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Abstract 14 

The validity of the application of the n-alkylammonium method to carbonate-rich 15 

lithologies was checked by means of a double comparison: First, the method was applied to 16 

samples studied by XRD and HRTEM. Second, these results were compared with the 17 

chemical compositions obtained independently by analytical electron microscopy (AEM) 18 

from single grains of smectites and I/S. Marl and marly limestone samples corresponding to 19 

the R0 and R1 illite/smectite mixed-layer (I/S) stages of diagenetic evolution have been 20 

analyzed by the n-alkylammonium method. Forty samples were taken and analyzed by 21 

routine X-ray diffraction (XRD) methods. The complete series from nc:6 to nc:18 has been 22 

used for XRD determination on eight samples, yielding layer charges of 0.32 to 0.39 afu for 23 
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the expandable component (formula based on O10(OH)2). Lattice-fringe images have been 24 

obtained under TEM from four selected samples treated with nc:8 and nc:14 25 

alkylammonium, which are the best chain lengths for discrimination, according to the XRD 26 

results. The same type of interlayer configuration (mono-, bi- or pseudotri-layer) has been 27 

found by XRD and TEM in all cases. A comparison of the alkylammonium method layer 28 

charges with those calculated from formulas determined by AEM on single clay particles 29 

has revealed a good general agreement between the two independent methods; however, 30 

results from the alkylammonium method are 3 to 14% lower than those from AEM. This 31 

disparity is qualitatively in agreement with the literature, but the difference is clearly lower, 32 

presumably due to the use of specific in-situ analyses (which are contamination-free) instead 33 

of whole analyses of separates. The good agreement among the three methods validates their 34 

use for carbonate-rich lithologies. Layer charge increases with depth through the R0 35 

stadium, but stabilizes, with no further increase, when the R1 stadium is reached; this 36 

change in behavior may be related with qualitative differences in the transformation 37 

mechanism. 38 

Keywords: Illite-smectite mixed-layer, diagenesis, layer charge, marl, limestone  39 

 40 

Introduction 41 

Layer charge is a significant parameter in smectites and related minerals. It plays a 42 

fundamental role in edaphic environments as it determines the exchange capacity between 43 

the mineral component and fluids of soils. The diagenetic environment is characterized by 44 

the evolution from smectite (a low-charge 2:1 phyllosilicate) to high-charge micas. 45 

Therefore, the layer-charge evolution of smectite and illite-smectite mixed-layers (I/S) 46 
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during diagenesis is an interesting topic for which exact determination methods are 47 

necessary.  48 

Nevertheless, a direct chemical determination is not simple due to the heterogeneous 49 

nature of clays and the very small grain size of smectites. The alkylammonium ion exchange 50 

method (Lagaly 1994; Mermut and Lagaly 2001) is a powerful tool that can be applied as a 51 

pre-treatment to X-ray diffraction (XRD) and/or high-resolution transmission electron 52 

microscopy (HRTEM) samples. Alkylammonium ions are able to enter into the interlayer 53 

space of 2:1 phyllosilicates, replacing the interlayer cations (Mermut and Lagaly 2001). 54 

They can adopt different configurations depending on the layer charge and the length of the 55 

alkylammonium chain, which may be prepared with 6 to 18 carbon atoms. The different 56 

configurations can be recognized in XRD and HRTEM studies by their characteristic d001 57 

basal spacing. Therefore, the transition from one configuration to another occurs for 58 

different lengths of the alkylammonium chain, depending on the layer charge. A complete 59 

determination would require sample treatment with all the n-alkylammonium (hereafter, nc: 60 

refers to the number of C atoms in the alkylammonium chain); the identification of nc: for 61 

which the transitions occur would allow a determination of the layer charge. Due to 62 

heterogeneities in the layer charge at the sample level, the transition can occur in the range 63 

between two non-consecutive nc:alkylammoniums. 64 

The method has been applied to the expandable component of illite-smectite mixed-layers 65 

(I/S) (Lagaly 1979; Cetin and Huff 1995; Inoue et al. 2005). In such cases, a good 66 

knowledge of the proportion of S layers in the I/S is necessary to calculate the resulting d001 67 

for the different alkylammonium configurations. 68 

In HRTEM images, layer spacing can be directly measured. Smectites or I/S treated with 69 

alkylammonium are able to maintain, at least partially, their expanded spacing, characteristic 70 
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of each configuration under the microscope vacuum. Therefore, the method can also be 71 

applied to HRTEM samples (e.g. Rühlicke and Niederbudde 1985; Bell 1986; Vali et al. 72 

1994; Murakami et al. 2005, Schumann et al. 2014). Sears et al. (1998) and Shata et al. 73 

(2003) combined XRD and HRTEM to determine the layer charge of I/S in lutitic samples, 74 

showing the complementary character of the two techniques. The study by Shata et al. 75 

(2003) identified minor smectite layers indiscernible by other methods in the transition from 76 

diagenesis to metamorphism. 77 

Direct determination of the layer charge from the chemical composition of the sample 78 

would only be possible from monomineral samples. Even so, in the usual case of a non-79 

homogeneous smectite composition in the sample, the average value would ignore the 80 

differences between the various grains or areas in a grain. Analytical electron microscopy 81 

(AEM) allows determination of the individual in-situ composition of any grain or specific 82 

area in the sample (e.g. Nieto et al. 1996; Drief and Nieto 2000). Therefore, the layer charge 83 

obtained by the alkylammonium ion exchange method can be compared with that obtained 84 

from the chemical composition determined by AEM on single clay particles.  85 

Studies on the evolution of layer charge in diagenetic environments (with occasional 86 

comparisons between the various techniques) have been carried out chiefly on bentonite and 87 

shale lithologies, with studies on carbonate lithologies, such as marls, remaining very scarce 88 

in spite of the diagenetic retardation generally invoked for these cases (Ferreiro Mählmann 89 

et al. 2012, Arostegui et al. 2006). 90 

To our knowledge, the applicability of the layer-charge determination by the 91 

alkylammonium ion exchange method to marls and/or carbonate lithologies has never been 92 

checked in spite of their abundance in diagenetic sequences and their purported diagenetic 93 

retardation. In addition, the employment of AEM to obtain contamination-free chemical 94 
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compositions of individual grains and to determine the degree of heterogeneity at the sample 95 

level is lacking in all the comparative studies performed until now. Therefore, the doubt 96 

remains about the critical role of possible contamination by other phases and internal 97 

chemical heterogeneities in the differences between layer charges determined by chemical 98 

analyses and those determined by the alkylammonium ion exchange method. 99 

The Basque-Cantabrian Basin (northern Spain) is a suitable site to study diagenetic 100 

evolution in marls (Arostegui et al. 1991, 2006). It is a continuous Cretaceous and Tertiary 101 

carbonate and fine-grained sequence showing a complete evolution from the pure smectite 102 

stadium to R3 I/S, well exposed both in surface outcrops and in oil exploration boreholes. 103 

The aim of this paper is to test the applicability of the alkylammonium ion exchange 104 

method for layer-charge determination in marls and marly-limestones of the Basque-105 

Cantabrian Basin by means of a double comparison. First, the method is applied to samples 106 

studied by XRD, using the complete set of nc:-alkylammonium, then comparing these results 107 

with those obtained in HRTEM for selected values of nc:. Second, these results are 108 

compared with those obtained independently from the chemical compositions of smectites 109 

and I/S by AEM. Finally, the results provide information about diagenetic evolution in 110 

carbonate lithologies. 111 

 112 

Materials and methods 113 

 114 

Samples 115 

Two sections (CS and KG) separated by approximately 10 km (representing the Upper 116 

