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1. Introduction

Mineral type is one of the most important properties of fine-grained
soils. The colloidal particles of soils are mainly composed of clay min-
erals that occur in all type of sediments and sedimentary rocks as a re-
sult of weathering and hydrothermal alteration. All the clay minerals
are layered crystalline hydrous aluminosilicates, and the arrangement
and the chemical composition of the layers determine the type of clay
mineral (Holtz and Kovacs, 1981; Craig, 1994; Terzaghi et al., 1996;
Weaver and Pollard, 1973).

Clays are defined as soils which have particles smaller than 2 pm and
cohesive effects. The influence of the electrical forces acting at the sur-
face of each particle is significant. It is very complicated and difficult to
classify the mineral types. However, various groups exist based on min-
eralogical and chemical structures in the literature. In terms of geotech-
nical engineering, clay minerals are mainly classified as kaolinite group,
micalike minerals group and Smectite group (Lambe and Whitman,
1979; Mitchell, 1993). It is so difficult to find pure clay mineral compos-
ing of only one mineral on earth. However, it is possible to estimate be-
havior of clays from geotechnical point of view as the predominant
mineral existing in clay is known.

For geotechnical engineers the mineralogical composition of clays
may be useful as a notice of their characteristic behavior, and as an indi-
cation of the difference from the other materials (Holtz and Kovacs,
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1981). Sizes, shapes and surface characteristics of the clay particles as
well as their interactions with fluids are governed by the mineralogy.
Therefore, mineralogical characterization is essential for understanding
of geotechnical properties of clayey soils such as plasticity, swelling,
compression, strength, and permeability. It also gives us good estima-
tion about the consistency limits and grain size distribution reflecting
both composition and engineering properties (Mitchell, 1993).

The consistency limits are very useful for soil identification and classi-
fication. In addition, they are widely used as a means of estimating the
plastic properties of clay materials. The liquid limit (w;) and plastic
limit (wp,) are in the order montmorillonite > illite > kaolinite for common
clay minerals belonging to smectite group, mikelike minerals group and
kaolinite group, respectively (Mitchell, 1993; White, 1949; Bain, 1971).
Susceptibility of clays to swelling and shrinking increases with increasing
activity (A¢). Therefore, the swelling and shrinking potential is in the
order montmorillonite > illite > kaolinite for clay minerals. For clay min-
erals compared at the same water content, the permeability is in the
order montmorillonite < illite < kaolinite. The compressibility of saturated
clay minerals decreases in the order montmorillonite > illite > kaolinite
(Mitchell, 1993). The angle of shear strength decreases in the order by ka-
olinite, illite and montmorillonite for clay minerals (Olson, 1974).

One of the most important issues for geotechnical engineers is to esti-
mate behavior of clayey soils, which is mainly governed by the dominant
clay type. Although identification of mineralogical composition of clay
samples by XRD analysis is an easily applicable technique for clay scientist,
the specimen preparation and assessment of XRD patterns to determine
the available minerals in clay soils is a complicated methodology for
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geotechnical engineers. Therefore, assessment of predominant clay type
in soils and their engineering properties, by using practical charts pre-
pared based on chemical composition, could be more attractive when
compared to sophisticated XRD analyses for geotechnical engineers.

In this study, some practical charts have been prepared for use in es-
timation of dominant clay type in fine-grained soils from their chemical
composition. The general idea presented in this study is to provide prac-
tical charts for geotechnical engineers to assess dominant clay type in
soils and thus to evaluate their related engineering properties based
on their chemical compositions, instead of complicated X-ray diffraction
methods utilized by clay scientists.

