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ABSTRACT 17 

The mechanism of kaolinite transformation into dickite has been investigating using 13 samples 18 

from the Frøy and Rind oil fields (Broad Fourteens basin, North Sea), 3 kaolinite specimens with 19 

different crystal order (KGa-2, Kaolinite API 17, Keokuk kaolinite), and 2 dickite-rich samples 20 

(Natural History Museum collection). Detailed analysis of XRD, thermal analysis and SEM data 21 

show that: (1) as dickite content increases, there is also an increase of the crystal order of kaolinite; 22 

(2) in dickite-rich specimens kaolinite and dickite have crystals (or XRD-coherent domains) of the 23 

same size; (3) there is no specific dehydroxylation temperature for each polytype, rather particle 24 

size and crystal order control dehydroxylation temperature independently of polytype; (4) with 25 

progressive dickite content, the development of both particle size and the size of the coherent 26 

crystal domains within particles is greater in the c direction than in the ab plane; (5) the growth of 27 

defect-free segments in the c direction is not connected with the growth in the a and b directions, as 28 

would be expected in crystallization from solution; (6) textural features indicate coalescence of 29 

kaolin plates with burial; (7) there is a very weak positive correlation between particle dimensions 30 

and relative kaolinite-dickite content. These results are interpreted as resulting from a double 31 

reaction taking place in the solid state with burial. Some kaolinite domains grow in size and crystal 32 

order while other domains are transformed into dickite. Presumably, also the dickite domains 33 

formed early in the transformation grow in crystal order. The transformation into dickite stops at 34 

90-95% dickite because the remaining kaolinite domains are so large and stable that the stability 35 

increase produced by the polytype transformation would be negligible.  36 

 37 

Keywords: POLYTYPISM: Dickite and Kaolinite, TGA, XRD DATA. 38 

 39 

40 
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INTRODUCTION 41 

Kaolinite transformation into dickite takes place as a response to increasing temperature in a variety 42 

of environments. In the early literature, dickite was related to hydrothermal processes. Zimmerle 43 

and Rösch (1990) analyzed dickite occurrences in Europe and concluded that “most of the dickite 44 

Phanerozoic sediments of Europe occurs in porous and permeable rocks and is associated with a 45 

high degree of coalification, hydrothermal mineralization, and a high present heat flow”. According 46 

to them, the specific analysis of a large number of sedimentary rock samples within the former 47 

German Democratic Republic indicated that increasing age and burial depth alone do not cause 48 

kaolinite transformation into dickite. These observations are interesting and helpful to clarify the 49 

conditions that trigger or accelerate the transformation, although sufficient evidence has gathered to 50 

show that kaolinite-to-dickite transformation takes place frequently in diagenetic conditions. The 51 

reaction has been mainly documented in sandstone diagenesis (Shutov et al. 1970; Ehrenberg et al. 52 

1993; McAulay et al. 1994; Lanson et al. 1996; Beaufort et al. 1998; Hassouta et al. 1999; Martin-53 

Martin et al. 2007; De Bona et al. 2008) but also in diagenesis of shale (Ruiz Cruz and Reyes 1998), 54 

both sandstone and mudstone (Ruiz Cruz and Moreno Real 1993), and sandstone, siltstone and 55 

shale (Marfil et al. 2003). From these studies, it transpires that besides the temperature increment, 56 

other factors play a role in facilitating the progress of the reaction. The most important of such 57 

factors is water accessibility, which includes porosity and the actual presence of water, as oil in 58 

reservoirs appears to stop the transformation (Ruiz Cruz and Moreno Real 1993; Hassouta et al. 59 

1999; Lanson et al. 2002; Marfil et al. 2003; De Bona et al. 2008). Low pH fluids and faulting are 60 

also mentioned as favorable factors (Martin-Martin et al. 2007; De Bona et al. 2008).  61 