Cretaceous materials of the Basque-Cantabrian Basin in the province of Alava) were 117 

selected for sampling based on previous geological and mineralogical studies (Sangüesa 118 
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1998, Sangüesa et al. 2000, and Arostegui et al. 2006). Samples free of superficial 119 

weathering were gathered from surface outcrops along the two sections (18 from CS and 22 120 

from KG) according to their apparent clay contents; in most cases samples were marls, but 121 

when absent in the stratigraphic sequence, marly limestones were collected. After a 122 

preliminary routine clay analysis (see below), four samples from each of the two sections 123 

were selected for study. They represent the R0 and R1 stages of I/S evolution in each 124 

sequence; in the CS section, two samples correspond to the R0 stadium and two to the R1 125 

stadium, and in the KG, three are R0 and one is R1.  126 

 127 

X-ray diffraction 128 

Sample preparation. Samples were washed with de-ionized water, air dried at room 129 

temperature, and gently crushed with a laboratory jaw-crusher. Randomly oriented powders 130 

of the bulk sample were used for characterization of whole-rock mineralogy. A solution of 131 

0.2 M HCl was added to a suspension of crushed rock and continuously agitated for 20 132 

minutes to eliminate carbonates. The <2 µm and <0.5 µm fractions were separated by 133 

centrifugation and then smeared onto glass slides. Samples were also saturated with K, Li, 134 

and Mg for specific determinations, using 1 M KCl or LiCl, or 0.1 M MgCl and washed free 135 

of cation salts. After Li treatment, samples were smeared on opaque fused silica slides, 136 

heated to 300ºC, and glycolated for 24 hours for the Greene-Kelly test. Glass capillaries 137 

were filled with 100 mg of the <2 µm fraction and 20% ZnO as internal standard for the b 138 

parameter determination. 139 

XRD analysis. Clay minerals were identified according to the position of the (00l) series 140 

of basal reflections on XRD patterns of air-dried, ethylene-glycolated (EGC), dimethyl-141 

sulfoxide treated, and heated (at 550°C for 1.5 hours) specimens (Moore and Reynolds 142 
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1997). XRD was performed using CuKα radiation with a Philips PW1710 diffractometer. 143 

The step size was 0.02º2θ with a counting time of 0.5 s per step. A Guinier-Huber camera 144 

was used to measure the (060) peak for the b parameter determination. The degree of order 145 

and smectite percentage of the I/S mixed layers were determined according to Moore and 146 

Reynolds (1997) based on the position and angular difference among the three first-order 147 

smectite peaks and the R1 super order.  148 

 149 

Alkylammonium ion exchange treatment  150 

Preparation of samples for XRD analysis. The complete series of n-alkylammonium 151 

chlorides (nc= 6-18, not commercially available, with the exception of 12 and 18) was 152 

prepared using a 1:1 mixture of the corresponding amine and ethanol and bubbling HCl to 153 

reach the equivalence point (Ruehlicke and Kohler 1981). Salt solutions were added to the 154 

<2 µm and <0.5 µm fractions after separation and Na-saturation to produce a 7–8 mg/ml 155 

suspension, which was vigorously shaken and kept at 65ºC for 24 hours. The process was 156 

repeated once and the samples washed with ethanol several times.  157 

Preparation of samples for HRTEM study. After being separated and twice dehydrated 158 

with ethanol for 2.5 hours, the <2 µm fractions were embedded in Epon resin for the 159 

preparation of ultrathin sections following the method of Vali and Köster (1986). Ultrathin 160 

sections (700–900 Å) were prepared with an ultramicrotome using a diatome diamond knife. 161 

Two or three sections were selected and transferred onto Au TEM grids. The grids were 162 

transferred to 1.5 mL microtest tubes containing 1.0 mL of the nc:8 and nc:l4 163 

alkylammonium-cation solutions diluted to 40% of the concentration prepared for XRD 164 

(Vali and Hesse 1990). The alkylammonium intercalation after embedding was preferred in 165 

order to avoid the problems described by Malla et al. (1993) and Schumann et al. (2014). 166 
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The closed tubes were stored in an oven at 65ºC and intermittently shaken for 20 minutes. 167 

Afterward, the grids (held with tweezers) were dipped 10–12 times into a beaker with 168 

distilled H2O at 65ºC. The excess salt and H2O on the grids were removed with filter paper.  169 

 170 

Transmission electron microscopy 171 

Lattice-fringe images of alkylammonium-treated samples. After the alkylammonium 172 

ion exchange treatment, the grids were carbon coated. TEM observations were obtained with 173 

a Philips CM20 equipped with an EDAX solid state EDX detector operating at 200 kV, with 174 

a LaB6 filament (Scientific Instruments Centre, University of Granada). Lattice-fringe 175 

images were obtained at 350,000–660,000X magnification following the procedures 176 

suggested by Buseck (1992). The mineral nature of each area was qualitatively identified by 177 

EDX analysis and selected area electron diffraction (SAED). Determination of d001 was 178 

carried out directly from the images with an estimated error of around 1Å. 179 

Analytical electron microscopy (AEM). Quantitative analyses were obtained from 180 

powdered portions prepared using C-coated gold grids. In this kind of preparation, thin 181 

individual grains of minerals are scattered onto the grid with the (001) layers parallel to the 182 

sample surface. The microscope was operated in TEM mode for the identification and 183 

selection of different grains. Scanning TEM mode was used for quantitative analyses of 184 

particles with a 5 nm diameter beam and a 1x1 µm scanning area. Smectite and I/S grains 185 

were identified by their chemical composition. Two different counting times (30 s and 200 186 

s) were used to minimize alkali-loss problems because short counting times improve 187 

reproducibility for K and Na (Nieto et al. 1996). Albite, biotite, spessartine, muscovite, 188 

olivine, and titanite standards were used to obtain K-factors for the transformation of 189 

intensity ratios to concentration following the procedures of Cliff and Lorimer (1975). 190 
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 191 

Results 192 

 193 

Basic clay mineralogy 194 

The results acquired on new surface samples coincide with those previously obtained on 195 

borehole samples (Sangüesa 1998; Arostegui et al. 2006), with the sole difference of 196 

additional detail due to improved methodology; the reader is referred to these previous 197 

publications for a more detailed description. 198 

The whole-rock mineral composition is dominated by carbonates, chiefly calcite, with a 199 

minor (but appreciable) presence of dolomite in some samples from the CS section. Quartz 200 

and phyllosilicates are also abundant in all the samples. Albitic plagioclase is present along 201 

the two sections and K-feldspar in the upper part of the stratigraphic columns.  202 

The clay mineralogy is dominated by micas, smectite, and I/S, with minor chlorite and 203 

kaolinite, more abundant at the sequence bottoms. Chlorite/smectite mixed layers (C/S) also 204 

occur in the lower part of the CS section. Figure 1 shows the evolution of the order and 205 

smectite-layer percentage of I/S along the two sections. At the bottom of the two sections, 206 

discrete smectite or R0 I/S are absent. Hereafter, these parts of the stratigraphic columns are 207 

considered as the R1 stage. Nevertheless, after a detailed decomposition of the XRD 208 

diagrams, minor quantities of R1 I/S have also been identified in the samples corresponding 209 

to the R0 stage. The coexistence at the sample level of more than one type of I/S is not new 210 

and has in fact been documented in the I/S literature in numerous papers (Bethke and 211 

Altaner 1986; Bethke et al. 1986; Brusewitz 1986; Nieto et al. 1996; Sato et al. 1996; 212 

McCarty et al. 2009; Ferrage et al. 2011; Do Campo et al. 2014). The evolution of the 213 

smectite-layer percentage in I/S shows the classic pattern of diagenetic environments 214 
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(Hower et al. 1976), with no variation in the shallower part and values of around 90% S, a 215 

second part showing a steady increase in illite layers, and the disappearance of smectite R0 216 

in the R1 stage. 217 

Treatment with glycerin, after homoionization with Mg, has produced similar results to 218 

treatment with EGC, which rules out the presence of vermiculite layers (Moore and 219 