2. Materials and methods

In this study, it is aimed to produce practical charts that can be used for
identification of major type of clay minerals in clay soils based on their
oxide composition. For this purpose, the oxide composition data of 40
clay samples for each of three common clay mineral types (kaolinite as
a mineral in kaolinite group, illite in micalike group and montmorillonite

Table 1
Chemical contents and statistical parameters of kaolinites used in the study.

in smectite group) from published literature are collected. Types of dom-
inant clay mineral in clay soil samples had been reported as determined
by powder XRD analyses in published literature. Their chemical composi-
tions had been reported as determined by means of X-ray fluorescence
(XRF) or conventional wet chemical method or inductively coupled plas-
ma emission spectrometry (ICP) by fusion/dissolution technique using
the bulk or powdered samples which had grain size <20 um. In order to
produce practical charts representing the relations between oxide com-
position and dominant clay mineral type in clay soils, some binary and
ternary graphs were plotted and they are assessed analytically to identify
the regions representing each dominant clay mineral type.

3. Results and discussion

3.1. Relationships between SiO,, Al,03, Fe,03 contents of clays and their
type of dominant mineral

The data sets clay soil samples of kaolinite, illite and montmorillonite
and their statistical parameters are determined (Table 1, Table 2 and

Chemical composition (%)

Data number Si0, Al,03 Fe,05 FeO Ca0 MgO TiO, Na,O K,0 LOI H,0~ Total References

1 46.20 39.20 0.23 0.06 0.07 0.09 0.09 0.21 13.80 100.0 Jepson and Rowse (1975)
2 452 39.2 0.17 0.06 0.08 1.21 0.03 0.02 133 99.3

3 46.40 39.52 0.09 0.23 0.15 0.09 0.01 13.90 100.4 Nemecz (1981)

4 44.06 39.44 0.80 0.06 0.26 14.16 1.06 99.8

5 45.10 37.70 0.70 1.40 13.90 0.90 99.7

6 44.59 38.12 143 0.10 0.06 138 0.12 0.08 13.91 0.71 100.5

7 44.84 40.36 0.30 0.31 13.99 99.8

8 44.15 38.99 1.06 0.14 0.62 12.96 97.9 Weaver (1989)

9 46.86 38.22 1.19 0.41 13.59 100.3 Weaver and Pollard (1973)
10 45.84 38.30 1.50 0.06 0.01 0.03 0.31 14.08 100.1 Celik et al. (1997)

11 46.30 34.80 0.65 2.33 0.45 0.18 14.40 99.1 Karakaya et al. (2001)

12 45.10 37.50 0.60 0.10 0.02 0.03 0.10 14.70 98.2

13 46.51 39.62 0.11 0.03 13.74 100.0 Bauer and Berger (1998)
14 44.6 38 0.2 0.01 0.02 0.01 0.04 829 Heller-Kallai and Lapides (2007)
15 441 37.8 1.08 0.02 0.04 0.01 0.04 83.1

16 47.6 38 1.1 1.1 0.5 <0.1 1 89.3

17 444 37.9 0.68 <0.02 0.11 <0.15 0.29 834

18 428 37.2 1 <0.1 <0.1 <0.1 <0,1 81.0

19 46.7 33.8 2 1.1 0.26 0.28 84.1 Kamiyango et al. (2009)
20 48.15 38.36 0.43 0.09 <0,02 0.5 0.13 0.5 115 99.7 Kilig and Hosten (2010)
21 48 37 0.75 25 88.3 Mergen and Aslanoglu (2003)
22 472 35.75 2.86 0.17 0.9 12.23 99.1 Saikia et al. (2003)

23 47.05 36.98 0.34 0.53 0.12 0.08 14.31 994 Suraj et al. (1998)

24 46.01 34.27 1.26 2.2 0.15 1.45 144 99.7

25 45.5 38.1 0.3 14 13.8 99.1 Sanchez et al. (2003)

26 51.3 32.6 1.1 0.1 0.3 1.1 0.2 03 13 100.0 Jaarsveld et al. (2002)

27 514 31.2 38 0.6 3.1 10 100.1 Sei et al. (2004)

28 51.8 28.8 44 1.7 26 105 99.8

29 51.6 313 35 2.3 03 111 100.1

30 47 36 3.08 0.16 0.32 0.42 0.74 12.31 100.0

31 45 34 7.38 0.23 0.24 0.12 0.5 13.1 100.6

32 48 33 6.13 0.19 0.19 0.08 0.62 12.41 100.6

33 49 34 413 0.25 0.22 0.19 0.7 10.02 98.5

34 49.72 33.85 0.96 0.03 03 0.04 0 3.02 119 99.8 Steudel et al. (2009)