 62 

The present contribution deals with the kaolinite-to-dickite transformation reaction and not with any 63 

possible origin of dickite, and thus the focus is on previous literature where kaolinite dickitization is 64 

documented by a transformation series. Kaolinite transformation into dicke due to hydrothermal 65 

processes is expected and reported occasionally (Parnell et al. 2000), but frequent reports of 66 
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hydrothermal dickite do not establish a necessary genetic link between kaolinite and dickite. Choo 67 

and Kim (2004) find predominant dickite with mixtures of kaolinite (and also nacrite) that may 68 

indicate a kaolinite precursor. Simeone et al. (2005) describe supergene kaolinite and hydrothermal 69 

dickite in successive hydrothermal alteration haloes, but without implying a genetic connection 70 

between them. Parnell et al. (2004) indicate that two pulses of hot fluids precipitated kaolinite (50-71 

80 ºC) and dickite (maximum 100-120ºC) independently. Dickite of hydrothermal origin is 72 

described by Palinkas et al. (2009) as precipitated from fluids (290-330 ºC) possibly derived from 73 

K-feldspar and muscovite dissolution. Similarly, dickite of diagenetic origin has been interpreted to 74 

form as a result of precipitation from porous solutions in clay-shales (Veniale et al. 2002) 75 

mudstones near coal seams (Goemaere 2004) and following partial illite dissolution caused by 76 

stress in marls (Buatier et al. 1997). 77 

 78 

There is a consistent agreement in the fact that dickite replaces kaolinite, or dickite precipitates 79 

preferentially over kaolinite, at a temperature threshold of 80-160 ºC, depending on individual 80 

studies. However, studies about the relative stability of the two polytypes do not agree and some of 81 

them are at odds with the higher stability of dickite at higher temperatures inferred from natural 82 

sequences. Zotov et al. (1998) concluded that kaolinite is metastable with respect to dickite at least 83 

up to 350 ºC, and that pressure had a negligible stabilization effect. According to them, the 84 

observed prevalence of kaolinite in surface environments and the timing of kaolinite dickitization 85 

are due to kinetic effects. De Ligny and Navrotsky (1999),  Fialips et al. (2001), and Fialips et al. 86 

(2003) determined standard free energies of formation (25 ºC, 1 bar) that were 2-26, 3-8, and 12-25 87 

kJ/mol more stable for kaolinite, respectively. They argued that pressure or temperature would not 88 

alter their relative stability. These values would explain that kaolinite is much more abundant than 89 

dickite but make kaolinite dickitization problematic. For the latter, they suggest possible 90 

explanations such as kinetic factors that affect reaction paths in the polytype precipitation from 91 

solution or transformation, and differences in hydration state or minor element chemistry between 92 
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kaolinite and dickite that affect their relative stabilities. Calculations of the ΔG of formation at 93 

standard conditions (298.15 K and 1 bar) by Anovitz el al. (1991) indicated that kaolinite is more 94 

stable than dickite at such conditions by 1.38 kJ/mol, and they argued that the smaller molar volume 95 

of dickite may reverse the stability relation at high pressure. Thus, kaolinite dickitization would be 96 

driven by pressure. First principle calculations by Sato et al. (2004) produced differences between 97 

dickite and kaolinite in the range 0.07-0.3 kJ/mol. Thus, the driving force for dickite replacing 98 

kaolinite with increasing temperature remains unknown. 99 

 100 

The mechanism of kaolinite dickitization is an essential piece of information to understand the 101 

process. It has implications in terms of the driving force, kinetics, and environmental factors 102 

promoting or hindering the reaction. The mechanism has been interpreted both as dissolution-103 

precipitation and as a solid-state transformation. A dissolution-precipitation process can possibly 104 

have a greater effect on the surrounding sediment by the transient alteration of the fabric during 105 

grain dissolution, which would facilitate fluid mobility and Si mobilization. 106 

 107 

Support for a solid-state transformation process has been found in several features of the kaolinite-108 

dickite series. The displacement in the frequency of the infrared (IR) OH stretching bands was 109 

interpreted by Brindley et al. (1986) to indicate a transition from kaolinite to disordered kaolinite, 110 

then to disordered dickite and finally to well-crystallized dickite, consistent with a model of crystal 111 

disorder based on displacement of the octahedral vacancies in the layer sequence (all kaolinite 112 

layers have the octahedral vacancy in the same position, whereas in dickite the vacancy alternates 113 

between the two octahedra at both sides of the crystallographic mirror plane; Bailey 1980). In other 114 

words, they suggested that the polytype transition takes place by the displacement of the octahedral 115 

occupancy within the crystals as such a mechanism would generate the above-mentioned sequence. 116 

