with the theoretical age spectra
based on diffusion theory (Turner, 1968). It has been dis-
puted whether 40Ar–39Ar age spectra of biotite from the
vacuum stepwise extraction provide information on a nat-
ural gradient of 40Ar formed by diffusion during the geo-
logical events such as contact metamorphism (Hanson
et al., 1975; Ozima et al., 1979; Harrison et al., 1985; Gaber
et al., 1988; Lo et al., 2000). Most studies concluded that
initial 40Ar distribution is lost by the significant structural,
chemical, and morphological changes of biotite during the
heating, resulting in the perturbed or flat age spectra
regardless of the initial gradient (Hanson et al., 1975; Har-
rison et al., 1985; Gaber et al., 1988; Lo et al., 2000). How-
ever, the weathered biotites (A4 and A7) in this study were
already oxidized in the weathering profile and underwent
chemical and structural changes. Further changes in
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vacuum stepwise-heating were likely less than generally
thought in previous studies. Ozima et al. (1979) heated
fresh biotite in air, and subsequently analyzed Ar isotopes
by vacuum stepwise extraction. They obtained a stair-case
increase of ages toward higher temperature steps similar to
the age spectra of our oxidized biotites. Thus, the curved
age spectra of the samples A4 and A7 reflect largely the
original gradient of Ar concentration formed by the partial
Ar loss via diffusion during the iron oxidation.

After the completion of oxidation, the oxidized biotite
is subjected only to continued gradual vermiculitization
and decomposition to kaolinite, in which both parent
and daughter isotopes are indiscriminately removed from
the interlayers. Extraneous 87Sr was introduced into the
interlayer of vermiculite, but the apparent Rb–Sr age
was not affected by the simple mixing of the ambient
weathering solution and biotite. Although extraneous
87Sr was introduced into the minor vermiculitic interlayer
even in the early period of active iron oxidation, the
reduction in age results predominantly from the preferen-
tial release of radiogenic 87Sr from the interlayer of oxi-
dized biotite.

The Rb–Sr and K–Ar ages of biotites from saprolitic
migmatite have been reported by Clauer (1981) and Clauer
et al. (1982). Although they did not present detailed miner-
alogical data, a K2O content of around 6% together with a
low vermiculite content (Clauer et al., 1982) indicates that
these weathered biotites must have been largely oxidized
biotite. The behaviors of the Rb–Sr and K–Ar systems of
these biotites with increasing degrees of weathering showed
a concave curve below reference line (Clauer, 1981) which
is quite similar to those observed in this study, but they
didn’t address the origin of such behaviors. The age reduc-
tion through the weathering profile can be interpreted as a
two-stage process: the early preferential loss of 87Sr and
40Ar forced by iron oxidation and the later proportional
loss after iron oxidation.

5.1.2. Hydrobiotite

Hydrobiotite was formed either directly from fresh bio-
tite during the early active oxidation of iron (e.g. profile
942) or from the early-formed oxidized biotite (e.g. profile
AS). In profile 942, the Sr contents of the weathered bio-
tites are much lower than those of profile YC (Table 2),
implying less introduction of extraneous Sr into the vermic-
ulite interlayer of hydrobiotite, probably because the major
interlayer cations are negligibly exchangeable hydroxy-Al
cations (Table 1). Hydroxy-Al cations tend to be rich in
the upper acidic part of weathering profiles (Banhisel and
Bertsch, 1989; and references therein). They are increasing-
ly fixed on the exchangeable sites of the vermiculite inter-
layer of hydrobiotites with the progress of weathering,
resulting in the decrease of the sites for other exchangeable
cations including Sr. Thus, with the progress of weathering
from 9421 to 9425, Sr contents are generally lowered (Ta-
ble 2), and 87Sr/86Sr and 87Rb/86Sr ratios approach those
of fresh biotite on the isochron (Fig. 6).
87Sr content in the biotite interlayer was calculated
according to the method as discussed above. Since plagio-
clase (31 vol %) is richer and far more reactive than K-feld-
spar (31 vol %) and biotite (5 vol %) in granite bedrock, the
isotopic compositions of weathering solutions are largely
controlled by the dissolution of plagioclase. Both 87Sr
and Rb contents decrease in proportion rapidly to 50%
of their original levels (Table 2), which is consistent with
the formation of hydrobiotite, a 1:1 regularly interstratified
biotite-vermiculite. The formation of hydrobiotite in sam-
ple 9421 during the period of active iron oxidation indi-
cates that iron oxidation forced the early mass and
proportional release of interlayer cations and isotopes.
Both 87Sr and Rb contents decrease further to 36% of the
original contents in sample 9425 in the latest stage of
weathering by the kaolinitization. Both 40Ar and K also be-
haved like 87Sr and Rb, respectively. Despite significant
structural and chemical transformations, all the daughter
isotopes 87Sr and 40Ar must have remained in the alternat-
ing biotite interlayers because any removal of interlayer
cations via diffusion from the non-expanded biotite inter-
layer would have resulted in their preferential removal of
87Sr and 40Ar as shown in the case of oxidized biotite.