35 4472 36.34 1.58 0 0.08 1.58 0 0.47 14.2 99.0

36 45.69 35.98 0.97 0.16 0.33 139 0 0.27 15.1 99.9

37 43.98 38.54 1.12 0.01 0.03 234 0.01 0.01 86.0 Volzone and Ortiga (2006)
38 45.5 35.15 1.54 0.06 0.47 0.83 0.63 1.01 12.12 0.63 100.0 Ekosse (2001)

39 4412 35.71 1.64 0.04 0.46 0.83 0.14 1.15 12.84 0.95 99.9

40 51.4 34.5 0.45 0.15 0.3 0.41 0.15 0.58 119 99.8 Ferrari and Gualtieri (2006)
Statistical parameters

Max. 51.80 40.36 7.38 1.64 2.33 0.50 2.34 0.63 3.10 15.10 1.06

Min. 42.80 28.80 0.09 1.54 0.00 0.02 0.01 0.00 0.01 10.00 0.63

Avrg. 46.59 36.38 1.60 1.59 0.26 0.21 0.99 0.14 0.72 13.04 0.85

Median 46.11 37.10 1.06 1.59 0.10 0.21 0.87 0.12 031 1345 0.90

Std dev. 239 2.67 1.70 0.07 0.49 0.15 0.71

0.16 0.90 1.36 0.18

LOL: Loss of ignition from 110° to 1000 °C.
H,0: Ignition loss below 110 °C.
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Table 2
Chemical contents and statistical parameters of illites used in the study.
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Chemical composition (%)

Data number Si0, Al,O3 Fe,053 Ca0O MgO FeO MnO TiO, Na,O0 K,0 LOI H,0™ Total References

1 5125 2353 2.02 059 332 0.33 017  0.05 7.61 5.87 5.26 100 Srodon et al. (1986)

2 474 35.6 1.5 0.3 0.23 0.53 9.12 94.68 Srodon and Eberl (1984)
3 50.55 26.14 067 0.6 425 0.65 0.42 0.19 1029 459 0.99 99.34 Weaver (1989)

4 53.63 2921 443 0.03 1.78 0.88 0.22 9.43 99.61 Celik and Arslan (1994)
5 56.64  26.71 432 0.07 1.65 0.15 0.45 10.16 100.15

6 5734  28.21 291 014  2.03 014 04 8.7 99.87

7 4954 3256  3.11 039 097 0.33 14 6.75 6.14 101.19  Celik et al. (1999)

8 5123 3128 078 1.1 0.8 024 021 7.78 5.88 99.3

9 46.53 2748 1.71 002 234 0.56 7.32 85.96 Inoue et al. (2004)

10 48.03 2837 1.75 0.01 24 007 06 743 88.66

11 47.00 2330 7.74 0.17 1.7 3.2 066 014 6.69 8.24 0.64 99.48 Nemecz (1981)

12 54.09 2630 1.5 049 2 1.49 0.68 0.22 6.87 6.89 132 101.85

13 4395 2112 79 084 15 3.42 0.62 0.32 5.9 8.25 2.08 96.6

14 47.08 28.05 8.16 2.33 0.32 6.48 7.73 100.15

15 5126  30.15 236 1.37 0.59 0.05 0.13 7.77 6.28 99.96

16 4967 2731 2.96 0.29 1.09 0.1 0.23 0.1 7.26 10.5 99.47

17 52.87 2490 078 069 36 1.19 1.62 0.22 7.98 6.73 2.56 103.14

18 4756  22.02 793 146 327 0.1 0.08 0 6.82 111 100.71 Steudel et al. (2009)
19 47.6 36.04 0.15 015 025 034 035 9.32 543 99.63 Jiang et al. (2008)

20 56.8 28.8 028  0.61 0.93 0 1.1 0.13 3.58 7.96 100.24  Aras (2004)