Interestingly, Shutov et al. (1970) also found that disordering of kaolinite crystals is a previous step 117 

for dickitization. They proposed a model in which kaolinite layers first slide to generate a dickite-118 
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like two-layer sequence and then the cation vacancy is displaced, resulting in a true dickite 119 

structure. Such changes would generate dickite domains that then would spread in opposite 120 

directions within the kaolinite crystals. Ruiz Cruz and Moreno Real (1993) interpreted the existence 121 

of an intermediate structure (perhaps mixed-layer kaolinite-dickite) as indicated by band 122 

displacements in their IR spectra, a dehydroxylation event at intermediate position between those 123 

typical of the two polytypes (differential thermal analysis, DTA), XRD peak shifts, and possible 124 

XRD superlattice peaks. Lanson et al. (1996) interpreted their thermal analysis results and the lack 125 

of relation between kaolin grain morphology and polytype also as the transformation via some 126 

intermediate structure. Parnell et al. (2000) found that isotope analysis of dickite yields an 127 

unrealistically low formation temperature, that suggests transformation from a kaolinite precursor 128 

where oxygen is preserved and hydrogen partially exchanged with interstitial water. Franks et al. 129 

(1997) found no resetting of the original kaolinite O isotope signature during the transformation to 130 

dickite in Algerian sandstone. Among the above features supporting a solid-state transformation, the 131 

dehydroxylation event at intermediate temperature between kaolinite (typically ~550 ºC) and dickite 132 

(typically ~650 ºC) is inconclusive because (1) highly crystalline kaolinite dehydroxylates at 133 

temperatures similar to dickite (Stoch and Wacławska 1981; Suitch 1986), (2) dickite intercalation 134 

followed by expulsion of the intercalate reduced dickite dehydroxylation temperature from 660 to 135 

562 ºC, suggesting that dehydroxylation temperature in this range is a function of crystal order and 136 

not an intrinsic feature of the polytype structure (Wada 1965), and (3) kaolin particle size has been 137 

reported to have some control on dehydroxylation temperature (Beaufort et al. 1998). 138 

 139 

It can be expected that solid-state transformation would generate domains of both kaolinite and 140 

dickite within mineral grains and crystals and, in principle, the existence of such domains would 141 

support this mechanism. Intracrystalline domains of both polytypes were not found in a HRTEM 142 

study of sedimentary kaolinite-dickite (Kogure and Inoue 2005a) but were found in a similar study 143 

of hydrothermal kaolin (mainly dickite; Kogure and Inoue 2005b), where both kaolinite and dickite 144 
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domains were present within dickite and kaolinite crystals, respectively. However, the authors 145 

interpreted these intracrystal domains as defects in crystal spiral growth from solution. Dickite- and 146 

nacrite-like fragments have also been found by HRTEM, selected area electron diffraction, and IR 147 

spectroscopy in a sedimentary kaolinite (Johnston et al. 2008; Kogure et al. 2010), where no 148 

polytype transformation is likely, which strongly suggests that such fragments are the result of 149 

stacking faults. Thus, domains of a different polytype may be frequent in the minerals of the kaolin 150 

group simply due to “errors” in the crystal growth, with no connection to a polytype transformation 151 

history. Polytype identification of kaolin minerals with electron microscopy techniques is difficult 152 

due to fast damage from the electron beam, which delays accumulation of this type of information. 153 

Also, these techniques are likely to produce biased results towards highly perfect crystals, more 154 

resistant to the ion beam, where domain intercalation might be less abundant or of a different nature 155 

than in less perfect crystals. 156 

 157 

The dissolution-precipitation mechanism is most frequently concluded on the basis of the 158 

morphological change from vermicular structures, where kaolinite dominates, to blocky crystals 159 

where the major component is dickite (Ehrenberg et al. 1993; Beaufort et al. 1998; Hassouta et al. 160 

1999; Martin-Martin et al. 2007). However, there is ample evidence that these morphological types 161 

are not univocally related to the polytypes, and there exist both vermicular dickite (Lanson et al. 162 

1996; Ruiz Cruz and Reyes 1998; Choo and Kim 2004; De Bona et al. 2008) and blocky kaolinite 163 

