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Abstract 
 

The existing chemical index of alteration has a difficulty to evaluate the degree of weathering in biotite granites due to an assumption 

that K2O content decreases along with Na2O, CaO, and MgO. We found that relative K2O content increases during weathering of biotite 

granite, as it is retained within such rocks due to (1) the chemical and physical stability of K-feldspar and (2) the formation of illite via 

incorporation of K ions released from biotite. The calculated ranges of most chemical indexes for biotite granite weathering do not show 

a good correlation with the weathering grade except the CIW, WIP and V indexes. The range of the CIW, WIP and V indexes according 

to the weathering grade were very small, and thus small errors in whole-rock chemical analyses can produce large discrepancies in calcu-

lated values. Further, the WPI index is a relative weathering index that depends on the composition of a fresh standard sample and cannot 

be applied to determine the absolute degree of weathering in granites if no protolith is available. We suggest a new weathering index 

(BWI; Biotite weathering index) based on a decrease in the number of K ions in the interlayer site of biotite during weathering of granite. 

Newly calculated values show a much wider range than the CIW, WIP and V indexes with a good relationship with a weathering grade. 

Therefore, it is necessary to establish the new index for a detailed classification of weathering degree. 
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1. Introduction 

Most rocks on the Earth’s surface are exposed to weathering pro-

cesses. Plutonic igneous rocks formed at great depths are initially 

composed of crystalline minerals that are unstable at surface pres-

sures and temperatures, which readily weather to secondary, more 

stable minerals such as clays. The proportion of secondary miner-

als within an igneous rock increases proportionally with the de-

gree of weathering; however, as secondary minerals are signifi-

cantly weaker than primary crystalline minerals, civil engineering 

projects undertaken on highly weathered rocks are extremely haz-

ardous [1–5]. As such, quantification of the degree of weathering 

is critical in order to evaluate ground stability before infrastructure 

development [4,5]. Several chemical weathering studies have been 

performed over the last century to measure the extent to which a 

rock is weathered [6–14]. For example, Nesbitt and Young [10] 

and Harnois [11] developed the Chemical Index of Alteration 

(CIA) and Chemical Index of Weathering (CIW), respectively, 

which are based on changes in whole-rock chemical compositions 

under the assumption that these changes are similar for all rock 

types. However, it was found that the chemical weathering indices 

based on whole rock geochemistry have difficulty in accurately 

evaluating the degree of weathering as they only consider whole-

rock chemistry, and not complex weathering processes such as in-

situ mineral dissolution and precipitation [5, 15]. The inaccuracy 

of these indices may be related to different weathering processes 

occurring in different lithologies, which result in distinct bulk-

rock compositional changes during weathering. For example, sed-

imentary rocks weather differently compared to igneous rocks 

owing to varying mineral constituents in each rock type. Moreover, 

common weathering processes in volcanic and plutonic igneous 

rocks widely vary, as the former mostly consist of glass, whereas 

the latter mostly contain crystalline minerals. Previously proposed 

weathering indices have not considered that different weathering 

processes generally occur in different types of rocks; consequently, 

some are very good for particular examples, but not for others, and 

it is unclear as to which indices are best suited to which lithologies. 

Thus, weathering indices based solely on a generic (and simpli-

fied) weathering process—without necessarily accounting for 

variation in bulk-rock compositions—should be replaced by a 

more accurate weathering indices. 

One way to implement an improved weathering index is to con-

sider individual mineral chemistry instead of whole-rock chemis-

try, as the compositional changes that occur in certain minerals 

during weathering are likely to be mostly independent of bulk-

rock composition. Biotite is one possible index mineral that can be 

used in such an evaluation, as it shows clear compositional chang-

es during alteration [16, 17]. Biotite commonly alters to vermicu-

lite and chlorite in the early stages of weathering [18–21], forming 

mixed (or intergrown) biotite/vermiculite (B/V) and bio-

tite/chlorite (B/C) phases [22–24]. Continued weathering causes 

kaolinite and goethite to completely replace these mixed phases 

[23, 25–27]. The alteration of biotite during this weathering pro-

cess progressively leaches K ions from its interlayer sites. 

In this work, we introduce a new weathering index that focuses on 

changes in biotite composition. Granitic samples that have under-

gone three different degrees of weathering have been analyzed in 
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terms of their whole-rock chemical compositions and the composi-

tions of constituent minerals. Based on these data, we have inves-

tigated the amount of leached K from biotite in during progressive 

weathering. We have formulated a new Biotite-weathering index 

(BWI) and have evaluated its ability to measure the extent of 

weathering in biotite granite compared to three other well-

established weathering indices (CIA, CIW, and WIP). Our results 

show that the BWI can provide more accurate information about 

the degree of weathering in biotite granite than these current alter-

natives. 

2. Methods 

For this study, drill-core samples of biotite granite were obtained 

from the Daejeon area, South Korea. Seven cores were classified 

into four types according to the degree of weathering exhibited 

(i.e., fresh, weakly, moderately, and strongly weathered granites). 

The degree of weathering was determined via field definition sug-

gested by ISRM [28] together with optical microscopy according 

to the degree of alteration of key minerals such as biotite and pla-

gioclase. The fresh, weakly, moderately, and strongly weathered 

granites can be matched to very strong (R5), strong (R4), medium 

strong (R3) and weak strong rocks (R2) in ISRM [28] simple field 

classification. Representative samples for fresh, moderately and 

strongly weathered granites are termed WS (weathering stage) 1, 2, 

and 3, respectively in this paper (Fig. 1). WS1 granite core was 

left outdoors in order for it to weather between June 2011 and 

June 2012, and its extent of alteration was investigated after six 

months and one year. During outdoor experiment, the average 

temperature was 14.4°C and the average rainfall was 7.6mm/day. 

