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Abstract Chemical weathering was investigated by col-

lecting samples from five selected weathering profiles in a

high elevation granitic environment located in Seoul,

Korea. The overall changes of chemistry and mineralogical

textures were examined reflecting weathering degrees of

the samples, using polarization microscopy, X-ray dif-

fraction (XRD), electron probe micro analysis (EPMA),

X-ray fluorescence spectroscopy (XRF), and inductively

coupled plasma–mass spectroscopy (ICP–MS). The chem-

ical distribution in the weathering profiles shows that few

trace elements are slightly immobile, whereas most major

(particularly Ca and Na) and trace elements are mobile

from the beginning of the granite weathering. On the other

hand, there were mineralogical changes initiated from a

plagioclase breakdown, which shows a characteristic

circular dissolved pattern caused by a preferential leaching

of Ca cation along grain boundaries and zoning. The biotite

in that region is also supposed to be sensitive to exterior

environmental condition and may be easily dissolved

by acidic percolated water. As a result, it seems that some

rock-forming minerals in the granitic rock located in Seoul

are significantly unstable due to the environmental condi-

tion of acidic rainfall and steep slopes, where they are

susceptible to be dissolved incongruently leading some

elements to be highly depleted.

Keywords Chemical weathering � Granitic environment �
Mineralogical textures � Trace elements

Introduction

Chemical weathering of rocks is one of the major processes

that modify the earth’s surface and is one of the vital

processes in the geochemical distribution of elements. The

rate and nature of chemical weathering are governed by

many variables such as parent-rock type, topography,

leaching conditions and biological activity (Nesbitt et al.

1980; Chen et al. 1997; Kirschbaum et al. 2005; Green

et al. 2006). The mobilization and redistribution of

major and trace elements during weathering is particu-

larly complicated because these elements are affected

by various processes such as dissolution of primary

minerals, formation of secondary phases, coprecipitation

and ion exchange on various minerals (Nesbitt 1979; Lee

1994; Islam et al. 2002; Oliva et al. 2004; Taboada et al.

2006).

The purpose of this study is to investigate the chemical

weathering of the granite located in Seoul, a metropolitan

city in Korea. The granite has several weathering profiles

with thicknesses in the range of 1–4 m distributed sparsely

in a mountainous area. These profiles include geological

structures with mixed soils and rocks originating from

weathered parent rocks and remaining in situ. We want to

study the weathering of the granite with emphasis on two

points. One is the role of acidic rainwater (pH \ 5.5),

which is initiated from the oxidation of carbon, sulfur, and

nitrogen, which result from fossil fuel combustion around a

big city like Seoul, to the weathering of rock. The other is

the water–rock interaction resulting in the mobilization and

redistribution of selected elements.
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Study area

Bughan Mountain (837 m), located in the northern area of

Seoul city, trending N 40�E (Fig. 1a), is part of the so-

called Seoul granite of Jurassic age (Hong et al. 1982). It

intruded into the Precambrian gneiss complex composed of

banded biotite gneiss and limestone. The elevation of the

area, including the investigated weathering profiles, ranges

between 400 and 837 m, which is quite high when com-

pared with some areas around the city. The granite shows a

characteristic topography such as rounded hills and domes

(Fig. 1b). It is medium- to coarse-grained equigranular

biotite granite. It consists of quartz, plagioclase, microcline

and biotite with minor muscovite, chlorite and opaque

minerals (Table 1). Plagioclase occurs as subhedral

phenocrysts with compositional zoning. Perthitic and

myrmekitic intergrowths are commonly found.

Mean annual temperature and precipitation of that

region are 11.8�C and 1,369 mm, respectively. The

mountain is characterized by thin acidic soils, steep slopes,

and unreactive rock type (granitic rock), which produces

surface or ground waters of low alkalinity (HCO3
– =

*5.34 ppm). Owing to the limited soil–water contact

in this area, the chemical weathering of bedrock minerals

is the primary process by which incoming acidity is

neutralized.

Five weathering profiles were selected for the study of

granitic rock weathering. Most of them have heights of 1–

4 m with unweathered remnants in parts (Fig. 1c). The

studied sites are roughly homogeneous and have not had

any catastrophic and dynamic events. There is no signifi-

cant difference between them, because they have their

homogeneous rock component without any fault, dikes, and

slight metamorphism. They have similar rock-forming

minerals, geostructure, and vegetation, except for the FC

profile, which has been highly weathered, containing con-

siderable secondary clay minerals. Samples were collected

from each profile with a different weathering degree.