21 4778  35.29 1.19 0.14 0.82 0 0.01 8.96 451 98.72 Post and Borer (2002)
22 46.51 35.42 1.53 0.08 0.64 0 0.8 9.13 4.52 98.63

23 46.65 345 1.99 0.21 0.89 0.1 0.6 9.58 455 99.06

24 4795 3295 222 0.07 1.15 0 0.47 9.48 4.52 98.83

25 484 3221 2.31 0.08 1.2 0 0.54 9.43 4.55 98.72

26 4623 3434 2 0.03 1.57 0 0.55 9.7 45 98.95

27 4794 3362 221 0.05 0.63 0 034 9.8 45 99.12

28 5328 322 2.25 038 05 1.53 1.48 4.58 5.59 101.94  Baioumy and Gharaie (2008)
29 59.48 295 1.99 027 027 13 1.19 3.82 526 103.19

30 56.34 3232 057 052 0.12 1.25 14 2.97 5.81 101.46

31 57 2764 377 0.88 0.74 134 141 3 49 100.82

32 5638 26.84 5.12 087 097 141 143 2.75 513 101.12

33 56.62 2854 449 0.61 0.1 1.08 1.51 2.94 53 101.36

34 50.75 2004 9.13 1.67 345 0.37 0.5 0 6.01 6.74 98.66 Jiang et al. (2008)

35 44.7 25.6 10.47 116 295 0.42 0.95 0.11 51 8.2 99.66

34 53.3 294 0.38 0.38 1.11 0.11 0.28 9.31 5.44 99.71 Ferrari and Gualtieri (2006)
35 57.6 26.3 0.49 0.33 1.16 0.11 0.26 8.47 5.01 99.73

36 49.6 33.2 0.8 0.2 1.1 0.11 0.06 8.79 5.19 99.05 Drits et al. (1993)

37 50.2 33.7 0.8 0.2 1.5 0.08 0.11 8.59 5.11 100.29

38 51.74 2398 457 0.97 1.99 1.09 0.68 0.36 5.59 90.97 Brindley and Maksimovic (1980)
39 4978 2635 43 032 275 0.61 0.42 0.25 7.02 91.8

40 58 2584  4.63 152 324 0.55 2.21 3.97 99.96 Howard (1981)
Statistical parameters

Max. 5948  36.04 1047 167 425 342 0.10 1.62 2.21 10.29 1110  5.26

Min. 4395 2004 0.15 0.01 0.10 033 0.00 0.01 0.00 2.75 4.50 0.64

Avrg. 50.88  29.03 331 0.47 1.60 1.19  0.03 059 055 7.11 6.14 2.14

Median 4999 2846 225 0.29 144 0.79  0.00 0.52 0.32 7.38 5.59 1.70

Std dev. 4.14 429 2.64 0.46 1.09 1.05 0.05 046  0.59 227 1.75 1.68

LOI: Loss of ignition from 110° to 1000 °C.
H,0™: Ignition loss below 110 °C.

Table 3). The average values of the clay mineral compositions are found
to be close to the typical values in the literature given by theoretical SiO,
and Al203 contents respectively as 46.6% and 39.5% for kaolinite; 54.0%
and 17.0% for illite; 43.8% and 18.6% for montmorillonite (Mitchell,
1993). The data covers the major mineral type and chemical composi-
tion. In this study, the data of the samples including purity or <10%
amount of impurity for kaolinite and montmorillonite are taken into
consideration. On the other hand, the data of the samples <25% amount
of impurity for illite are considered because illite generally exist in im-
pure form.

SiO, and Al,0O5 are the major oxides available in clay minerals.
Therefore, the ratio of SiO,/Al,03 could be accepted as a common pa-
rameter for oxide composition of clays in order to distinguish the type
of clay minerals. In this study, the average SiO,/Al, 05 ratios for kaolinite,
illite, and montmorillonite are found to be 1.28, 1.75 and 2.85, respec-
tively (Tables 1, 2 and 3). The SiO,/Al;05 ratio of kaolinite (1.28) and
montmorillonite (2.85) determined from this study is close to that of

their theoretical values of 1.18 and 2.35, respectively. However, average
Si0,/Al,05 ratio for illite (Table 2) is away from the theoretical value of
3.18 probably due to impurities in clay samples.