Reynolds 1997). After homoionization with K, samples treated with EGC expand to more 220 

than 15 Å, classifying the smectites as low charge sensu Christidis and Eberl (2003). The 221 

Hofmann-Klemen treatment with Li (Greene-Kelly 1952) basically preserved the swelling 222 

nature of smectites; therefore, they are more beidellitic than montmorillonitic. The study of 223 

the (060) region, using decomposition methods, has shown a b parameter for smectites of 224 

circa 9 Å, with an absence of corresponding peaks in the 9.15 Å region; consequently, a 225 

dioctahedral character may be deduced for smectites and I/S. No significant difference was 226 

found for the treatments described in this paragraph between the results obtained for the <2 227 

and <0.5 µm fractions. 228 

 229 

Alkylammonium ion exchange XRD analysis 230 

Selected samples from the basic clay mineralogy study have been treated with the entire 231 

set of n- alkylammonium for the <2 µm and <0.5 µm fractions. The same treatment was 232 

repeated for the two fractions on samples prepared according to the Hofmann-Klemen 233 

treatment (Greene-Kelly 1952). Figure 2 shows the XRD diagrams of the <2 µm fraction of 234 

a representative sample of the R0 stage, intercalated with the complete series of n-235 

alkylammonium. Numerous coexisting mineral phases produce overlapping XRD peaks in 236 

the samples, making it necessary to interpret the diagrams with the aid of decomposition 237 

procedures (Fig. 3 and 4). After this procedure, the d001 spacing of smectites for the different 238 
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nc: values of alkylammonium can be identified, and therefore the values of nc: at which the 239 

transition from monolayer to bilayer configurations occur can be determined (Fig. 5). 240 

For samples corresponding to the R0 stage, two smectites can be recognized with 241 

different d001 spacing in the nc: zone in which the transition occurs (Fig. 2 and 3). For the 242 

case of sample 1CS6 (shown in the figures), the specimen treated with alkylammonium nc:8 243 

shows only one smectite peak at 13.56 Å, which is broken up into two peaks for nc:9 and 244 

nc:10 at 13.60 Å and 17.69 Å respectively. The specimen treated with nc:11 again shows 245 

only one peak at 17.70 Å, corresponding to the left one of those present in nc:9 and nc:10. 246 

This behavior is interpreted in Figure 5 in terms of Sm1 and Sm2. Consequently, the two 247 

smectites show a different value for the layer charge. Gier et al. (1998) also found two 248 

smectites with different layer charges coexisting in the same samples from the Molasse 249 

Basin in Austria. 250 

Some of the spacing in the nc: transition zone shows intermediate values between those 251 

corresponding to the two configurations (e.g. Sm1 for samples 1CS6 and 2KG6, see Fig. 5). 252 

As previously interpreted in the literature and confirmed by our TEM images (see below), 253 

this is the result of a charge heterogeneity of smectite layers at the sample level. 254 

Table 1 presents the layer-charge values for the <2 µm and <0.5 µm fractions in samples 255 

before and after the Hofmann-Klemen treatment (Greene-Kelly 1952), calculated following 256 

the procedure by Lagaly (1994). The XCharge software (Hofmann et al. 2002) has been 257 

used to calculate layer charge from the nc: values at which the transition from monolayer to 258 

bilayer configurations occurs. Two different values have been calculated for those cases in 259 

which two peaks have been found in the transition zone, completing their change at different 260 

nc: values.  261 
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Low-charge values, in the range of 0.32 to 0.39 atoms per formula unit (afu), expressed 262 

on the basis of 11 oxygens, were found for major smectite (Sm1) and of 0.37 to 0.41 for 263 

minor smectite (Sm2). After the Li treatment (Greene-Kelly test), these values decrease 264 

slightly to 0.27–0.32 for Sm1 and to 0.34–0.41 for Sm2, indicating most of the charge is 265 

present in the tetrahedral layer, confirming the beidellitic nature of the expandable 266 

components. The results for the <0.5 µm fraction are equal or very similar to those of the <2 267 

µm fraction (stated above). 268 

The right part of Figure 2 shows the XRD diagrams of the <2 µm fraction of a 269 

representative sample of the R1 stage, intercalated with the complete series of n-270 

alkylammonium. For the interpretation and calculation of sample layer charge corresponding 271 

to the R1 stage, we followed the same procedure described above for the R0 stage. Figure 4 272 

shows the decomposition procedure for sample 3CS3. The interpretation of the spacing at 273 

which transition occurs is based on this procedure. Figure 5 presents the corresponding d001 274 

spacing for the different nc: of alkylammonium for samples 3CS3 and 3CS6, representative 275 

of the R1 stage. The expected d001 values for the two kinds of configurations were calculated 276 

according to the proportion of S layers in the I/S mixed layers (see Fig. 1). For example, the 277 

monolayer configuration of the alkylammonium ions in sample 3CS3 (35% S in I/S mixed-278 

layer) would correspond to an average d-spacing of 11.26 Å (13.6 Å·35% S + 10 Å·65% I). 279 

Low-charge values (in the range of 0.33 to 0.38 afu) were obtained on the <2 µm fraction 280 

for the R1 stage samples (Table 1), with no significant differences in relation to the <0.5 µm 281 

fraction. The Li treatment (Greene-Kelly test) only slightly reduces these values; therefore, 282 

the expansive component of the R1 I/S is also confirmed to be predominantly beidellitic. 283 

Long-chain n-alkylammoniums can expand degraded or low-charge illite (Laird et al. 284 

1987; Vali and Köster 1986). According to these authors, the expanded layers are true illitic 285 
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layers and the swelling mechanism is different from that of smectitic layers, leading to the 286 

so-called paraffin-type configuration. Our samples also show peaks corresponding to this 287 

expanded phase for nc: ≥ 10 (Fig. 2), with spacings related to the chain length and the illite 288 

interlayer charge (Ghabru et al. 1989; Mermut 1994). Two different swelling illites, with 289 

diverse layer charges and paraffin-type configuration of the alkylammonium ions, have been 290 

recognized. 291 

 292 

Lattice-fringe images of alkylammonium-treated samples 293 

Samples 1CS6 and 2KG6 have been selected as representative of the R0 stadium for the 294 

HRTEM study. 3CS3 and 3CS6 were chosen for the R1 stadium. For each of the samples, 295 

one specimen treated with a short-chain alkylammonium (nc:8) and a second one treated 296 

with a long-chain one (nc:14) have been studied. The main aim was to measure a great 297 

number of interlayer spacings to corroborate and complete the XRD study. Figure 6 shows 298 

the typical low-magnification texture of the samples, cut with the diamond knife and treated 299 

with the corresponding n-alkylammonium. The original sample texture is lost during this 300 

preparation procedure. A great number of phyllosilicate packets, separated by voids 301 

produced by the knife, are shown in the images, allowing numerous layer spacings to be 302 

measured. The following description is based on the study of hundreds of lattice images, 303 

from which some representative ones are presented.  304 

In addition to smectites and I/S, all the rest of the clay mineral phases described in the 305 

XRD section have been recognized in the TEM images, including expandable illites, C/S 306 

mixed-layers, and non-expandable phases, such as micas and chlorite. As they are beyond 307 

the scope of this paper, they are not described.  308 
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Since R (-order nomenclature was defined for XRD, it has a statistical meaning. 309 

Therefore, it is inadequate to describe short-range order, as identified in lattice-fringe 310 

images. Consequently, we have adopted the nomenclature proposed by Bauluz et al. (2000), 311 

in which In means that n illite layers are separated by smectite layers.  312 

Sample 1CS6 (R0 stadium). Most of the lattice fringes of the specimen treated with nc:8 313 

alkylammonium show spacings between 12 and 14 Å (Fig. 7), characteristic of a monolayer 314 

configuration (13.6 Å). Spacing lower than the theoretical one can be found as a result of a 315 

partial deterioration of alkylammonium chains due to electron beam damage (Vali and Hess 316 