Analytical methods

For a textural investigation of the fresh and weathered

rocks, air-dried samples were impregnated with Araldite

epoxy resin under vacuum. The impregnated samples were

air-dried for 2 weeks of air-drying, and then polished with

0.05 lm alumina paste for microscopic observation and

electron microprobe analysis. Microprobe analysis was

carried out by wavelength dispersive X-ray analysis at an

acceleration voltage of 15 kV using a JEOL JCXA 733

superprobe instrument.

For analysis of bulk rock chemical compositions, each

sample was crushed, pulverized, homogenized, and then

analyzed by X-ray fluorescence spectroscopy (XRF) for

major elements, and by inductively coupled plasma–mass

spectroscopy (ICP–MS) for trace elements.

Fig. 1 a The location of the study area (Bughan Mt.) and its

sampling sites (LS, LK, LY, SY, and FC), which are the weathering

profiles of granite. The represented area wholly consists of a

homogeneous granitic rock. The dotted lines mean several adminis-

trative divisions, and the solid lines indicate some stream lines. b The

granite outcrops of the mountain top showing considerable steep

slope. c A weathered saprolitic profile having some unweathered

remnants
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To analyze the concentration of some major elements in

streams of that region, water samples from different

streams were taken and analyzed by the ICP–MS.

X-ray diffraction (XRD) analyses were carried out for

the identification of constituent minerals using a Rigaku

RAD3-C automatic horizontal goniometer diffractometer

equipped with a scintillation counter and a Cu X-ray tube

operating at 40 kV/30 mA in a continuous scan mode. Slit

set was 1�–0.15 mm–1�, and the scanning speed was

2� min–1.

Results

Microscopic features of weathered primary minerals

Examination by electron microprobe revealed that, in our

acidic environment, the mineral dissolution proceeds from

the edges, especially in the case of layered silicates such as

biotite (Fig. 2), where thin and amorphous ferrihydrite

precipitates are preferably formed on the primary mineral

surface. As weathering proceeds, various clay minerals are

developed as secondary products of primary minerals in

granite. At initial, 2:1 clay minerals such as smectite are

prevailed on the rock surface, resulting from the dissolution

and transformation of feldspar and biotite (Fig. 3a). In

highly weathered granite, however, poorly crystallized 1:1

kaolinite is predominant as secondary mineral (Fig. 3b).

The smectite is further transformed to kaolinite or halloy-

site if the microenvironment underwent more intense

leaching.

The weathering product of feldspar is commonly smec-

tite. Textures of weathered plagioclase at the early alteration

stage are circular or square outlined along structural

boundaries with compositional differences (Fig. 4). The

plagioclase phenocrysts in the microphotographs are dis-

continuously zoned, having a calcic core mantled by a more

sodic rim. The crystals are discontinuously zoned and have

multiple zoning. As the weathering becomes more progres-

sive, the widths of dissolved parts are gradually enlarged, and

several microfractures are developed around them. Water

penetrates and diffuses into the compositional zoning

resulting in the formation of dissolved stripes through a

structural destruction. These dissolved stripes gradually

extend to fresh parts of the mineral and eventually become

much large voids.

Weathering of chlorite in acid soils proceeds through a

transformation to vermiculite with a loss of Fe and Mg.

Muscovite is almost not altered with only slight weathering

margin of grains.

Behavior of elements

The choice of a reference frame is the most important

assumption for any mass-balance calculation of an open

system (Middelburg et al. 1988). Ti can be selected as the

element for normalization on the basis of its low solubility

and its presence in several stable primary minerals such as

rutile and ilmenite. The percentage changes of elements

relative to TiO2 as a function of the degree of weathering

are presented graphically in Fig. 5. The percentage

increase or decrease of any element X in a sample, relative

to fresh parent rock can be calculated according to the

following formula (Nesbitt 1979):

% change ¼ ½ðX=TiÞsample=ðX=TiÞparent � 1� � 100

In order to compare various weathering profiles to one

another, we need an independent measure for the degree of

weathering of each sample. During weathering, the chem-

istry of a rock is modified. Many investigators have

Table 1 Modal analyses of the granite samples by the polarization

microscopy

Minerals Samples

LK-1 LY-1 LS-1 SY-1

Quartz 49.8 33.7 35.4 32.6

K-feldspar 21.6 30.8 25.9 29.4

Plagioclase 26.1 32.7 37.7 33.4

Biotite 1.4 1.4 0.3 2.2

Muscovite 0.4 0.3 0.2 0.7

Chlorite 0.7 0.4 0.3 0.8

Opaque minerals 0.0 0.7 0.2 0.9

Total 100.0 100.0 100.0 100.0

Fig. 2 Backscattered electron image of a weathered biotite showing a

deeply dissolved surface plane (arrows) and amorphous ferrihydrite

precipitates around the surface
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developed chemical techniques to quantify and classify the

mineralogical and chemical characteristics of weathered

rocks (Ruxton 1968; Parker 1970; Vogel 1973; Nesbitt and

Young 1982; Middelburg et al. 1988; Gupta and Rao 2001;