To identify mineral type of clays based on their oxide compositions,
the charts (Fig. 1 and Fig. 2) as for two-axes and ternary graphs are pro-
posed. The relationship between SiO, content and Al,03 + Fe,03 con-
tent is presented (Fig. 1). It is clearly observed that the clays exhibit a
distinguished arrangement in the order of kaolinite, illite and montmo-
rillonite from up to down parts of the chart. However, an overlap zone
exists between kaolinite and illite zones (Fig. 1). It is revealed that
montmorillonite-type clays can be recognized by utilizing Fig. 1 where-
as kaolinite and illite type clays could not be distinguished effectively
from each other due to the overlap zone.

Fig. 2 presents ternary plot of SiO,:Al,05:the other oxides. Mont-
morillonite type clays can be identified noticeably, similarly to Fig. 1,
by using a practical ternary chart of SiO,:Al,05:the other oxides con-
tents of clays (Fig. 2). In addition a small overlap zone again exists
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Table 3
Chemical contents and statistical parameters of montmorillonites used in the study.

Chemical composition (%)

Data number Si0, Al,O3 Fe,03 Ca0 MgO FeO MnO TiO, Na,0 K,0 LOI H,0™ Total References
1 4900 2300 030 1.60 290 23.00 99.8 Nemecz (1981)
2 50.95 1654 136 226 465 0.26 032 017 047 828 15.01 100.3
3 5169 1865  4.00 024 164 0.23 016  0.00 017  7.89 14.82 99.5
4 6147 2217 432 014 273 009 3.8 003  6.02 100.2
5 4824 2030 229 210 206 0.11 008 036 005 720 17.94 100.7
6 5170 2020 077 250 340 0.09 0.84 740 13.00 99.9
7 6480 2454 127 056  1.60 0.40 932
8 6200 2342 374 0.68 032 093 0.72 2.63 94.4
9 6230 2350 335 0.31 037 195 0.40 0.03 922
10 6270 2220 462 0.58 048  2.00 0.01 0.12 92.7
11 59.73 2430 554 037 210 0.80 0.22 93.1
12 6022 2367 628 0.13 1.46 034  0.09 0.19 924
13 60.76 2308  6.10 0.17 1.44 038 013 0.21 923
14 59.91 2197 672 0.34 2.15 033 0.9 0.11 91.6
15 5867 2334 364 038 200 0.62 0.18 88.8
16 61.77 1985 195 189 556 024 007 0.09 914
17 6223  21.03 1.75 5.70 0.48 0.65 91.8
18 63.07 1846 199 024 738 028  0.16 0.16 91.7
19 61.55 20.44 2.02 6.06 0.38 0.30 90.8
20 6090  20.71 2.06 030 684 0.36 0.23 914
21 60.80 2215 007 374 444 91.2
22 65.07 1910  1.09 456 0.76 0.13 90.7
23 5134 1629 284 259 451 025 015 017 2130 99.4 Celik et al. (1999)
24 51.25 1639 285 236 493 024 037 0.21 21.00 99.6
25 57.37 20.03 4.70 3.42 4.61 0.21 0.37 0.32 8.98 100.0
26 57.07 1988 349 352 423 005 023 012 915 97.7
27 5812 2139 417 316 588 0.27 022 882 102.0
28 5850 1812  6.87 056 293 044 262 0.51 90.6 Inoue et al. (2004)
29 5747 2429 377 0.09 1.95 012 028 3.33 91.3
30 60.12 2300 565 077 651 0.27 138 2.26 100.0  Krekeler et al. (2004)
31 53.98 1597 095 230 447 0.19 008 013 012 912 13.06 1004  Weaver (1989)
32 51.95 1802 021 309 510 002 004 7.60 15.60 1016
33 53.42 1640 158 009 433 027 292 007 208 99.9
34 5810 1715  1.02 015 443 014 28 014 161 100.0
35 5780 1625 1.1 006 656 016  3.87 014 141 100.0
36 60.00 1473 36 0.08 1.68 1.95 0.1 17.9 100.0
37 56.8 2132 407 007 231 3.06 0.11 127 100.4
38 54.25 17.6 431 1.06  3.88 0.5 2.16 0.12 15.6 99.5
39 549 20.3 3.7 017 24 2.79 0.08 84.3
40 5539 192 6.77 017 225 0.6 2.56 0.42 105 12.29 110.2
Statistical parameters
Max. 6507 2454 687 374 738 076 215 060  3.87 333 2300 @ 17.94
Min. 4824 1473 007 006  1.64 0.11 0.93 0.02 0.0 003  6.02 12.29
Avrg. 57.68 2022 317 120 422 0.38 1.74 024 098 044 1267 1453
Median 58.31 2030 342 057 444 037 195 025 037 017 9383 14.82
Std dev. 4.47 2.74 1.95 1.25 1.63 016 041 0.14 1.18 0.78 559 1.94
LOI: Loss of ignition from 110° to 1000 °C.
H,0™: Ignition loss below 110 °C.
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Fig. 1. Relation of SiO, to Al,05 + Fe,05 for common clay minerals.