The samples were located within plastic boxes without drainage 

hole and water was removed by evaporation. The granite samples 

that had weathered for six months and one year are referred to 

herein as WS1-1 and WS1-2, respectively. WS-1-1 and WS-1-2 

are changed into weakly and moderately weathered granites dur-

ing experiment. Bulk-rock chemistry of the three representative 

granites (WS1, WS2, and WS3) and two experimental granites 

(WS1-1 and WS1-2) were analyzed using X-ray fluorescence 

(XRF), and the chemical compositions of minerals in those gran-

ites were analyzed by electron probe microanalysis (EPMA). Ob-

servation via a transmission electron microscope (TEM) was con-

ducted on biotite in the strongly weathered granite (WS3) in order 

to determine its alteration state at the strongly weathered stage. 

The average composition of minerals in each granite type was 

obtained by averaging analyses of twenty of each weathered min-

eral. XRF analyses were performed at a voltage of 24–40 kV and a 

current of 50–80 mA using a PW2400 XRF (Philips) housed at the 

Korea Basic Science Institute (Daegu center), Korea. EPMA and 

TEM analyses were performed using a Shimadzu 1600 and JEM-

2200FS housed at the Korea Basic Science Institute (Jeonju cen-

ter), Korea. EPMA analysis operating conditions were 15 kV and 

20 mA, and TEM observations were performed at 200 kV. 

 

Fig. 1: Photograph of biotite granite cores obtained from the Daejeon area. 

WS1, WS2, and WS3 represent weakly, moderately, and strongly weath-
ered granites, respectively. Samples 1, 2, and 3 were analyzed in this 

study. 

In order to compare the weathering index and geotechnical proper-

ties of the granite samples, the dry density, absorption rate, and 

uniaxial compressive strength were measured. Statistical methods 

were used to evaluate the reliability of the data and the correlation 

with the weathering indices proposed in previous studies. The 

program used for the analysis was PASW statistics. 

3. Results 

3.1. Whole-rock chemistry 

The results of whole-rock geochemical analysis of each granite 

core are presented in Table 1. The main changes recorded during 

weathering occur for Na2O, CaO, K2O, and MgO contents (Table 

1). Bulk-rock K2O content increased during weathering, although 

Na2O, CaO, and MgO contents decreased, with the magnitude of 

change in CaO content being particularly noticeable. Decreasing 

Na2O and CaO contents are well-documented results of weather-

ing processes that occur in igneous rocks [29]. 
 

 

Table 1: Whole-rock Chemistry of the Granite Cores That Have Been Weathered to Different Degrees and the Calculated Weathering Indices for Each 
Granite. L.O.I. = loss on ignition 

  

WS1 

WS1-1 

after six months 

WS1-2 

after one year 

 

WS2 

 

WS3 

 Fresh Slightly weathered Moderately weathered Moderately weathered Strongly weathered 

SiO2 72.93 71.52 74.01 72.72 73.08 

Al2O3 15.19 15.59 14.75 14.82 14.74 

TiO2 0.10 0.14 0.08 0.26 0.24 

Fe2O3 0.99 1.69 0.95 1.10 1.10 

MnO 0.03 0.07 0.02 0.02 0.02 

MgO 0.37 0.63 0.24 0.20 0.18 

CaO 1.20 1.20 1.18 0.76 0.26 

Na2O 3.70 3.43 3.18 3.54 3.48 

K2O 3.20 3.25 3.64 5.11 5.42 

P2O5 0.08 0.08 0.08 0.06 0.06 

L.O.I. 2.13 1.68 1.68 1.25 1.20 

Total 99.91 99.79 99.82 99.84 99.78 

CIA 56.83 58.30 57.00 54.06 55.29 

CIW 65.28 67.13 67.24 67.73 70.89 

CWI 2.77 2.70 2.71 2.64 2.63 

WIP 0.00 5.41 10.88 12.00 23.46 

BWI 18.50 32.00 52.00 53.00 100.00 

PI 88.66 87.92 89.10 88.83 88.93 

SAR 8.15 7.78 8.51 8.33 8.41 

V 2.03 2.03 2.34 2.64 3.10 

Si-Ti index 88.41 87.73 88.94 87.53 87.75 

WPI 4.96 5.86 5.13 6.70 6.31 

Strength 

(MPa) 
123.00 39.00 - 27.00 17.50 
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CIA:   [Al2O3/ (Al2O3+CaO+Na2O+K2O)]×100 [10] 

CIW:  [Al2O3/ (Al2O3+CaO+Na2O)]×100 [11] 
CWI:   [Al2O3+Fe2O3+TiO2]/[Al2O3+CaO+Fe2O3+K2O+MgO+MnO+Na2O +P2O5+SiO2+TiO2]×100 [30] 

WIP :  [(CaO+Na2O)fresh rock-(CaO+Na2O)sample]]×100/(CaO+Na2O)fresh rock  [27] 

PI:     [SiO2/( Al2O3+Fe2O3+SiO2)]×100  [8] 
SAR:  SiO2/ Al2O3 [7] 

V:       (Al2O3+K2O)/(MgO+CaO+Na2O)   [6] 