1990). Smectite packets are formed by 2–10 curved layers, showing their characteristic 317 

highly defective nature. Some minor cases (<5%) of packets with spacings greater than 14 Å 318 

may be interpreted as a bilayer configuration produced by heterogeneity in the smectite 319 

charge.  320 

Most of the lattice fringes in the specimen treated with nc:14 alkylammonium show 321 

spacings between 17 Å and 22 Å, characteristic of the transition from bilayer (17.7 Å) to 322 

pseudo-trilayer configurations (22.7 Å).  323 

In both the specimens treated with the short and long chains, lateral or transverse spacing 324 

changes are a consequence of various alkylammonium-layer configurations, consistent with 325 

local differences in smectite charge, the result of compositional differences between the 326 

smectite layers. This heterogeneity was predicted by the XRD analysis as intermediate 327 

spacing between the spacings characteristic of the two different configurations. 328 

In addition to these smectite-type packets, I1 I/S have also been recognized both in the 329 

short- and long-chain alkylammonium-treated samples. In the short-chain specimens, the 330 

predominant spacing is 24 Å (10 Å from illite + 14 Å from monolayer smectite), with minor 331 
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27 Å (10+17). In the long-chain specimens, spacings are between 27 Å and 32 Å (10 Å from 332 

illite + 22 Å from pseudo-trilayer smectite). 333 

Sample 2KG6 (R0 stadium). The lattice fringes of the specimen treated with nc:8 334 

alkylammonium show spacings of 13–18 Å (Fig. 8), characteristic of the transition from 335 

monolayer (13.6 Å) to bilayer (17.7 Å) configurations, partly affected by electron beam 336 

damage. Similarly to the afore-described sample, smectite packets are formed by up to 10 337 

curved layers, showing a highly defective nature. Packets of only 2–5 layers are the most 338 

common. Lateral transitions have been observed between the two extreme spacings, 339 

corresponding to the two configurations.  340 

The specimen treated with nc:14 alkylammonium shows spacings of 17 Å to 22 Å (Fig. 341 

9), characteristic of the transition from bilayer (17.7 Å) to pseudo-trilayer configurations 342 

(22.7 Å). In Figure 9, an example of lateral transition from 22 Å (pseudo-trilayer) to 18 Å 343 

(bilayer) can be noted, which implies a layer charge lateral change. 344 

In both the short- and long-chain alkylammonium-treated samples, I1 I/S have been 345 

recognized. A specimen treated with nc:8 has a spacing of 27 Å (lower part of Fig. 8), which 346 

corresponds to the sum 10+17 Å. A specimen treated with nc:14 has a spacing of 28 Å 347 

(lower part of Fig. 9) or 32 Å, which corresponds to the sum of one illite unit and one 348 

smectite unit showing respectively a bilayer or pseudo-trilayer configuration.  349 

Most of the I/S have a regular I1 arrangement with a 1:1 proportion of illite/smectite 350 

units, but minor disordering may be present, such as an extra smectitic layer in the lower 351 

part of the afore-mentioned I/S in Figure 9. Both in this sample and in the afore-described 352 

1CS6, illite units of the I/S mixed-layer do not have any swelling effect after the 353 

alkylammonium treatment. 354 
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Samples 3CS3 and 3CS6 (R1 stadium). The two samples of this stadium show similar 355 

characteristics and are therefore described together.  356 

The specimens treated with nc:8 alkylammonium show packets of regular I1, I2, or I3 I/S, 357 

constituted by 2–8 structural units. In some of the packets, a 1:1 ratio between illite and 358 

smectite layers is observed; however, excess illite layers are very common (Fig. 10). The 359 

layers of the two components can often be distinguished not only by the spacing, but also by 360 

the difference in contrast. Illite layers show 10 Å spacing. Smectite layers have a 14 Å 361 

monolayer configuration in most units of sample 3CS3 (Fig. 10) and both a 14 Å monolayer 362 

or 17 Å bilayer configuration for sample 3CS6. 363 

Specimens treated with nc:14 alkylammonium show packets with similar characteristics 364 

to those described for the short-chain alkylammonium, with the only difference being the 365 

d001 spacings of the smectite layers, which in these cases correspond to the bilayer to 366 

pseudo-trilayer transition with spacings between 18 and 21 Å (Fig. 11a and b). Illite layers 367 

are not expanded. I1 periodicity with a 1:1 illite/smectite ratio is not rare (Fig. 11b), but 368 

there is usually one smectite layer and more than one illite layer. Figure 11a shows I≥3 369 

periodicities with one smectite layer and 3, 4, 5, or 6 illite layers. The smectite layer is 370 

commonly open due to beam damage. The extent of the I≥3 domains is greater than for the 371 

I1 ones, both normal and parallel to the layers.  372 

 373 

Chemical composition of I/S determined by analytical electron microscopy (AEM) 374 

According to XRD and HRTEM analyses, both smectite and R1 I/S are present in 375 

samples corresponding to the R0 stadium; therefore, it was necessary to establish a criterion 376 

to classify compositions obtained by AEM into one of the two groups. As samples 377 

corresponding to the R1 stadium are characterized by the absence of smectite or R0 I/S, we 378 
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have established the chemical characteristics of R1 I/S based on these samples and the 379 

identification of some grains by SAED: interlayer charge ≥ 0.5 atoms per formula unit (afu) 380 

and/or Si < 3.60±0.05 afu. 381 

Smectite or R0 I/S mixed-layer. The chemical compositions for the five samples 382 

analysed, corresponding to the R0 stadium, are presented in Table 2. The composition is 383 

highly variable between different grains in the same sample and from sample to sample, that 384 

is, the smectite composition is highly heterogeneous. Although generally true, there are 385 

some common characteristics regardless of the sample: (1) Compositions are clearly 386 

dioctahedral, with most octahedral sums not too far from the theoretical value of 2 afu; (2) 387 

interlayer charge sums are low, ranging from 0.27 to 0.50 afu, with most of the values 388 

between 0.35 and 0.45 afu; (3) K is the majority interlayer cation, but Na and Ca are also 389 

present in significant amounts; (4) Si is lower than 4, ranging from 3.47 to 3.90 afu, that is, 390 

significant AlIV substitution is present; (5) Fe and Mg are low — the latter in particular is 391 

normally lower than AlIV. The two last characteristics indicate most of the analyses are 392 

beidellitic.  393 

R1 I/S mixed-layer. The chemical compositions for the eight samples analysed, 394 

corresponding to the R0 and R1 stadium, are presented in Table 3. Similarly to smectites, 395 

the compositions are highly heterogeneous. In relation to smectites or R0 I/S, the R1 396 

compositions show, as expected, lower Si and higher Al contents, together with higher 397 

interlayer charges. The compositions are clearly dioctahedral. K is the dominant interlayer 398 

cation, but Na and Ca are also present. R1 IS has higher K and Na in comparison to R0 IS, 399 

but Ca is similar in R1 and R0 and lower than K and Na. Fe and Mg contents are low and 400 

similar to those found for smectites. 401 

  402 



 18

Discussion 403 

 404 

Alkylammonium ion exchange: XRD vs HRTEM analyses 405 

Although XRD and lattice-fringe images obtained by TEM provide information about the 406 

same physical parameter (that is, the d001 spacing), one must bear in mind the significantly 407 

different nature of the two kinds of specimens used for each of the methods. The 408 

measurements by XRD are highly representative; they are the result of an average value of 409 

millions of crystals in the specimen. Lattice-fringe images correspond to individual crystals 410 

and each of the images can be related to the physical nature of the crystal measured. 411 