In the 40Ar–39Ar age spectrum of sample 9422, 39Ar re-
coiled from the biotite interlayer might have escaped along
the alternating vermiculite interlayer, greatly raising the
apparent age relative to that of fresh biotite in sample
9420. Nevertheless, the plateau in the age spectrum of sam-
ple 9422 indicates that there was little preferential loss of
Ar via diffusion during the formation of hydrobiotite. As
discussed in previous section, the plateau of the hydrobio-
tite 9422 is likely to reflect an initial distribution of Ar but
not an artifact during the vacuum stepwise heating.

The proportional release of parent and daughter iso-
topes from vermiculitizing interlayer and their complete
preservation in the alternating biotite interlayer result in
the complete preservation of the original Rb–Sr and K–
Ar isotopic ages. Extraneous Sr in the weathering solution
originated predominantly from actively dissolving plagio-
clase was introduced into the vermiculite interlayer of
hydrobiotite, but did not affect the Rb–Sr ages. The loca-
tion of data on the isochron was determined by the simple
isotopic mixing between hydrobiotite and the weathering
solution largely controlled by plagioclase dissolution. The
decomposition of hydrobiotite to kaolinite, followed by a
proportional release of radiogenic elements, did not change
the original ages.

In sample 9423, a preferential leaching of 87Sr over Rb
and 40Ar over K is evident, implying the presence of oxi-
dized biotite. Because Fe was almost completely oxidized
in sample 9423, B82V18, the major component in sample
9423, consists mostly of oxidized biotite (82%) from which
daughter isotopes 87Sr and 40Ar were preferentially lea-
ched. The abnormal behavior of sample 9423 might reflect
weathering conditions at that position different from those
at the other sample locations; for instance, the presence of
specific fracture patterns as a conduit of weathering



Fig. 10. Rb–Sr and K–Ar isotopic ages of four profiles plotted on the
diagrams of age vs. depth.
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solution or the difference in mineralogical and chemical
characteristics of the fresh biotite.

In profiles NS and AS, hydrobiotite developed from ear-
ly-formed oxidized biotite. The radiogenic 87Sr and 40Ar of
the oxidized biotite were preserved in the alternating inter-
layers, resulting in the preservation of the apparent age of
the oxidized biotite. The preservation of isotopic age in the
transformation of oxidized biotite to hydrobiotite was sim-
ilar to that in the transformation of fresh biotite to hydro-
biotite in profile 942.

5.1.3. Relation between Rb–Sr and K–Ar systems

In Fig. 10, the isotopic ages of oxidized biotites (profiles
YC and AS) are compared with those of hydrobiotites
(profile 942). The Rb–Sr ages are systematically lower than
the K–Ar ages as reported in Clauer et al. (1982). In both
profiles 942 and YC, the daughter isotopes 87Sr and 40Ar in
the interlayer of biotites decrease proportionally to each
other throughout the profiles (Fig. 11a). In profile 942,
the parent elements Rb and K decrease in proportion
(Fig. 11b). However, in profile YC, K decreases more rap-
idly than Rb during the period of active iron oxidation
from fresh biotite to oxidized biotite (Fig. 11b). From A1
to A4, K content decreases by 27%, whereas the Rb content
decreases by only 5%. After the nearly complete oxidation
of iron, the Rb content decreases by 38% from A4 to B4,
concomitant with a decrease in the K contents by 30%.
The preferential removal of K relative to Rb might be relat-
ed to smaller ionic radius of K+and its less selectivity on a
mineral surface (Sposito, 1989).

5.2. Implications

5.2.1. Isotopic dating

As shown above, the hydrobiotite that develops dur-
ing early active iron oxidation is useful for the Rb–Sr
and K–Ar isotopic dating of lithological units subjected
to weathering. However, in many cases, biotite loses its
original isotopic age during its early transformation into
oxidized biotite. Hydrobiotite that has transformed from
oxidized biotite is not useful for dating bedrock. Whole-
rock dating can be tried to date the weathered equivalent
of bedrock lacking biotite, because the preferential re-
lease of radiogenic elements is not significant during
the weathering of the other common K-minerals. K-feld-
spars dissolve in a stoichiometric pattern (Blum and Stil-
lings, 1995). Muscovite is more highly resistant to
weathering than biotite (Rausell-Colom et al., 1965),
and tends to decompose to kaolinite without the forma-
tion of vermiculite (Jeong, 1998). Worden and Compston
(1973) showed that the whole-rock age of Archean gran-
ite was surprisingly well preserved, even in completely
weathered samples of laterite profiles. Their petrographic
descriptions of fresh and weathered samples did not re-
port any biotite or its weathering products, so these
whole-rock ages were possibly preserved by the absence
of biotite.
There have been several attempts to use biotite as a
proxy for sediment provenance (Michell and Taka, 1984;
Mitchell et al., 1988; Renne et al., 1990). Our study re-
vealed that the weathering pathway of biotite and their
apparent ages vary little from site to site within a stock
or small batholith of several tens of kilometers in size,
but often vary significantly from stock to stock or from
batholith to batholith. Biotites in the sediments derived
from soil and saprolite in the source area were mostly oxi-
dized biotite or hydrobiotite because iron oxidation occurs
very rapidly in the lower parts of the weathering profiles.
Thus, the mineralogy and apparent age of weathered bio-
tite can be a useful tool for tracing the source areas of bio-
tite-bearing sediments.