Si Ti Index:  [(SiO2/TiO2)/ ((SiO2/ Al2O3)+(SiO2/TiO2))]×100  [31] 
WPI: [(K2O+Na2O+CaO+MgO-L.O.I)/(SiO2+ Al2O3+TiO2+Fe2O3 +CaO+MgO+Na2O+K2O)]×100  [32] 

 

The weathering indexes CIA, CIW, and WIP, CWI, Pl, SA, SiTi, 

WPI and MWPI were calculated for the variously weathered gran-

ite cores based on their whole-rock chemistry (Table 1). Calculat-

ed CIW, WIP and V values increased as the weathering degree 

increased from WS1 to WS3, which is expected, as these indices 

were originally proposed under the assumption that Na2O and 

CaO are released from rocks during weathering. However, values 

for the CIA decreased during the weathering process from WS1 to 

WS3, though clearly they should have increased (Table 1). This 

discrepancy is likely due to the CIA assumption that Na2O, K2O, 

CaO, and MgO contents decrease due to their removal from rocks 

during weathering [10]; however, the relative bulk-rock K2O con-

tent was seen to have increased during weathering in our study 

(Table 1). The relative increase in K2O content occurred due to the 

resistance of K-feldspar (one of the main sources of K) to weath-

ering, as it is less susceptible than plagioclase (the main source of 

Na and Ca). Further, K2O released from biotite during weathering, 

which is another source of K, remained in-situ because it was used 

to form the secondary mineral illite, instead of being leached from 

the rocks. The resistance of K-feldspar and the formation of illite 

can be easily identified via optical microscopy, as documented 

below. Therefore, the CIA, which assumes that bulk-rock K2O 

contents decrease during alteration [10], cannot accurately meas-

ure the degree of weathering of these granite cores. Other weather-

ing indexes also do not show systematic increase as WIP, CIW 

and V (Table 2). Progressive weathering from WS1 to WS3 

through WS1-1, WS1-2 and WS-2 was thus documented by the 

CIW and WIP, but not by the CIA and other indexes.  

 
Table 2: Average Compositions of Minerals in the Granite Cores 

 

 WS1 WS2 WS3 

 Biotite Illite Plagioclase Biotite Illite Plagioclase Illite Kaolinite Plagioclase 

SiO2 31.888 49.714 61.500 31.521 47.765 65.152 46.998 43.559 67.668 

Al2O3 18.803 31.326 23.108 16.825 29.477 20.542 31.090 35.894 20.326 

FeO 23.904 2.995 0.018 26.843 4.940 0.000 4.045 3.084 0.014 

CaO 0.004 0.022 3.659 0.283 0.115 0.671 0.003 0.106 0.259 

MgO 6.282 1.895 0.010 5.394 1.863 0.000 1.391 0.395 0.001 

Na2O 0.043 0.087 8.545 0.151 0.114 9.498 0.103 0.052 9.483 

K2O 7.816 8.398 0.203 4.380 6.936 0.099 8.903 0.383 0.058 

TiO2 1.919 0.285 0.005 1.019 0.478 0.000 0.155 0.010 0.004 

MnO 0.611 0.043 0.008 0.141 0.019 0.000 0.022 0.017 0.006 

Total 91.271 94.763 97.055 86.571 91.706 95.962 92.710 83.500 97.819  

Si 5.20 6.58 2.79 5.40 6.57 2.95 6.44 3.95 2.99 

Al 3.62 4.90 1.24 3.40 4.77 1.10 5.02 3.84 1.06 

Fe 3.26 0.33 0.00 3.88 0.58 0.00 0.47 0.24 0.00 

Ca 0.00 0.00 0.18 0.05 0.02 0.03 0.00 0.01 0.01 

Mg 1.53 0.37 0.00 1.38 0.38 0.00 0.28 0.05 0.00 

Na 0.01 0.02 0.75 0.05 0.03 0.83 0.03 0.01 0.81 

K 1.63 1.42 0.01 0.94 1.21 0.01 1.56 0.04 0.00 

Ti 0.24 0.03 0.00 0.13 0.05 0.00 0.02 0.00 0.00 

Mn 0.08 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 

3.2. Results of microscopic observation and EPMA 

analysis 

The WS1 core consisted of biotite, quartz, plagioclase, and K-

feldspar (Figs 2a, b), with biotite observed during EPMA analysis 

to be slightly weathered (Figs 3a, b). Two distinct domains oc-

curred within these weathered grains (Fig. 3b): a bright area of 

slightly weathered biotite and a dark area of illite that formed due 

to weathering. Figure 3b shows that part of biotite was also altered 

to chlorite. The average measured chemical composition of 

weathered biotite (Table 2) was 

K1.63(Fe3.26Mg1.53Ti0.24Mn0.08Al0.82)(Si5.20Al2.80)O20(OH)4, indicat-

ing that the interlayer K cation proportion (K=1.63) was lower 

than that of an ideal biotite (K=2.00). This result implies that bio-

tite was mixed with chlorite, which has no interlayer K cation; 

however, it was difficult to differentiate between biotite and chlo-

rite via optical microscopy and EPMA analyses as both were in-

tergrown at a scale smaller than the EPMA resolution limit. The 

analyzed illite had an average composition of 

K1.42(Al3.48Fe0.33Mg0.37)(Si6.58Al1.42)O20(OH)4 (Table 2), which is 

within the range of an ideal analysis reported by Deer et al. [33]. 