(Ehrenberg et al. 1993; Kumeda et al. 2007). Beaufort et al. (1998) proposed a dissolution-164 

precipitation model including precipitation on large kaolinite grains acting as templates, which 165 

would explain the existence of polytypes with both morphologies. 166 

 167 

This contribution is an investigation of the mechanism of kaolinite dickitization in a sandstone 168 

sedimentary series from the North Sea by a detailed structural and morphological analysis of the 169 

kaolinite-dickite series together with kaolinite end-members and dickite-rich specimens of various 170 
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characteristics, used for comparison. Crystal growth patterns and textural features are interpreted to 171 

indicate a solid-state transformation mechanism. 172 

 173 

MATERIALS AND METHODS 174 

Samples 175 

A series of kaolinite-dickite core specimens of diagenetic origin from sandstones in the Frøy and 176 

Rind oil fields, Broad Fourteens basin, Brent Formation of the Norwegian Continental Shelf, North 177 

Sea, was analyzed (ELK series; Cassagnabere 1998). They were made available by C. Fialips 178 

(Total, Pau, France) and D. Beaufort (HydrASA Laboratory, University of Poitiers, France), and 179 

were studied as received. They are the 5-10 μm size fraction of specimens from depths 3,036-4,520 180 

m. The original samples had been gently dry-ground to less than 2 mm grain size, dispersed in a 181 

water suspension by ultrasonic treatment, separated by sedimentation, and hydrocarbons were 182 

removed by Soxlhet extraction using chloroform (Cassagnabere 1998). The locality, geological 183 

conditions and possibly some of these samples have been described by Lanson et al. (1996) and 184 

Beaufort et al. (1998) and the reader is referred to these publications. Specimens from the same 185 

locality have been studied by Kogure and Inoue (2005) and Kogure et al. (2005) using several 186 

electron microscopy techniques. The original sediments are of aeolian origin. Kaolinite formed after 187 

K-feldspar dissolution and then transformed to dickite with increasing burial depth. Maximum 188 

burial temperatures experienced by the sediments range from ~110 to <160 ºC (Lanson et al. 1996; 189 

Beaufort et al. 1998).  190 

 191 

Three kaolinite and two dickite samples were also studied as a reference for the structural 192 

parameters determined in this investigation. 1) The kaolinite KGa-2, from Warren County, Georgia, 193 

USA, is of supergenic origin, product of a complex alteration history and has low crystallinity. Its 194 

geological context is described by Moll (2001). It was provided by the Source Clays Repository of 195 

the Clay Minerals Society. The sample was simply ground as provided. 2) The kaolinite API 17 196 
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(labeled here as Kaol 17) from Lewistown, Montana, USA, is one of the reference materials from 197 

the American Petroleum Institute Project 49. It originated by hydrothermal alteration of feldspar in 198 

a syenite porphyry. The geological description can be found in Kerr and Kulp (1949), where this 199 

specimen was originally described as dickite, although it was later demonstrated to be kaolinite 200 

(Lindberg and Smith 1974). This kaolinite is of intermediate crystallinity. The kaolinite provided by 201 

the American Project Institute, which has the appearance of white, soft grains of 0.5-1 cm size, was 202 

gently ground, without any further treatment. 3) The Keokuk kaolinite (here labeled as Keokuk) is a 203 

very high crystallinity specimen from geodes originated in Keokuk, Iowa, USA. The processes that 204 

produced the Keokuk geodes are described by Hayes (1936) as far as they are understood. The 205 

accepted interpretation is that kaolinite precipitated in voids produced by carbonate dissolution, 206 

from fluids generated after silicate mineral dissolution. There is no reference in this interpretation to 207 

hydrothermal activity. Kaolinite from some of the snow-white patches in one of the geodes was 208 

scratched with a needle and then gently ground. No further treatment was applied. 209 

 210 

The two dickites are from the collection in the Natural History Museum (London). 1) Dickite BM 211 

1927, 60 (here labeled BM 1927) is from a massive slate collected in Kolno, Nowa Ruda, Silesia, 212 

Poland. The sample was collected in the first quarter of the XXth century, when this region was part 213 

of the Prussian Silesia. Zimmerle and Rösch (1990) indicate that dickite in this area is connected to 214 

hydrothermal activity. Some material from the slate was scratched with a needle and gently ground, 215 

without any further treatment. 2) Dickite BM 1923, 393 (henceforth BM 1923) is from Red 216 