Kim and Park 2003; Lee and Yi 2007). Indeed, some of

these weathering indexes have been specifically developed

for granites. We introduced the parameter weathering

degree (WD) suggested by Middelburg et al. (1988), which

is suitable to apply in our acidic environment and defined

as:

WD ¼ ð1� Rsample=RparentÞ

where R = (CaO + Na2O + K2O)/(Al2O3 + H2O).

The ratio R is a measure for the degree of feldspar

breakdown, including the accumulation and formation of

clay minerals. The parameter WD approaches 1 when

minerals such as gibbsite and kaolin prevail, and is equal to

0 for fresh rocks. Chemical analyses were performed on

each of the levels in the profiles studied; the concentration

of major and trace elements present in the profile samples

is shown in Tables 2 and 3.

Behavior of major elements

At the initial stage of the granitic rock weathering, the

leaching of Ca and Na is relatively higher as compared with

that of other constituent major elements (Fig. 5). The

migration trends showing the significant loss of Ca and Na in

the profiles probably result from first and rapid breakdown of

plagioclase. However, other major elements such as Si, Al,

K and Mg are almost similar in their behavior patterns,

displaying a slow loss from the parent rock during the

weathering (Fig. 5). Fe is considered to be essentially

immobile (Nesbitt 1979), and may be precipitated as Fe-

oxides or -oxyhydroxides on the primary mineral surfaces.

The percentage loss on ignition (LOI) (Table 2) can be used

to determine the degree of weathering (Suoeka et al. 1985).

Fig. 3 X-ray diffraction patterns of the clays, which were separated

from slightly weathered granite (a) and intensively weathered one (b).

In a, smectite (S) is predominant with minor vermiculite (V), but

poorly crystalline hydrated kaolinite which was dried to 115�C is

prevailed in b. EG ethylene glycol treatment

Fig. 4 Polarization microphotographs of some plagioclase dissolved

along, a the Ca compositional zoning (thin arrows) and b Ca-enriched

core (thin arrows) in the grain. Microfractures (thick arrows) in a and

b are developed around and within the grain boundary during the

dissolution
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Fig. 5 Percentage change, normalized with respect to Ti, of individual elements versus the weathering degree (WD) in four weathering profiles
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It is likely that LOI may be presumably related with H2O and

correlated with the amount of clay developed during

weathering. The H2O component (LOI) increases in the

profiles during the weathering progress, presenting a possi-

bility to be used as one of weathering criteria. The general

trend of the elemental mobility in our profiles follows the

order: Ca [ Na [ Mg ‡ Si ‡ Al ‡ K [ Fe [ Ti.

Behavior of trace elements

In all the weathering profiles investigated, some heavy

metals such as Ni, Cu and Co are, at least with respect to

Ti, considerably immobile and accumulated (Fig. 5). U

shows initial enrichments, and later progressive depletions

(Fig. 5). On the other hand, alkaline earth (e.g., Be, Sr) and

rare earth (e.g., La, Nd, Sm, Eu) elements are slightly

depleted with weathering progress (Table 3). Most of them

seem to be slightly leached out without being largely

incorporated into, or precipitated on iron-oxides and clay

minerals. It is assumed that the phenomena result from the

lack of soil layers containing secondary minerals suffi-

ciently developed in situ to retard the trace elements to be

removed from parent rocks. Koons et al. (1980) insisted

that degree of association of trace metals with Fe-oxides

and clay minerals is important to be enriched in profile

during rock weathering. The presence or absence of sec-

ondary minerals in weathering suites may be, therefore, a

factor of major importance for the behavior of trace

elements in our study area.

Discussion

The Bughan Mountain is characterized by thin acidic soils,

steep slopes, and unreactive granitic rock (Lee 1994).

According to Velbel (1992), the most sensitive landscape

to acidification is that underlain by crystalline silicate

bedrock, especially granitic bedrock. This is because the

silicate minerals do not react with percolating solutions

quickly enough to neutralize the added acidity or to con-

tribute base cations and acid-neutralizing capacity to the

soil exchange complex and natural waters, respectively.