In this sample, plagioclase also exhibited slight weathering, alt-

hough K-feldspar was almost completely fresh and lacked any 

significant alteration (Figs 2a, b). The average formula of the 

weathered plagioclase was (Na0.75Ca0.18)Al1.03(Si2.79Al0.21)O8 (Ta-

ble 2). 

Biotite and plagioclase in WS2 were more extensively altered than 

grains in WS1 (Figs 2c, d), with those grains in the former having 

more dirty surfaces covered with secondary minerals than those in 

the latter. Backscattered electron (BSE) images of biotite in WS2 

showed significantly more dark regions than for WS1, indicating 

that the biotite in WS2 had been more strongly altered to illite than 

those in WS1 (Fig. 3c). Analyzed average formulae of weathered 

biotite and illite in WS2 core were 

K0.94(Fe3.88Mg1.38Ti0.13Mn0.02Al0.80)(Si5.40Al2.60) O20(OH)4 and 

K1.21(Al3.34Fe0.58Mg0.38)(Si6.57Al1.43)O20(OH)4, respectively (Table 

2). The proportion of K in WS2 biotite was thus significantly re-

duced in comparison to that in WS1. The illite in WS2 also con-

tained less K and slightly more Fe than the illite in WS1. Although 

chlorite was not observed in BSE images (Fig. 3c), the low K 

content and slight increase in Fe content in illite suggested that 

chlorite may have existed as a microscopic mixed phase within the 

illite, and therefore could not have been directly observed during 

EPMA analysis. 

The average formula of the weathered plagioclase in WS2 core 

was (Na0.83Ca0.03)Al1.05(Si2.95Al0.05)O8 (Table 2). A comparison of 

plagioclase compositions in WS2 and WS1 showed that their Na 
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and Ca ions were removed during continued weathering. In con-

trast, the K-feldspar in WS2 was still fresh, similar to grains ob-

served in WS1, indicating that it is notably more resistant to 

weathering than biotite and plagioclase (Figs 2c, d). 

Biotite in WS3 core had been completely consumed due to strong 

alteration, leaving behind biotite pseudomorphs. Additionally, 

plagioclase in WS3 was more extensively altered than in WS2 

(Figs 2e, f). Biotite pseudomorphs were composed of three sec-

ondary minerals that had different contrasts in BSE imagery: illite, 

kaolinite, and goethite (Fig. 3d). TEM analysis and energy-

dispersive spectroscopy (EDS) showed that illite and goethite had 

replaced biotite (Fig. 5). Our observed breakdown of biotite into 

the secondary minerals kaolinite and goethite (with minor illite) in 

the strongly weathered core has also been documented in previous 

works [23, 25–27, 34]. The average formula of illite in WS3 core 

was K1.56(Al3.46Fe0.47Mg0.28)(Si6.44Al1.56)O20(OH)4 (Table 2), 

which had a higher K content than grains analyzed in WS1 and 

WS2 (Table 2). This high K content may have been caused by an 

increased amount of K made available to illite during the complete 

breakdown of biotite in this strongly weathered stage, and/or by 

alteration of a portion of illite to kaolinite. No chlorite was ob-

served in WS3, suggesting that all previous grains (if present) may 

have broken down to goethite. 

Plagioclase in strongly altered WS3 core exhibited dusty surfaces, 

which were extensively replaced by fine-grained secondary min-

erals (Figs 2e, f). The average composition of weathered plagio-

clase was (Na0.81Ca0.01)Al1.05(Si2.99Al0.01)O8 (Table 2). Even at this 

stage, K-feldspar was still fresh, further indicating its relative 

stability during weathering compared to biotite and plagioclase 

(Figs 2e, f). 

Under the microscope, WS1-1 and WS1-2 showed only minor 

differences in their degree of weathering compared to WS1 core 

(Figs 2e and 2f); however, a there was systematic decrease in K 

ions in biotite from WS1 to WS1-1, and from WS1-1 to WS1-2 

(Tables 2 and 3). The average formulae of biotite in WS1-1 and 

WS1-2 were 

K1.36(Fe3.36Mg1.42Ti0.19Mn0.08Al0.95)(Si5.31Al2.69)O20(OH)4 and 

K0.96(Fe3.53Mg1.35Ti0.33Mn0.06Al0.92)(Si5.04Al2.96)O20 (OH)4, respec-

tively. The K content of biotite in WS1-1 was between those 

measured in grains from WS1 and WS2, and its content in WS1-2 

was similar to that for grains in the WS2 granite (Table 3). There-

fore, it appeared that the WS1 granite core had been weathered to 

a similar degree as WS2 by the exposure to the environment for 

only one year. Biotite in WS1-1 and WS1-2 was partially altered 

to illite, with the illite average formulae in both samples being 

K1.29(Al3.22Fe0.52Mg0.49)(Si6.58Al1.42)O20(OH)4 and 

K1.48(Al3.15Fe0.73Mg0.46)(Si6.20Al1.80)O20(OH)4, respectively. 