Therefore, the two methods are complementary, the latter recognizing the physical entity 412 

being measured and the former extending the measured values to a huge number of crystals, 413 

adding the representativeness the other method lacks. 414 

Below, the coherence of the two types of measurements is analyzed and facts that can be 415 

deduced from only one of the techniques are considered to illustrate their complementary 416 

nature. 417 

Figure 12 compares the interlayer arrangement obtained by each of the two methods. The 418 

selection of one short and one long alkylammonium has provided examples of the three 419 

kinds of arrangements. Complete correspondence can be noted, with the same kind of 420 

arrangement obtained in all cases by the two methods for the two lengths of chain. 421 

The selection of samples and chain lengths also included cases that, according to XRD, 422 

corresponded to transitions between two kinds of configurations in order to determine the 423 

physical nature of this transitional pattern from direct images of the crystals. Figures 8, 9, 424 

and 11a show the coexistence of the spacing for two kinds of configurations in an area of a 425 

few hundred angstroms, in some cases in the same packet, which have a lateral transition 426 
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from one kind of arrangement to the other. In these cases, which correspond to I/S types R0 427 

and R1, XRD identified intermediate spacing between the spacings of the two kinds of 428 

configurations. Therefore, the lattice-fringe images of individual crystals corroborate that 429 

intermediate spacing in XRD is the result of a weighted average between two extreme 430 

arrangements: monolayer and bilayer. In cases in which the smectite layer charge has a 431 

range that covers the values corresponding to two different arrangements, each of the 432 

individual layers adopts one or the other depending on its exact layer charge (Schumann et 433 

al. 2014). As shown in Figures 8 and 9, such differences in composition may even affect the 434 

same layer in two different locations.  435 

As presented in the XRD results, two different smectites (termed Sm1 and Sm2, Fig. 5) 436 

were identified and interpreted as corresponding to two different layer-charge values. 437 

Lattice-fringe images have not differentiated them using microscopic methods. For sample 438 

1CS6, the kind of configuration predicted by XRD for the two smectites was the same for 439 

both the nc:8 and nc:14 (Fig. 5), and therefore no difference was expected between them in 440 

the lattice-fringe images; for sample 2KG6, the transition between the monolayer and 441 

bilayer was identified for Sm1 and the bilayer configuration for Sm2 (Fig. 5), and therefore 442 

the crystals showing a bilayer configuration in HRTEM may correspond either to Sm2 or to 443 

the higher charge fraction of Sm1, with no other additional possible criteria to differentiate 444 

them. 445 

In the treatment of XRD data corresponding to R1 I/S, it was necessary to assume, as a 446 

starting hypothesis, that illite layers were not affected by the alkylammonium treatment and 447 

maintained their 10 Å spacing. Consequently, the theoretical spacing for any kind of 448 

interlayer arrangement was calculated according to the ratio of smectite and illite layers, 449 

considering 10 Å for illite and the corresponding spacing for each kind of expanded 450 
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smectite. In Figures 8, 9, 10, and 11 we show R1 or R3 I/S in which the lattice spacing 451 

matches the sum of a given number of 10 Å layers (the illite part of the interlayers) and one 452 

smectite layer with the spacing corresponding to its alkylammonium interlayer 453 

configuration. Therefore, the assumption of no swelling of the illite layers has been 454 

demonstrated to be correct, and the suggested means for calculating the theoretical spacing 455 

of each kind of configuration is apparently correct as well. 456 

The existence of R1 I/S coexisting with R0 I/S in the samples corresponding to the R0 457 

stadium was deduced during the XRD study, but it was impossible to know at which nc: of 458 

alkylammonium the transition occurred and therefore to calculate their layer charge. Lattice-459 

fringe images have corroborated the presence of both types in the samples (Fig. 8 and 9) and 460 

even confirmed that the smectite layers have the same kind of configuration as in R0 I/S for 461 

the same sample and alkylammonium length (Fig. 12), with the only possible exception 462 

being sample 2KG6 for nc:8 (this specimen shows only a bilayer configuration for R1 and a 463 

monolayer-bilayer transition for R0). 464 

Other data impossible to obtain in the XRD study were the type of configuration with 465 

long chain alkylammonium of R1 in the two samples of the R1 stadium (Fig. 5) due to the 466 

overlapping expanded illite peaks (Fig. 2b). Lattice-fringe images identify a bilayer–pseudo-467 

trilayer transition for the two specimens (see Fig. 13).  468 

 The case of R>3 I/S is also interesting. The alkylammonium treatment did not allow 469 

study of the layer charge by XRD due to their near coincidence in the diagrams with illite 470 

and/or detrital micas. Nevertheless, they have been identified in lattice-fringe images (Fig. 471 

11a) showing a bilayer–pseudo-trilayer transition for the nc:14 specimen. Therefore, this 472 

identification revealed that R>3 I/S has the same configuration as R1 in the same sample and 473 

presumably a similar layer charge for their respective smectite components. 474 
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In conclusion, the comparative study of XRD and lattice-fringe images has shown 475 

complete coincidence in the type of interlayer configuration of alkylammonium determined 476 

by the two methods. They are also complementary, particularly regarding phases in minor 477 

proportions or affected by overlap in the XRD diagrams of peaks corresponding to other 478 

minerals.  479 

 480 

Layer charge determined by alkylammonium treatment vs. the structural formula 481 

determined by analytical electron microscopy 482 

Layer charge determined by alkylammonium treatment has frequently been compared 483 

with other methods such as cation exchange capacity, specific surface area, and structural 484 

formula, of which only the structural formula is completely independent. Nevertheless, this 485 

method needs chemical analyses of pure fractions, until now performed by different 486 

spectroscopic methods such as ICP ((Laird et al. 1989; Cetin and Huff 1995) and XRF 487 

(Kaufhold et al. 2011). In all these methods, even slight contamination by crystalline or 488 

amorphous materials may be a source of error in the calculation of the formula.  489 

Laird (1994) found that layer charge calculated from the structural formula is up to 40% 490 

higher than that calculated by the alkylammonium method. Kaufhold (2006), in agreement 491 

with previous findings by Köster (1977), considered that the results obtained from the 492 

formula are too high, while the alkylammonium method is able to offer more accurate 493 

results. Czímerová et al. (2006) did not find good agreement between the two kinds of 494 

values, attributing the differences to sample impurities and the various assumptions 495 

necessary to calculate layer charge from the chemical data. 496 

After validating the equivalence of results obtained for the layer-charge values by the 497 

alkylammonium method in XRD and HRTEM, these results are compared with data 498 
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obtained by an external method, that is, the chemical composition determined using AEM. 499 

Figure 13 compares the results found in this study by the alkylammonium method (Table 1) 500 

with the layer charge calculated from the formulae obtained by AEM (Tables 2 and 3). As 501 

presented in the Results section, AEM shows a very heterogeneous chemistry for smectites 502 

and I/S, and therefore the values in Figure 13 are averages for each sample. In spite of this 503 

fact, good agreement can be observed in the figure. 504 

In general, layer charge values calculated from the structural formula determined by 505 

AEM for smectites and R0 I/S are higher than with the alkylammonium method, but the two 506 

show similar trends. the alkylammonium method frequently yields lower values than those 507 

obtained directly from the structural formula (Laird 1994; Kaufhold 2006; Christidis, 2008), 508 

from around 20% lower (Lagaly 1981; Laird et al. 1989) to circa 25% (Cetin and Huff 1995; 509 

Wolters et al. 2009) and up to 40% (Laird 1994). In our case, the differences are lower, 510 

ranging between 3% and 14% (Fig. 13).  511 

At least three different reasons could explain the lower values found with the 512 

alkylammonium method in the literature and in our study. (1) The alkylammonium method 513 

only measures the interlayer permanent charge, whereas chemical methods also quantify the 514 

variable charge in the broken borders and faces of the particles (Christidis, 2008); taking 515 

into account the very small grain size of smectite, one structural unit can represent more 516 

than 10% of the overall particle. (2) The minor illitic layers in the R0 I/S provide an 517 

additional charge, not taken into account by the alkylammonium method, which only 518 

measures the expandable component. (3) Given the heterogeneity of compositions at the 519 

sample level, the alkylammonium method measures the most abundant compositions; for 520 

example, the smectite 2 of samples 1CS6 and 2KG6 (Fig. 3 and 5) has not been taken into 521 

account in Figure 13, but it may contribute to the average value calculated from AEM data.  522 
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Recently, Kaufhold et al. (2011) analyzed by XRF various bentonites whose purity had 523 

been checked by XRD. They found differences between the structural formula and the 524 

alkylammonium methods of around 20%. They explained the differences between the two 525 

methods as due to: (1) in the case of samples containing minor impurities, even in the <0.2 526 