Mountain, San Juan County, Colorado, USA. No more information is available. The specimen 217 

consisted of sub-millimeter crystals, of which an aliquot was collected and gently ground. 218 

 219 

X-ray diffraction 220 

The samples were analyzed using XRD on random powders. To avoid orientation of the crystals, 221 

the samples were side-loaded. Two types of holders were used depending on the amount of sample 222 
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available. The larger holders produced a more random orientation as observed by the intensity ratio 223 

of basal to non-basal reflections. However, only two samples were analyzed in the larger holders, 224 

Keokuk and Kaol 17. The analyses were carried out using a Philips PW 1830 diffractometer at 42 225 

kV and 42 mA, with Cu Kα radiation, graphite secondary monochromator, 1º divergent slit and 0.1 226 

mm receiving slit. The scans were performed between 5 and 80 º2θ, with 0.02 º2θ steps and 8 s of 227 

count time per step. 228 

 229 

Several types of analysis were performed using the XRD data. First, mineral phases were identified, 230 

including kaolin polytypes (kaolinite, dickite) and non-kaolin phases. The identification of the 231 

kaolin polytypes was carried out using the data from Bailey (1980). Second, intensity ratios of non-232 

basal to basal reflections were carried out measuring the height of the 00l peaks at 7.15 and 3.57 Å, 233 

and hkl peaks at 4.45, 2.56 and 1.488 Å, and using the formula 234 

100 × hnon-basal / [(h7.15Å + h3.57Å)/2]                     (Eq. 1) 235 

where h represents peak height. Heights were measured from the line of zero counts, which is a 236 

good approximation as the peak heights ranged from 1,000 to 85,000 counts (only two peaks had 237 

500 and 600 counts) and the background had 150-250 counts.  238 

 239 

The relative proportion of kaolinite and dickite in the specimens was calculated measuring the 240 

intensity of kaolinite and dickite peaks, or groups of peaks, in near proximity. Eleven groups were 241 

used (figures in Å and polytype indicated in parenthesis): 1) 3.954 (d), 3.841 (k), 3.791 (d), 3.741 242 

(k); 2) 3.428 (d), 3.372 (k); 3) 2.794 (d), 2.753 (k); 4) 2.526 (k), 2.505 (d); 5) 2.386 (d), 2.379 (k); 243 

6) 2.340 (k), 2.324 (d), 2.290 (k); 7) 1.989 (k), 1.974 (d); 8) 1.790 (d), 1.781 (k); 9) 1.557 (d), 1.542 244 

(k); 10) 1.375 (d), 1.338 (k); 11) 1.318 (d), 1.305 (k). Not all peaks or groups could be used in every 245 

specimen due to interference with other mineral phases or because the peak resolution was not 246 

sufficient. Particularly, group 5) above could only be used in the BM 1923 and 1927 specimens. 247 

The intensities were measured as peak areas by curve-fitting assuming Gaussian shapes, using the 248 
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package GRAMS/AI from Thermo Galactic. Only curve-fitting calculations that could be 249 

reproduced were used. The peak areas within each group were corrected using the experimental 250 

peak intensities provided by Bailey (1980) and transformed into polytype percents. In two cases 251 

(2.340 and 1.989 Å, both kaolinite) the peaks contain two unresolved reflections which, however, 252 

result in an evident widening of the peaks. We assumed that the intensities in Bailey (1980) are 253 

heights rather than areas. The overlapping peaks described above would result in a compound peak 254 

whose area is the sum of both areas of the two peaks, but with a height that is not the sum of both 255 

heights, which would make the peak intensities by Bailey (1980) not applicable to our data. This 256 

problem was “corrected” by using half of the measured area in these two cases. The approximation 257 

improved the similarity of the calculated polytype percents with those from other peak groups. The 258 

polytype percents calculated for each sample were then compared, spurious values were eliminated 259 

(one or two values outside the standard deviation of, at least, 4 other values), and the selected values 260 

were averaged.  261 

 262 

The XRD patterns were also used to analyze the size of the coherent scattering domains (CSDS) in 263 

several directions of the crystals by means of measuring the width at half height of peaks 264 

corresponding to different crystal indexes. It was intended to make measurements on peaks 265 

corresponding to several 00l, 0k0, h00, 0kl, h0l, hk0, and hkl indexes (where h, k, l ≠ 0), however it 266 

was not possible in many cases due to large peak overlap. If the peaks were entirely free from 267 

overlapping, the measurements were carried out using the integration function of the package 268 