 

 
Table 3: Average Compositions of Biotite, Illite, and Plagioclase in the WS1-1 and WS1-2 Granite Cores 

 

 WS1-1 (after six months) WS1-2 (after one year) 
 Biotite Illite Plagioclase Biotite Illite Plagioclase 

SiO2 32.742 47.290 61.725 30.628 44.451 64.958 

Al2O3 19.018 28.815 24.084 19.969 30.097 21.012 

FeO 24.683 3.916 0.023 25.430 5.999 0.072 

CaO 0.004 0.237 5.166 0.059 0.079 1.755 

MgO 5.887 2.261 0.003 5.489 2.137 0.013 

Na2O 0.042 0.053 8.734 0.067 0.225 10.946 

K2O 6.618 7.348 0.170 4.649 8.347 0.129 

TiO2 1.551 0.697 0.000 2.721 0.918 0.004 

MnO 0.584 0.133 0.007 0.411 0.089 0.009 

Total 91.130  90.750  99.912  89.424 92.342 98.897 

Si 5.31 6.58 2.74 5.04 6.20 2.89 

Al 3.64 4.64 1.26 3.88 4.95 1.10 

Fe 3.36 0.52 0.00 3.53 0.73 0.00 

Ca 0.00 0.03 0.25 0.01 0.01 0.08 

Mg 1.42 0.49 0.00 1.35 0.46 0.00 

Na 0.01 0.02 0.75 0.02 0.06 0.94 

K 1.36 1.29 0.01 0.96 1.48 0.01 

Ti 0.19 0.09 0.00 0.33 0.10 0.00 

Mn 0.08 0.02 0.00 0.06 0.01 0.00 

 

Plagioclase in WS1-1 and WS1-2 showed more microscopic evi-

dence of alteration compared to grains in WS1 (Fig. 4), with 

grains in WS1-2 exhibiting a similar degree of alteration to those 

in WS2. The average analyzed formulae of plagioclase in WS1-1 

and WS1-2 were (Na0.75Ca0.25)Al1.00(Si2.74Al0.26)O8 and 

(Na0.94Ca0.08)Al0.99(Si2.89Al0.11)O8, respectively (Table 3). The K-

feldspar in WS1-1 and WS1-2 was also still as fresh as those 

grains observed in WS1 (Figs 2a, b). 
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Fig. 2: Photomicrographs of (a, b) WS1 granite cores, (c, d) WS2 granite 
cores, and (e, f) WS3 granite cores. Photomicrographs (a), (c), and (e) 

were taken under cross-polarized light, and (b), (d), and (f) were taken 

under plane-polarized light. Qtz: Quartz, Bt: Biotite, Pl: Plagioclase, Kfs: 

K-feldspar, and Bt-P: Biotite pseudomorph. 

 

Fig. 3: BSE images of (a, b) WS1, (c) WS2, (d) WS3, (e) WS1-1, and (f) 

WS1-2. The same abbreviations are used here as in Fig. 2, in addition to 

Ill: Illite, Chl: Chlorite, Kln: Kaolinite, and Goe: Goethite. 

 

Fig. 4: Photomicrographs of (a, b) WS1-1 and (c, d) WS1-2. Photomicro-

graphs (a) and (c) were taken under cross-polarized light, and (b) and (d) 

were taken under plane-polarized light. Abbreviations are the same as 

those used in Fig. 2. 

 

Fig. 5: (a) TEM image of illite and goethite replacement of weathered 

biotite in WS3. EDS results indicating (b) illite and (c) goethite. 

3.3. BWI weathering index and Compressive strength 

In this paper, we introduce the Biotite-weathering index (BWI), 

which can measure the degree to which granite has weathered 

more precisely than any other chemical weathering indices. The 

BWI is based on the decrease in the quantity of K ions in biotite’s 

interlayer site that occurs during weathering. In general, biotite in 

slightly weathered granite is partially altered to secondary miner-

als such as chlorite, vermiculite, and illite, and is completely re-

placed by kaolinite and goethite in extremely weathered samples 

[22, 24, 27, 34–37]. As shown herein, biotite can survive the early 

stages of weathering in granite, though does not remain in very 

strongly weathered granite. The proportion of K in biotite de-

creased as weathering became more extreme, such that the degree 

of weathering can be quantified using the ratio of K in weathered 

biotite and that in the ideal biotite formula (i.e., 2 ions). The BWI 

formula is thus as follows: 

 

BWI = 100 - [(Value of K in weathered biotite)/ 

(Value of K in ideal biotite formula)  X 100]         (1) 

 

The BWI was calculated for WS1, WS1-1, WS1-2, WS2, and 

WS3 using compositional analyses of biotite obtained herein (Ta-

ble 1). The BWI values for WS1 and WS2 were 18.5 and 53, re-

spectively (Table 1), and was 100 for WS3, given that the value of 

K in that latter case was 0 owing to its complete alteration to illite, 

kaolinite, and goethite (Fig. 3d). Calculated BWI values for WS1-

1 and WS1-2 were 32 and 52, respectively. The BWI value for 

WS1-2 was similar to that for WS2, indicating that one-year of 

exposure to the natural environment was sufficient to convert the 

extent of weathering in WS1 to a degree similar to that observed 

in WS2. 
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The compressive strength obtained from WS1, WS1-1, WS-2 and 

WS-3 are 123, 39, 27 and 17.5 Mpa, respectively. In the simple 

regression analysis on the correlation between the BWI weather-

ing index and compressive strength, the coefficient of determina-

tion (R2) was 0.9113 representing very high correlation between 

them and the following equation was obtained (Fig. 6). More 

study will be needed to confirm the suggested equation. 

 

Rock strength (MPa) = 2456.9 × (BWI)-1.109        (2) 

 

 
Fig. 6: The correlation between BWI and Rock Strength (MPa) which 

were measured from rocks with different weathering degree. 