μm fraction, these contaminations can account for the larger deviations, but around 10% 527 

difference still remains unexplained; (2) a variable charge, linked to the external surface of 528 

the particles, is able to justify a significant part of this remaining difference; (3) the rest of 529 

the divergence is explained by the existence of the so-called “non-exchangable, non-530 

structural cations”.  531 

In contrast to Kaufhold et al. (2011), we determined the chemical composition of the 532 

smectites using AEM in-situ analyses of individual particles instead of whole analyses of 533 

separated fractions. To our knowledge, this is the first comparison between the two methods 534 

that directly uses the composition of individual particles and is therefore presumably free of 535 

contamination. This is why our AEM results diverge from the alkylammonium values by 536 

less than 10%, which is the value found by Kaufhold et al. (2011) when considering only 537 

presumably contamination-free samples. According to Christidis (2008), this difference can 538 

be explained by the variable charge in the borders and faces of the particles. The exact 539 

meaning of the expression “non-exchangable, non-structural cations” is not completely 540 

defined by Kaufhold et al. (2011), but could perfectly correspond to the cations linked to 541 

non-expandable minor illitic layers in the R0 I/S. 542 

In the case of I/S, the comparison is more complex as the alkylammonium method 543 

determines exclusively the layer charge of the I/S expandable component, whereas the value 544 

calculated from the formula includes the charge from both the illitic and smectitic 545 

components. Therefore, to compare the two methods, we needed to subtract the layer charge 546 
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corresponding to the illite layers. To carry out these calculations, one must assume the 547 

percentage of illite layers (determined by the Moore and Reynolds 1997 method; Fig. 1) and 548 

a fixed layer charge for the illitic layers. Taking into account the IMA definition of illite 549 

(Rieder et al. 1998), we have considered 0.8 afu as a reasonable value, not far from those 550 

frequently cited in the literature (Srodon and Eberl 1984) for the illite charge. In spite of 551 

such approximate assumptions, the heterogeneity of I/S compositions and other numerous 552 

analytical problems, the values for the two samples of R1 I/S are comfortably similar for the 553 

two methods (Fig. 13). A slightly lower illite charge would be enough to justify the 554 

somewhat lower value obtained by AEM. 555 

Another significant coincidence between the analyses by the two independent methods 556 

lies in the charge location between the tetrahedral and octahedral sheets. The comparison 557 

between the layer charge obtained by the alkylammonium method before and after the 558 

Greene-Kelly (1952) treatment revealed that the layer charge derives basically from the 559 

tetrahedral sheet (Table 1) as only small differences were found between them. The same 560 

conclusion can be drawn from the comparison between AlIV and Mg values obtained by 561 

AEM (Tables 2 and 3). 562 

 563 

Evolution of the layer charge in marls of the Basque-Cantabrian Basin  564 

The joint application of the above-described methods has allowed the determination of 565 

the layer charge of the Upper Cretaceous marls and marly limestones of two sections of the 566 

Basque-Cantabrian Basin (Table 1, Fig. 13), together with their evolution with depth. 567 

In the two sections, an upper part has been recognized containing major smectite or R0 568 

I/S and minor R1 I/S and a lower part containing R1 I/S, in which smectite and R0 I/S are 569 

absent. Previous studies (Sangüesa 1998; Arostegui et al. 2006) had documented retardation 570 
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in the evolution of the smectite-illite system in relation to the depth and temperature reached 571 

by the materials due to their carbonate-rich nature. The layer charge determined in this study 572 

indicates that: (1) the layer charge is low for all the swelling materials (smectite and 573 

smectitic layers of I/S) in the two sections; (2) the upper parts of the two sections include a 574 

heterogeneous mixture of swelling phases whose layer charge increases progressively with 575 

depth; (3) the lower parts of the sections do not show an additional increase in charge with 576 

depth, with the layer charge determined being similar to that found at the bottom of the 577 

upper parts. 578 

The described behavior indicates a change in the mechanism of transformation of 579 

smectitic to illitic layers coinciding with the final consumption of discrete smectite. 580 

Therefore, a qualitative change is implied when the R1 stadium is reached in the diagenetic 581 

evolution and the two stadia cannot be simply considered as two parts of a progressive 582 

process. 583 

 584 

Application of the alkylammonium method to carbonate-rich lithologies. Implications 585 

To our knowledge, the alkylammonium method has not yet been extended to marl or 586 

limestone rocks. As diagenetic processes in these types of rocks may be affected by 587 

significant retardation, it would be important to have an accurate method to determine layer 588 

charge in the abundant sequences in which this lithology is present. Therefore, one of the 589 

aims of this study has been to test the validity of the alkylammonium-based methods 590 

previously described in the literature for carbonate lithologies. 591 

The data show coherent results, with d001 spacing wholly coinciding between XRD and 592 

lattice-fringe images when the same sample and the length of the alkylammonium chain are 593 

considered (Fig. 12). The comparison of these results with the in-situ compositions 594 
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determined by AEM has shown that the values measured by the alkylammonium method are 595 

slightly lower than those calculated from the chemical formula. This conclusion is in 596 

agreement with the literature although our difference is smaller than that previously 597 

reported. This more similar behavior could be the consequence of the use of specific 598 

analyses on individual particles, presumably less affected by contamination than 599 

compositions obtained by more massive methods. 600 

These results imply that the alkylammonium method can be applied to the smectite and 601 

I/S in carbonate lithologies with the same kind of protocols, possibilities, and limitations as 602 

those previously proposed for and applied to more pelitic lithologies. Moreover, it is 603 

possible to successfully determine the layer charge of the expandable component in samples 604 

with more than one type of coexisting mixed-layers (R0 and R1 I/S and/or C/S). In addition, 605 

the good agreement among the results obtained by the three methods validate them and 606 

confirm good accuracy and their possibility of application to a wide range of materials. 607 
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Figure Captions 761 

Figure 1. Evolution with depth of the type of order and %S layers of the I/S in the two study 762 

sections: CS and KG. Blank symbols: major R0 type. Solid symbols: major R1 type and 763 

absence of R0. 764 

 765 

Figure 2. XRD diagrams of two representative samples intercalated with the complete series 766 

of n-alkylammonium. Left: sample 1CS6, an example of the R0 stadium. Right: sample 767 

3CS3, representative of the R1 stadium.  768 

 769 

Figure 3. Decomposition of 1CS6 profiles, corresponding to samples treated with 770 

alkylammonium with a chain length of nc:8, nc:9, and nc:11. The interpretation of all the 771 

diagrams shown in Fig. 2 (left) was supported by similar decompositions.  772 

 773 

Figure 4. Decomposition of 3CS3 profiles, corresponding to samples treated with 774 

alkylammonium with a chain length of nc:7 and nc:10. The interpretation of all the diagrams 775 

shown in Fig. 2 (right) was supported by similar decompositions.  776 

 777 

Figure 5. Measured d001 spacing for the different chain lengths of alkylammonium for 778 

samples 1CS6, 2KG6, 3CS3, and 3CS6. The existence of two smectites with different layer 779 

charges is deduced for samples 1CS6 and 2KG6 based on monolayer-bilayer transitions with 780 

different chain lengths (see Fig. 3).  781 

 782 
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Figure 6. Low-magnification image showing the typical texture of samples cut with the 783 

diamond knife and treated with n-alkylammonium.  784 

 785 

Figure 7. Representative lattice-fringe image of sample 1CS6 treated with nc:8- 786 

alkylammonium. Basal spacing in the range of 13-14 Å is characteristic of a monolayer 787 

configuration.  788 

 789 

Figure 8. Typical lattice-fringe image of sample 2KG6 treated with nc:8- alkylammonium. 790 