The immediate contact of acidic rainfall to the rock will

cause the surface state to be polarized and weaken for a

moment, instead of leading to the formation of mature

secondary minerals in situ. In frequent exposures to acid

rainfall, the cation release rates or amounts from primary

minerals would be higher as compared with the case of

normal neutralized condition. There is a significant loss of

most major elements, in particular Ca, Na and Si, in the

Bughan Mountain due to the acidic environmental condi-

tion (Table 4). However, few trace elements (e.g., Cd andT
a
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U) are incorporated in or adsorbed on secondary minerals

(Fig. 6). The elements are largely enriched in the clays

fraction and depleted in the sand fractions. This means that

the weathering process occasionally involves the selective

leaching of ions and their subsequent concentration in

secondary phases. The development of secondary minerals

is important, rather than that of sandy soils, for attracting

and retaining considerable trace elements released from

parent rocks (Nesbitt and Markovics 1997; Taboada et al.

2006). However, the thin soils with limited amounts of

secondary minerals in the study area did not sufficiently

play an important role in terms of restraining the elemental

release from the profiles.

During weathering of crystalline rocks, rock-forming

minerals are partly dissolved and hydrolysis and hydration

take place (Islam et al. 2002). Dissolution and weathering

of minerals play an important role in element transport in

granitic rocks because they redistribute elements between

solid and solution. Some authors (Jeong 2000; White and

Brantley 2003; Wilson 2004) have suggested that the

mineral dissolution is selective in natural condition. In our

samples, plagioclase feldspar is much more weathered than

K-feldspar in all the sections. Furthermore, the plagioclase

in the samples frequently shows circularly or squarely

dissolved outlines developed in its interior as low weath-

ering degree prevails (Fig. 4). Long time ago, Clayton

Table 3 ICP–MS analyses for the trace elements in the weathered granite profiles (unit: ppm)

Samples

LK-1

(0.03)a
LK-2

(0.14)

LK-3

(0.10)

LK-4

(0.11)

LS-1

(0.24)

LS-2

(0.24)

LY-1

(0.01)

LY-2

(0.13)

LY-3

(0.33)

LY-4

(0.41)

SY-1

(0.02)

SY-2

(0.05)

SY-3

(0.25)

SY-4

(0.35)

Li 74.7 31.5 46.4 109.9 69.7 90.1 73.5 85.9 53.0 51.8 53.9 24.9 21.6 24.5

Be 4.7 3.4 3.7 5.3 3.2 3.7 2.7 3.5 2.5 2.5 2.9 2.7 2.8 2.8

Cr 132.7 73.3 70.9 54.3 61.2 73.0 78.6 133.1 53.1 47.7 101.5 79.5 54.3 45.6

Co 1.6 1.0 1.0 1.4 1.7 2.0 1.3 2.0 1.5 2.2 1.5 1.4 1.9 2.6

Ni 2.8 3.8 2.0 3.0 2.9 3.2 2.5 3.6 3.7 4.7 2.4 3.1 2.9 4.5

Cu 2.3 1.5 1.7 2.4 1.2 1.8 2.0 1.6 2.4 3.8 1.7 2.0 2.2 3.4

Zn 40.2 31.0 33.2 31.2 30.5 38.2 28.0 44.7 38.2 33.3 31.2 29.2 28.2 28.6

Rb 222.0 220.0 213.0 226.0 187.0 197.0 175.0 182.0 210.0 192.0 201.0 201.0 214.0 185.0

Sr 226.0 187.0 175.0 177.0 209.0 134.0 155.0 179.0 118.0 129.0 214.0 193.0 167.0 157.0

Y 11.1 6.6 5.8 24.9 6.7 6.2 7.9 8.8 8.5 9.5 7.8 10.8 10.7 7.9

Zr 47.7 48.8 49.2 62.0 53.8 76.4 66.6 56.8 55.7 51.3 59.0 58.1 58.1 63.7

Nb 16.3 13.9 16.8 19.9 17.9 25.6 22.3 25.8 18.4 19.8 18.8 17.7 17.0 19.8

Cd 0.1 0.1 0.0 0.1 0.1 0.2 0.1 0.1 0.3 0.2 0.1 0.1 0.2 0.1

Sn 3.3 2.8 2.9 3.4 2.4 3.4 2.4 3.3 2.7 2.6 2.6 2.3 2.2 2.4

Cs 6.0 4.9 5.1 6.7 5.2 4.1 3.6 4.9 5.4 6.5 3.7 3.8 3.8 3.6

Ba 812.0 831.0 734.0 863.0 779.0 614.0 455.0 555.0 704.0 602.0 774.0 679.0 921.0 782.0