4. Discussion and conclusions 

The chemical weathering indices based on whole rock composi-

tion have been used as an important tool for evaluating weathering 

condition in ground investigation practice. However they were 

recently criticized due to their inaccuracy because the whole rock 

composition depends not only on the degree of weathering but 

also on microenvironmental conditions that control the type and 

abundance of weathering minerals [15]. Price and Velbel [38] also 

mentioned that CIA, CIW, Plagioclase Index of Alteration (PIA) 

and Vogt’s Residual Index (V) may have problem for evaluating 

weathering degree because they are sensitive to subtle geochemi-

cal changes such as hydrothermal alteration. 

This study also confirmed the problems of a chemical weathering 

indices based on the whole rock compositions. The CIA [10] fails 

to properly evaluate the weathering degree of biotite granites, and 

that the CIW [11] and WIP [27] provide better metrics compared 

to other weathering indexes (Table 1), though still have some 

drawbacks. The CIA suffers from the assumption that K2O de-

creases commensurately with Na2O, CaO, and MgO during 

weathering; however, relative K2O content was observed to in-

crease in our samples during the weathering process, with it re-

maining in-situ due to the strong resistance of K-feldspar against 

weathering and the formation of illite that scavenged K ions re-

leased from biotite during its breakdown. Therefore, the CIA can-

not be used to determine the weathering degrees of granitic rocks 

that have abundant K-feldspar and biotite. Because the CIW as-

sumes that Na2O and CaO decrease during the weathering process, 

this index has previously been considered useful for quantifying 

weathering in granitic rocks [38–40], which is supported by the 

results of this study (Table 1), although the observed magnitude of 

change herein was very narrow, ranging from 65.28 (WS1, weakly 

weathered granite) to 70.89 (WS3, strongly weathered granite). 

Therefore, only a small error in the whole-rock chemical analysis 

could strongly influence the weathering evaluation, and obtaining 

detailed and reliable geochemical analyses of weathered rocks is 

difficult. In this study, the CIW values for WS1-1 and WS1-2 

were very similar, thus confirming this issue (Table 1). Similar 

problem occurs for the V values (Table 1). Although the WIP [27] 

for our samples exhibited a wide range from 0.00 (WS1, weakly 

weathered granite) to 23.46 (WS3, strongly weathered granite), it 

is a relative weathering index that depends on the composition of a 

standard fresh sample. Therefore, the WIP cannot be used to de-

termine the absolute extent to which granite has been weathered. 

Consequently, it is necessary to develop a new weathering index 

that is only controlled by the degree of weathering. 

The correlation among weathering indexes including BWI was 

evaluated statistically and the result was shown in Fig. 7 and Table 

4. 

 
Fig. 7: The matrix plot of values calculated from the rocks with different 

weathering degree using various weathering indexes including BWI. 

 

 

Table 4: Correlation Coefficient Matrix and Correlation Analysis of Weathering Indices 

 

 BWI WIP CIW CIA CWI PI SAR SiTi WPI V 

BWI Pearson correlation coeffi-

cient 
1 .995** .975** -.534 -.824 .495 .576 -.282 .567 .960** 

p-value (2 side test)  .000 .005 .354 .086 .396 .309 .646 .319 .010 

N 5 5 5 5 5 5 5 5 5 5 
WIP Pearson correlation coeffi-

cient 
.995** 1 .976** -.555 -.870 .481 .570 -.314 .621 .958* 

p-value (2 side test) .000  .005 .332 .055 .412 .316 .607 .264 .010 
N 5 5 5 5 5 5 5 5 5 5 

CIW Pearson correlation coeffi-

cient 
.975** .976** 1 -.451 -.865 .293 .358 -.432 .652 .917* 

p-value (2 side test) .005 .005  .446 .058 .632 .522 .468 .233 .028 

N 5 5 5 5 5 5 5 5 5 5 

CIA Pearson correlation coeffi-
cient 

-.534 -.555 -.451 1 .664 -.606 -.610 .425 -.678 -.746 

p-value (2 side test) .354 .332 .446  .221 .279 .274 .476 .209 .148 
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N 5 5 5 5 5 5 5 5 5 5 

CWI Pearson correlation coeffi-

cient 
-.824 -.870 -.865 .664 1 -.223 -.322 -.652 -.914* -.857 

p-value (2 side test) .086 .055 .058 .221  .718 .597 .233 .030 .064 

N 5 5 5 5 5 5 5 5 5 5 
PI Pearson correlation coeffi-

cient 
.495 .481 .293 -.606 -.223 1 .991** .423 -.035 .570 

p-value (2 side test) .396 .412 .632 .279 .718  .001 .478 .956 .316 
N 5 5 5 5 5 5 5 5 5 5 

SAR Pearson correlation coeffi-
cient 

.576 .570 .385 -.620 -.322 .991** 1 .382 .040 .631 

p-value (2 side test) .309 .316 .522 .274 .597 .001  .526 .949 .253 

N 5 5 5 5 5 5 5 5 5 5 
SiTi Pearson correlation coeffi-

cient 
.282 -.314 -.432 .425 -.652 .423 .382 1 -.876 -.381 

p-value (2 side test) .646 .607 .468 .476 .233 .478 .526  .051 .527 
N 5 5 5 5 5 5 5 5 5 5 

WPI Pearson correlation coeffi-

cient 
.567 .621 .652 -.678 -.914* -.035 .040 -.876 1 .668 

p-value (2 side test) .319 .264 .233 .209 .030 .956 .949 .051  .218 

N 5 5 5 5 5 5 5 5 5 5 

V Pearson correlation coeffi-
cient 

.960** .958* .917* -.746 -.857 .570 .631 -.381 .668 1 

p-value (2 side test) .010 .010 .028 .148 .064 .316 .253 .527 .218  

N 5 5 5 5 5 5 5 5 5 5 
(*): The correlation coefficient is significant at the 0.05 level. 
(**): The correlation coefficient is significant at the 0.01 level. 
 