5.2.2. Sr isotopic compositions of hydrological regimes

The Sr isotopic compositions of hydrological regimes de-
pend on the ages and Rb/Sr ratios of rocks and on mineral
solubilities. Biotite is a major reservoir of radiogenic 87Sr in
igneous and metamorphic rocks. Faure (1986) expected that
Sr is lost more readily from rocks than Rb, mainly by pla-
gioclase dissolution, resulting in the enrichment of 87Sr in



Fig. 11. Release patterns of daughter isotopes 87Sr and 40Ar and their parent elements Rb and K. (a) Proportional release of daughter isotopes in both
profiles. (b) Proportional release of parent elements in profile 942, but early preferential release of K over Rb and later proportional release of K and Rb in
profile YC (A and B).

Fig. 12. Models of mineralogical pathways of biotite weathering and
corresponding behaviors of Rb–Sr and K–Ar isotopic systems with release
patterns of strontium isotopes into hydrologic regimes. 87Sr is released
proportionally or preferentially relative to 87Rb.
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weathered rocks. However, as shown in our study, biotite
released 50–60% of its 87Sr in the very early stages of weath-
ering. In the weathering profile of K-feldspar-poor granodi-
orite (profile YC), the whole-rock 87Sr/86Sr ratio decreased
predominantly with the preferential release of 87Sr from oxi-
dized biotite. In profile 942, developed on K-feldspar-rich
(31 vol%) granite, the increase in the whole-rock 87Sr/86Sr
ratio was not great. The early preferential depletion of
radiogenic 87Sr from weathering biotite particularly in the
environments undergoing incipient weathering causes to in-
crease 87Sr/86Sr ratios in the ambient groundwaters and
stream waters (Blum et al., 1994), and in the exchange pool
in the soil (Blum and Erel, 1997). Based on dissolution
experiments with granitoids, Erel et al. (2004) suggested
that the weathering flux in younger soils is controlled by ele-
mental release from the interlayer of biotite in the early
stage of weathering. Taylor et al. (2000) showed that the re-
lease of radiogenic 87Sr results in an increase in the apparent
Rb–Sr ages, which contradicts to the natural trend of
decreasing apparent ages.

Our study shows that two stages of biotite weathering
should be considered in any model of the Sr isotopic com-
position of the stream water that drains the watershed on
biotite-bearing bedrock. In a deep saprolitic weathering
profile, there is a gradient in the degree of weathering
and permeability that extends from the old upper soil hori-
zon, which lacks plagioclase, to the young lowermost part
undergoing incipient weathering. In the upper highly
weathered part, the ionic and Sr isotopic contribution from
the profile is governed by slow stoichiometric weathering
or interlayer hydration, whereas in the very slightly weath-
ered lower part, it is governed by the rapid oxidative
weathering of biotite with a concomitant mass release of
87Sr. The cationic and Sr isotopic compositions of the
hydrological regime will be a combination of the contribu-
tions from throughout the weathering profiles.
6. Conclusions

The responses of biotite isotopic systems to weathering
are dependent upon the weathering processes, including
iron oxidation, structural transformation, and decomposi-
tion. Early iron oxidation forces a mass release of daughter
isotopes 87Sr and 40Ar. Their preferential removal relative
to that of Rb and K via solid-state diffusion during the
transformation to oxidized biotite results in the reduction
of the original isotopic age, whereas their proportional
removal during the transformation to hydrobiotite results
in the preservation of the original age. In the upper part
of the profile, 87Sr, Rb, 40Ar, and K are gradually and
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proportionally released with no further change in the isoto-
pic age. General models of biotite weathering and the
behaviors of isotopic systems are summarized in Fig. 12.
Regional variations in the isotopic systems regulated by
weathering processes should be considered when dating
biotite-bearing rocks in weathering environments, model-
ing the input of Sr isotopes to hydrological cycles, and
tracking sediment provenance.
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