R0 I/S has basal spacing of around 13.5 Å, characteristic of a monolayer configuration, or 791 

18 Å, characteristic of a bilayer configuration. The lower part of the image also shows I1 792 

I/S, with a d001 spacing of 27 Å, which is the sum of one illite and one smectite with bilayer 793 

configuration units.  794 

 795 

Figure 9. Characteristic lattice-fringe image of sample 2KG6 treated with nc:14- 796 

alkylammonium. Smectite has basal spacing of around 18 Å, characteristic of a bilayer 797 

configuration, or 22 Å, characteristic of a pseudotrilayer configuration. The lower part of the 798 

image also shows I1 I/S, with a d001 spacing of 28 Å, which is the sum of one illite and one 799 

smectite with bilayer configuration units. A part of this I1 I/S laterally grades to R0 I/S. One 800 

extra smectitic layer remains in the 28 Å I/S packet. 801 

 802 

Figure 10. Representative lattice-fringe image of sample 3CS3 treated with nc:8- 803 

alkylammonium. R1 I/S shows basal spacing that represents the sum of one smectitic layer 804 

with a monolayer configuration (14 Å) plus one, two, or three unexpanded 10 Å illite layers.  805 

 806 
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Figure 11. a) Lattice-fringe image of sample 3CS3 treated with nc:14- alkylammonium, 807 

showing domains with I≥3 I/S, formed by various layers of unexpanded illite (10 Å) and one 808 

smectitic layer with bilayer or pseudotrilayer configurations (18 or 21 Å). b) Representative 809 

lattice-fringe image of sample 3CS6 treated with nc:14- alkylammonium. R1 I/S shows basal 810 

spacing that represents the sum of one smectite layer with a bilayer configuration (17-18 Å) 811 

plus one 10 Å illite layer.  812 

 813 

Figure 12. Comparison between the type of interlayer alkylammonium configuration 814 

determined by XRD and those deduced from d001 values measured on lattice-fringe images 815 

obtained on TEM for samples treated with nc:8 and nc:14 alkylammonium. The sketches for 816 

R1 and R>3 (I1 and I>3) represent only the corresponding smectitic layer of the I/S. 817 

 818 

Figure 13. Comparison between layer charge obtained by XRD on alkylammonium-treated 819 

samples and the average values from formulae obtained by AEM. R1 I/S include only the 820 

charge corresponding to the expandable layers. 821 

 822 

Table 1. Layer charge of samples of the R0 and R1 stages for the <2 µm and <0.5 µm 823 

fraction specimens and corresponding versions after the Hofmann-Klemen treatment with Li 824 

(Greene-Kelly 1952). The values were obtained through the procedure illustrated in Figures 825 

2, 3, 4, and 5 using the software XCharge (Hofmann et al. 2002), which follows the 826 

procedure by Lagaly (1994).  827 

 828 

Table 2. Chemical compositions of smectite or R0 I/S.  829 

 830 
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Table 3. Chemical compositions of R1 I/S. 831 

 832 



 

 

 

 

         < 2 μm   < 2 μm + Li      < 0.5 μm   < 0.5 μm + Li 

R0 Samples % Sm ξ Sm1 ξ Sm2  ξ Sm1 ξ Sm2  ξ Sm1 ξ Sm2  ξ Sm1 ξ Sm2 

1CS6 90% 0.33 0.37  0.27 0.34  0.32 0.37  0.28 0.32 

1KG5 90% 0.32 0.37  0.28 -  0.32 0.34  0.27 - 

1CS9 70% 0.38 0.41  0.32 0.41  0.37 0.41  0.27 0.41 

2KG3 70% 0.38 0.41  0.32 0.41  0.37 0.39  0.29 0.34 

2KG6 65% 0.39 0.41  0.32 0.41  0.37 0.39  0.29 0.34 

R1 Samples  ξ Sm   ξ Sm   ξ Sm   ξ Sm  

3CS3 35 0.36   0.36   0.35   0.33  

3KG5 35 0.33   0.29   0.32   0.31 

3CS6 30 0.38   0.34   0.37   0.36  

Note: ξ character refer to the layer charge / (Si, Al)4 O10 
 



 

Sample Si IVAl VIAl Fea Mg   Σoct. K Na Ca Σint. 

         Smectite  (R0 stadium) 
1CS6-1-1 3.55 0.45 1.64 0.21 0.24 2.1 0.2 0.1 0.05 0.4 
1CS6-15-15 3.61 0.39 1.58 0.22 0.28 2.08 0.24 0.09 0.05 0.43 
1CS6-1b 3.57 0.43 1.7 0.17 0.21 2.09 0.16 0.16 0.03 0.38 
1CS6-3b 3.59 0.41 1.86 0.07 0.12 2.05 0.12 0.17 0.05 0.38 
1CS6-4b 3.76 0.24 1.54 0.23 0.24 2.01 0.21 0.1 0.07 0.45 
1CS6-5b 3.9 0.1 1.57 0.19 0.22 1.99 0.21 0.05 0.05 0.36 
1CS6-6b 3.85 0.15 1.73 0.1 0.17 2.01 0.23 0 0.03 0.3 
1CS6-7b 3.76 0.24 1.77 0.05 0.17 2 0.19 0.09 0.07 0.42 
1CS6-9b 3.87 0.13 1.66 0.14 0.17 1.97 0.21 0.07 0.05 0.38 
1CS6-10b 3.68 0.32 1.48 0.35 0.22 2.05 0.23 0.07 0.05 0.4 
1CS6-16-16 3.76 0.24 1.79 0.1 0.15 2.04 0.15 0.05 0.03 0.27 
1CS9-1-5 3.74 0.26 1.65 0.14 0.26 2.05 0.12 0.12 0.07 0.38 
1CS9-8-12 3.86 0.14 1.68 0.12 0.22 2.02 0.14 0.09 0.03 0.3 
1CS9-10-14 3.72 0.28 1.67 0.1 0.26 2.03 0.16 0.12 0.09 0.45 
1CS9-11-15 3.74 0.26 1.73 0.09 0.19 2 0.2 0.14 0.05 0.44 
1CS9-13-17 3.74 0.26 1.7 0.12 0.21 2.03 0.2 0.05 0.07 0.39 
1KG5-7-10 3.77 0.23 1.61 0.17 0.3 2.08 0.17 0.05 0.03 0.3 
1KG5-9-12 3.75 0.25 1.64 0.16 0.26 2.06 0.2 0.07 0.03 0.33 
1KG5-10-13 3.58 0.42 1.54 0.25 0.32 2.1 0.3 0.07 0.04 0.44 
1KG5-12-1 3.64 0.36 1.65 0.17 0.24 2.06 0.31 0.07 0.02 0.41 
1KG5-11b 3.77 0.23 1.59 0.19 0.26 2.04 0.12 0.1 0.07 0.36 
1KG5-12b 3.84 0.16 1.49 0.28 0.26 2.02 0.14 0.12 0.05 0.36 
1KG5-13b 3.83 0.17 1.4 0.35 0.26 2.01 0.26 0.05 0.05 0.42 
1KG5-14b 3.74 0.26 1.56 0.24 0.28 2.08 0.17 0.05 0.03 0.29 
1KG5-16b 3.89 0.11 1.49 0.21 0.29 1.99 0.16 0.05 0.1 0.42 
1KG5-17b 3.72 0.28 1.44 0.31 0.33 2.08 0.21 0.09 0.03 0.37 
1KG5-18b 3.89 0.11 1.51 0.22 0.29 2.02 0.19 0.03 0.05 0.33 
2KG3-1-6 3.61 0.39 1.68 0.12 0.24 2.04 0.24 0.19 0.03 0.5 
2KG3-4-9 3.58 0.42 1.85 0.09 0.12 2.06 0.09 0.14 0.07 0.36 
2KG3-6-11 3.83 0.17 1.54 0.21 0.26 2.01 0.17 0.05 0.09 0.4 
2KG3-9-14 3.69 0.31 1.51 0.17 0.38 2.07 0.14 0.21 0.07 0.49 
2KG3-11-16 3.86 0.14 1.58 0.21 0.24 2.03 0.09 0.07 0.07 0.29 
2KG3-12-17 3.75 0.25 1.58 0.17 0.26 2.01 0.28 0.1 0.05 0.49 
2KG3-13-18 3.78 0.22 1.63 0.15 0.22 2.01 0.2 0.15 0.03 0.42 
2KG3-15-20 3.92 0.08 1.52 0.21 0.29 2.02 0.07 0.08 0.09 0.32 
2KG6-1-1 3.58 0.42 1.86 0.05 0.16 2.06 0.19 0.09 0.05 0.38 
2KG6-2-2 3.65 0.35 1.57 0.21 0.26 2.03 0.21 0.05 0.12 0.5 
2KG6-3-3 3.7 0.3 1.8 0.05 0.15 2 0.09 0.25 0.05 0.44 
2KG6-4-4 3.47 0.53 1.85 0.1 0.12 2.08 0.23 0.07 0.05 0.41 
2KG6-7-7 3.65 0.35 1.35 0.43 0.28 2.06 0.21 0.09 0.07 0.44 
2KG6-11-11 3.57 0.43 1.73 0.1 0.24 2.07 0.27 0.07 0.05 0.45 
2KG6-12-12 3.7 0.3 1.7 0.1 0.24 2.05 0.14 0.05 0.1 0.4 