tent and summation of MgO + CaO + Na,O + K,0 contents of
clays is proposed (Fig. 3).

Fig. 3 demonstrates a clear clustering for kaolinite and illite type
clays. The MgO + CaO + Na,O + KO contents of kaolinite-type clays
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is <4% whereas this value is generally higher than 4% in illite data except
for some data. These exceptions could be attributed to impurities up to
25% of illite type clays in the data set. While the overlap zone in Fig. 1 is
between kaolinite and illite zones, the overlap zone (Fig. 3) is between
illite and montmorillonite zones.

Fig. 2 presents ternary plot of SiO,:Al,03:the other oxides. Montmo-
rillonite type clays can also be identified noticeably (Fig. 2). In addition a
small overlap zone exists between kaolinite and illite although they
mostly distinguish from each other. The ternary relationship between
Si0,, Al;03 and K30 is demonstrated and a clear clustering among the
mineral types is observed (Fig. 4). The four exceptional data mentioned
above in the kaolinite zone (Fig. 3) are also observed (Fig. 3 and Fig. 4). It
appears that Fig. 4 could also help us to clarify the overlap zone between
kaolinite and illite. The authors recommend that both Figs. 3 and 4
should be considered together for identification of clay mineral type.
Comparing two identification methods proposed by using Figs. 1 and
2 and Figs. 3 and 4, the later are preferable due to narrower overlap
zone existing between kaolinite and illite zones when compared to
the former.
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Fig. 3. Relation of SiO, to MgO + CaO + Na,0 + K,0 for common clay minerals.
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4. Conclusions

In this study, the data sets were collected from published literature
in order to create some practical chart for use in identification of pre-
dominant clay mineral in clayey soils based on their oxide compositions.
The following conclusions can be drawn in accordance with the practi-
cal charts obtained:

 The relationships between chemical composition of clays and their
mineral types, which are sufficient to identify the clay minerals, are
determined. In this context, the relationships among the different ox-
ides for each type of minerals are shown by using the graphs plotted
in two and ternary axes.

The best relations between both SiO, — Al,O3 + Fe,03; + FeO and
Si0; — MgO + Ca0 + Nay0 + K0 are found in two-axes plots. In ad-
dition, the promising relations between both SiO, — Al,O; — Others
and SiO, — Al,03 — K50 are found in ternary plots. These relations
are observed to be highly decisive in accordance with mineral type
of clays.

» The data between mineral type and chemical content show compati-
bility for kaolinite, illite and montmorillonite which are considered as
common clay minerals from kaolinite group, micalike group and
smectite group minerals in geotechnical engineering. It is observed
that the average chemical content ratios obtained from the data col-
lected are consistent with their theoretical rate.

It should be noted that the charts proposed in this study are found to
be useful for practical purposes, although the type of predominant
clay mineral in clays can also be determined by XRD analysis.
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