The result indicates that the BWI was strongly correlated with the 

CIW, WIP and V, demonstrating its validity as a weathering index. 

The range of BWI values (18.5–100) for the biotite granite studied 

herein was much wider than the calculated ranges of the CIW 

(65.28–70.89), WIP (0.00–23.46) and V(2.03-3.10) (Fig. 8). 

Therefore, a detailed classification of weathering degree, which is 

difficult to obtain with the CIW, WIP and V, can be achieved with 

the BWI (Fig. 8). Though the WIP only provides a relative meas-

ure of weathering-related change, as it utilizes the composition of 

a fresh standard, the BWI does not suffer from this limitation, as it 

does not require use of an unaltered sample. In addition, the BWI 

may be applied to a wide range of rock types in addition to granite, 

because biotite is a common mineral in many igneous and meta-

morphic lithologies. All the more, the BWI index showed a good 

correlation with the compressive strength suggesting possibility 

that the BWI can be used for indirectly estimating compressive 

strength (Fig. 6). 

We conclude that the BWI, which considers K ion contents in 

biotite to elucidate the degree of weathering that a rock has expe-

rienced, can obviate the problems associated with other weather-

ing indices, such as the CIA, CIW, and WIP. It is necessary to 

apply the BWI to more samples of granite that have been variably 

weathered in order to reconfirm the relationship between the BWI 

and the weathering degree. It is also necessary to investigate the 

relationships between BWI and the physical strength of granite 

including compressive strength, and to confirm whether the BWI 

can be used to evaluate the degree of weathering in other biotite-

bearing lithologies. We expect that further study of the BWI will 

enable development of a simple and accurate method for deter-

mining the extent of weathering in a wide range of biotite-bearing 

igneous and metamorphic rocks. 

 

Fig. 8: Relationships between BWI values and those of two other weather-

ing indices (CIW and WIP) for biotite granites that have been weathered to 

different degrees. The rectangles and bars represent the averages and rang-
es, respectively, of BWI for biotites from biotite granites that have been 

weathered to different degrees 

Acknowledgement 

This research was financially supported by the Postdoctoral fel-

lowship Program at Daegu University. 

References  

[1] Raj JK (1985), Characterisation of the weathering profile devel-

oped over a porphyritic biotite granite in peninsular Malaysia. 

Bulletin of the International Association of Engineering Geology 
32, 121–129. 

[2] Nesbitt HW & Markovics G (1997), Weathering of granodioritic 

crust, long-term storage of elements in weathering profiles, and 
petrogenesis of siliciclastic sediments. Geochmica et Cosmo-

chimica Acta 61, 1653–1670. 



98 International Journal of Engineering & Technology 

 
[3] Guan P, Ng CWW, Sun M & Tang W (2001), Weathering indi-

ces for rhyolitic tuff and granite in Hong Kong. Engineering Ge-
ology 59, 147–159. 

[4] Ceryan S, Zorlu K, Gokceoglu C & Temel A (2008), The use of 

cation packing index for characterizing the weathering degree of 
granitic rocks. Engineering Geology 98, 60–74. 

[5] Choo CO & Jeong GC (2011), Characterization of microtextures 

formed by chemical weathering in crystalline rocks and implica-
tions for rock mechanics. The Journal of Engineering Geology 

21, 381–391 (in Korean with English abstract). 
[6] Vogt T (1927), Sulitjelma feltets geolgi og petrografi. Norges 

Geologiske Undersokelse 121, 560. 

[7] Ruxton BP (1968), Measures of the degree of chemical weather-
ing of rocks. The Journal of Geology 76, 518–527. 

[8] Parker A (1970), An index of weathering for silicate rocks. Geo-

logical Magazine 107, 501–504. 
[9] Vogel DE (1975), Precambrian weathering in acid metavolcanic 

rocks from the Superior Province, Villebon Township, south-

central Quebec. Canadian Journal of Earth Sciences 12, 2080–
2085. 

[10] Nesbitt HW & Young GM (1982), Early Proterozoic climates 

and plate motions inferred from major element chemistry of lut-
ites. Nature 299, 715–717. 

[11] Harnois L (1988), The CIW index: a new chemical index of 

weathering. Sedimentary Geology 55, 319–322. 
[12] von Eynatten H (2004), Statistical modelling of compositional 

trends in sediments. Sedimentary Geology 171, 79–89. 

[13] Girty GH, Colby TA, Rayburn JZ, Parizek JR & Voyles EM 
(2013), Biotite-controlled linear compositional weathering trends 

in tonalitic to quartz dioritic saprock, Santa Margarita Ecological 

Reserve, southern California, USA. Catena 105, 40–51. 
[14] Parizek JR & Girty GH (2014), Assessing volumetric strains and 

mass balance relationships resulting from biotite-controlled 

weathering: implications for the isovolumetric weathering of the 
Boulder Creek Granodiorite, Boulder County, Colorado, USA. 

Catena 120, 29–45. 