La 31.1 40.6 20.1 60.5 24.2 29.5 21.3 38.0 38.8 26.2 30.9 42.2 42.2 24.6

Ce 43.4 65.8 31.0 73.8 41.7 57.3 36.4 66.2 65.2 45.1 53.6 70.2 77.9 59.9

Pr 6.8 8.5 4.3 14.0 4.9 6.1 4.5 7.8 8.3 5.4 6.3 9.2 8.8 5.2

Nd 23.5 29.0 15.3 49.2 16.3 20.7 14.8 27.4 28.8 17.7 21.6 31.4 29.5 17.5

Sm 4.4 5.0 2.6 8.1 2.8 3.5 2.9 4.6 5.0 3.2 3.8 6.0 4.7 3.3

Eu 0.9 0.8 0.6 1.3 0.7 0.6 0.5 0.6 0.6 0.6 0.7 0.8 0.8 0.5

Gd 3.5 3.8 2.0 7.2 2.3 3.1 2.6 3.8 4.3 3.3 3.1 4.6 3.9 2.4

Dy 2.3 1.7 1.4 4.6 1.5 1.6 1.7 2.3 2.1 1.9 1.7 2.6 2.3 1.6

Yb 0.8 0.6 0.6 1.7 0.5 0.6 0.7 0.7 0.7 0.9 0.7 0.9 0.9 0.9

Lu 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Hf 1.8 2.1 2.0 2.5 2.0 3.2 2.9 2.3 2.3 2.1 2.4 2.6 2.4 2.5

Pb 32.6 33.0 30.1 30.6 29.5 31.6 26.7 28.8 32.0 30.2 32.8 33.5 37.5 35.3

Th 10.7 25.9 11.8 19.8 16.0 22.7 16.6 27.6 37.2 19.3 18.2 24.3 26.4 21.1

U 2.8 3.4 2.9 3.3 2.2 3.0 2.4 4.5 4.6 2.7 2.2 2.1 2.6 2.5

a Weathering degree (WD)
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(1988) reported a possibility for the preferential weathering

of anorthite for the explanation of large Ca2+ source in

Idaho. Some authors also observed that plagioclase feld-

spars are commonly zoned and the more calcic core could

be often easily weathered (Inskeep et al. 1991; Williams

et al. 1993; Oliva et al. 2004). However, few studies have

directly investigated the selective weathering patterns of

calcic plagioclases, which have quite distinctive dissolved

pathways along Ca component (Fig. 4) as well as obvious

intrusive features by water (Fig. 7). The intrusive diffusion

Table 4 ICP–MS analyses for the major elements in rainfall and some streams (unit: ppm)

Sample pH Ca Na K Mg Si Al

Annual rainfalla 4.6 0.50 0.70 0.45 0.12 – –

Stream-1 5.3 2.11 2.62 0.23 0.58 4.87 0.16

Stream-2 6.4 5.21 4.87 0.74 0.78 5.13 –

a Average values of several decades (Ministry of Environment (Korea) 2006)

Fig. 6 Comparison of

elemental distribution between

the weathered bulk samples and

their finer particles

(\120 mesh). Filled circle, bulk

samples. Plus symbol, \120

mesh bulk samples
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of water presumably begins at a certain defect or disloca-

tion site existing on the mineral surface or grain boundary

and causes soluble components (e.g., preferentially Ca

cation) to be easily displaced by H+ ions in water, resulting

in the formation of the characteristic dissolved pattern.

Similarly, Banfield and Eggleton (1990) observed that

feldspar destabilization starts on the crystal surface at

already structurally disturbed microsites (i.e., dislocations

and cleavages). Consequently, the compositionally differ-

ent region in the plagioclase with higher dislocation

densities, for instance, may influence the grain to be

selectively dissolved by the intrusive diffusion of hydrogen

ions, and the cation leaching would increase from there.

Conclusions

The chemical composition and mineralogy of the studied

profiles show characteristic changes with the weathering

progress. The migration of major and trace elements is

considerable in the acidic environment and exhibits the less

accumulation of them onto the clay fraction. In addition, the

textures of weathered silicates are much selectively

dissolved and appear as sensitive as the exterior acidic

environment, forming much more amorphous phases rather

than crystallized ones. In addition, the steep slopes of the

geographic site also interfere with the mineral–water inter-

action to be sufficient. As a result, some rock-forming

minerals in the granitic rock located in Seoul are significantly

unstable due to the abnormal environmental condition,

where they are susceptible to be dissolved incongruently

leading some elements to be highly depleted.
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