2KG6-15-3 3.74 0.26 1.81 0.05 0.15 2.01 0.22 0.05 0.05 0.38 

Notes: Composition normalized to O10OH2    Σoct.= Sum of octahedral cations.    Σint.= Sum of interlayer charge. 
a All Fe considered as Fe3+ 

 



 

Sample Si IVAl VIAl Fea Mg Σoct K Na Ca Σint. 

   R1 I/S  (R0 stadium)    

1CS6-3-3 3.45 0.55 1.59 0.23 0.21 2.03 0.45 0.12 0.05 0.68 

1CS6-4-4 3.45 0.55 1.68 0.14 0.21 2.03 0.28 0.32 0.03 0.67 

1CS6-5-5 3.33 0.67 1.33 0.46 0.32 2.11 0.41 0.14 0.05 0.66 

1CS6-6-6 3.57 0.43 1.59 0.21 0.19 1.99 0.49 0.11 0.03 0.66 

1CS6-9-9 3.5 0.5 1.52 0.25 0.3 2.07 0.4 0.05 0.07 0.6 

1CS6-11-11 3.48 0.52 1.68 0.19 0.21 2.08 0.33 0.09 0.03 0.49 

1CS6-14-14 3.52 0.48 1.53 0.28 0.26 2.07 0.3 0.12 0.05 0.53 

1CS6-12-12 3.54 0.46 1.37 0.35 0.32 2.04 0.39 0.12 0.07 0.65 

1CS9-2-6 3.61 0.39 1.56 0.14 0.31 2.02 0.26 0.25 0.07 0.65 

1CS9-3-7 3.55 0.45 1.49 0.23 0.35 2.07 0.3 0.19 0.05 0.6 

1CS9-4-8 3.64 0.36 1.58 0.12 0.3 2 0.26 0.27 0.07 0.67 

1CS9-14-1 3.59 0.41 1.46 0.25 0.32 2.02 0.42 0.14 0.05 0.67 

1KG5-13-2 3.58 0.42 1.55 0.21 0.28 2.04 0.3 0.12 0.07 0.56 

1KG5-14-3 3.48 0.52 1.56 0.23 0.3 2.08 0.44 0.05 0.04 0.56 

2KG3-3-8 3.45 0.55 1.63 0.19 0.25 2.07 0.33 0.12 0.07 0.6 

2KG3-7-12 3.43 0.57 1.73 0.16 0.21 2.1 0.14 0.18 0.09 0.49 

2KG3-8-13 3.45 0.55 1.6 0.17 0.24 2.02 0.38 0.18 0.09 0.74 

2KG3-10-15 3.47 0.53 1.48 0.3 0.26 2.05 0.28 0.19 0.09 0.65 

2KG3-16-21 3.4 0.6 1.74 0.1 0.16 2 0.38 0.26 0.05 0.75 

2KG6-5-5 3.57 0.43 1.78 0.09 0.14 2 0.26 0.24 0.03 0.56 

2KG6-6-6 3.45 0.55 1.15 0.61 0.32 2.07 0.3 0.18 0.09 0.65 

2KG6-9-9 3.51 0.49 1.77 0.09 0.16 2.01 0.51 0.03 0.03 0.62 
2KG6-10-10 3.64 0.36 1.64 0.12 0.24 2 0.38 0.12 0.05 0.61

          R1 I/S  (R1 stadium) 

3CS3-4-19 3.39 0.61 1.76 0.09 0.19 2.04 0.44 0.12 0.05 0.67

3CS3-8-23 3.52 0.48 1.79 0.07 0.14 1.99 0.47 0.11 0.03 0.64 

3CS3-9-24 3.45 0.55 1.8 0.05 0.21 2.07 0.37 0.09 0.05 0.56 

3CS3-12-27 3.4 0.6 1.76 0.05 0.25 2.06 0.43 0.14 0.05 0.67 

3CS6-5-8 3.5 0.5 1.83 0.07 0.17 2.07 0.17 0.16 0.07 0.46 

3CS6-4-4 3.32 0.68 1.95 0.02 0.05 2.02 0.5 0.14 0.02 0.67 

3CS6-13-13 3.5 0.5 1.9 0.03 0.07 2.01 0.29 0.18 0.03 0.54 

3KG5-2-21 3.52 0.48 1.59 0.16 0.31 2.06 0.4 0.12 0.05 0.63 

3KG5-4-23 3.53 0.47 1.68 0.09 0.24 2.01 0.48 0.09 0.05 0.67 

3KG5-11-30 3.6 0.4 1.57 0.21 0.26 2.04 0.27 0.18 0.05 0.55 

3KG5-12-31 3.48 0.52 1.69 0.14 0.17 2 0.5 0.13 0.03 0.7 

3KG5-15-34 3.55 0.45 1.76 0.07 0.17 2 0.23 0.18 0.1 0.62 

3KG5-17-36 3.46 0.54 1.66 0.17 0.19 2.03 0.46 0.09 0.05 0.65 

3KG5-37b 3.41 0.59 1.8 0.09 0.17 2.06 0.48 0.07 0.02 0.58 

3KG5-1 3.46 0.54 1.59 0.17 0.26 2.03 0.52 0.09 0.05 0.71 

3KG5-6 3.44 0.56 1.61 0.21 0.26 2.08 0.49 0.02 0.04 0.58 

3KG5-7 3.33 0.67 1.75 0.12 0.21 2.09 0.48 0.11 0.02 0.62 

3KG5-10 3.24 0.76 1.77 0.16 0.17 2.1 0.42 0.11 0.05 0.63 

3KG5-11 3.45 0.55 1.47 0.31 0.31 2.1 0.32 0.09 0.09 0.58 
3KG5-12 3.36 0.64 1.79 0.12 0.19 2.1 0.46 0.03 0.02 0.53

Notes: Composition normalized to O10 OH2.   Σoct.= Sum of octahedral cations. Σ int.= Sum of interlayer charge. 
a All Fe considered as Fe3+ 
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      FIGURE 13

Layer charge / (Si,Al)4O10
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