[15] Duzgoren-Aydin NS & Malpas AA (2002), Re-assessment of 
chemical weathering indices: case study on pyroclastic rocks of 

Hong Kong. Engineering Geology 63, 99–119. 

[16] Nagano T & Nakashima S (1989), Study of colors and degrees of 
weathering of granitic rocks by visible diffuse reflectance spec-

troscopy. Geochemical Journal 23, 75–83. 

[17] Sharma A & Rajamani V (2000), Weathering of gneissic rocks 
in the upper reaches of Cauvery river, South India: implications 

to neotectonics of the region. Chemical Geology 166, 203–223. 

[18] Walker GF (1949), The decomposition of biotite in the soil. 
Mineralogical Magazine 28, 693–703. 

[19] Veblen DR & Ferry JM (1983), A TEM study of biotite–chlorite 

reaction and comparison with petrologic observations. American 
Mineralogist 68, 1160–1168. 

[20] Yau YC, Anovitz LM, Essene EJ & Peacor DR (1984), Phlogo-

pite-chlorite reaction mechanisms and physical conditions during 
retrograde reactions in the Marble Formation, Franklin, New Jer-

sey. Contributions to Mineralogy and Petrology 88, 299–306. 

[21] Eggleton RA & Banfield JF (1985), The alteration of granitic bi-
otite to chlorite. American Mineralogist 70, 902–910. 

[22] Jackson ML, Hseung Y, Corey RB, Evans EJ & Vanden Heuvel 

RC (1952), Weathering sequence of clay-size minerals in soils 
and sediments. 2. Chemical weathering of layer silicates. Soil 

Science Society of America Journal 16, 3–6. 

[23] Banfield JF & Eggleton RA (1988), Transmission electron mi-
croscope study of biotite weathering. Clays and Clay Minerals 

36, 47–60. 
[24] Jeong GY (1998), Mineralogical characteristic and formation 

environment of kaolin minerals in the weathering of granitoids: 

weathering of biotite in Palgongsan Granite. Journal of the Min-
eralogical Society of Korea 11, 97–105 (in Korean with English 

abstract). 

[25] Craw D, Coombs DS & Kawachi Y (1982), Interlayered biotite-
kaolinite and other altered biotites, and their relevance to the bio-

tite isograd in eastern Otago, New Zealand. Mineralogical Mag-

azine 45, 79–85. 
[26] Ahn JH & Peacor DR (1987), Kaolinitization of biotite: TEM 

data and implications for an alteration mechanism. American 

Mineralogist 72, 353–356. 
[27] Jeong GY & Kim HB (2002), Oxidized biotite in the weathering 

profile of Andong granite. Journal of the Mineralogical Society 

of Korea 15, 183–194 (in Korean with English abstract). 
[28] ISRM (1981), Suggested methods for determining hardness and 

abrasiveness of rocks. In: Brown ET, editor, Rock characteriza-

tion, testing and monitoring: ISRM suggested methods. Oxford, 

Pergamon, p.96. 

[29] Nesbitt HW & Young GM (1984), Prediction of some weather-

ing trends of plutonic and volcanic rocks based on thermody-

namic and kinetic considerations. Geochimica et Cosmochimica 
Acta 48, 1523–1534. 

[30] Sueoka T (1988), Identification and classification of granite re-

sidual soils using chemical weathering index, Symposium on The 
Weathering Residual Soil, pp.89–94. 

[31] De Jayawardena US & Izawa E (1994), A new chemical index of 
weathering for metamorphic silicate rocks in tropical regions: a 

study from Sri Lanka. Engineering Geology 36, 303–310. 

[32] Reiche P (1943), Graphic representation of chemical weathering. 
Journal of Sedimentary Research 13, 58–68. 

[33] Deer WA, Howie RA & Zussman J (1992), An introduction to 

the rock forming minerals, 2ndedn. John Wiley and Sons, New 
York, NY, p.696. 

[34] Fordham AW (1990), Formation of trioctahedral illite from bio-

tite in a soil profile over granite gneiss. Clays and Clay Minerals 
38, 187–195. 

[35] Song YG (1995), Alteration processes of some Mafic rocks in 

the Cheongyang-Kwangcheon Area and mineral chemistry of 
their altered products, Unpublished Ph.D. Thesis, Yonsei Univer-

sity, Seoul, p.293 (in Korean with English abstract). 

[36] Dong H, Peacor DR & Murphy SF (1998), TEM study of pro-
gressive alteration of igneous biotite to kaolinite throughout a 

weathered soil profile. Geochimica et Cosmochimica Acta 62, 

1881–1887. 
[37] Murphy SF, Brantley SL, Blum AE, White AF & Dong H (1998), 

Chemical weathering in a tropical watershed, Luquillo Moun-

tains, Puerto Rico: II. Rate and mechanism of biotite weathering. 
Geochimica et Cosmochimica Acta 62, 227–243. 

[38] Price JR & Velbel MA (2003), Chemical weathering indices ap-

plied to weathering profiles developed on heterogeneous felsic 
metamorphic parent rocks. Chemical Geology 202, 397–416. 

[39] Maynard JB (1993), Chemistry of modern soils as a guide to in-

terpreting Precambrian paleosols. The Journal of Geology 100, 
279–289. 

[40] Fedo CM, Nesbitt HW & Young GM (1995), Unraveling the ef-

fects of potassium metasomatism in sedimentary rocks and pale-
osols, with implications for paleoweathering conditions and 

provenance. Geology 23, 921–924. 

 