GRAMS/AI from Thermo Galactic, in which the background is automatically selected and the 269 

measurement performed on the experimental trace. Tests of manual measurements of several peaks 270 

confirmed that the background subtraction was correct. If there was moderate overlap between 271 

peaks, they were modeled by peak-fitting using the same computer package. Some measurements 272 

correspond to composite peaks of both kaolinite and dickite, because they are almost coincident and 273 

cannot be resolved. At intermediate and high º2θ values the Kα1 and Kα2 components were resolved 274 
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and the Kα2 component was subtracted before the width measurement. The CSDS values were 275 

calculated from the measured widths using the Scherrer equation. Similar measurements were 276 

carried out on the 00l peaks at ¼ and ¾ of the peak height to analyze the existence of two CSDS 277 

populations. Small CSDS generate low, wide peaks, whereas large CSDS generate sharp, high 278 

peaks. Thus, the lower part of a peak is mainly influenced by the small domains and the higher part 279 

by the large domains. 280 

 281 

Thermogravimetry 282 

The specimens were thermogravimetrically (TG) analyzed using a TA SDT Q600 apparatus. Ten to 283 

20 mg of sample were analysed on Pt crucibles, using an empty Pt crucible as a reference, between 284 

room temperature and 1000 ºC, at a 10 ºC/min rate, and with a nitrogen flow of 10 ml/min. The 285 

derivative of the TG curve (DTG) was used for the analysis as results are visually more clear and 286 

can be studied with greater resolution. In the temperature range of kaolinite/dickite dehydroxylation 287 

(400-800 ºC), the DTG curves consisted of complex systems with several maxima and shoulders. 288 

They were decomposed into individual components using the package GRAMS/AI from Thermo 289 

Galactic. DTG curves of dehydroxylation events are frequently not symmetric due to kinetic effects, 290 

even in perfectly homogeneous samples. However, we assumed Gaussian peaks for the individual 291 

components, with the goal of calculating and comparing the area under the DTG curve in several 292 

ranges of temperature. The DTG curves of the kaolinite-dickite series from the North Sea displayed 293 

similar characteristics and their components were centered roughly at the same temperature. The 294 

other samples had very different DTG curves and in most cases the components had their centre at 295 

temperatures other than those of the North Sea specimens. 296 

 297 

Scanning electron miscroscopy 298 

Five selected samples covering the range of kaolinite-dickite in the ELK series, as well as Keokuk, 299 

Kaol 17 and BM 1927 were studied by scanning electron microscopy (SEM), using a JEOL JSM-300 
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820 electron microscope working at 20 kV, with a resolution of 35 Å. Secondary electron and 301 

backscattering detectors were used. EDX chemical analysis was used to ascertain the nature of the 302 

investigated particles. SEM observations were carried out on powder placed on conductive carbon 303 

tape that was attached to the sample holders. The samples were sputter-coated with gold. 304 

 305 

The dimensions of 4,638 particles were measured to investigate changes in the particle size during 306 

the kaolinite-to-dickite transformation. The number of particles measured for individual samples 307 

ranged from 376 (ELK 33) to 1,033 (Keokuk) and was 437-672 particles for the other samples. 308 

Measurements were carried out only on particles were the ab plane was discernible from the c 309 

direction. Measurements correspond to the c direction, or thickness of the particles, and to two 310 

perpendicular dimensions in the ab plane. The largest dimension in the ab plane was labeled long a-311 

b dimension, and the dimension perpendicular to it was labeled short a-b dimension. Typically only 312 

two dimensions could be measured in a particle. In very few cases the particle was so placed that 313 

the three dimensions could be measured without great error due to perspective. On many occasions 314 

only one dimension could be measured. 315 

 316 

RESULTS 317 

Kaolinite-dickite quantification using XRD 318 

The studied samples consisted mainly of kaolinite and dickite, with other phases present only in 319 

minor amounts. The two XRD patterns where non-kaolin phases were more abundant are shown in 320 

Figure 1a,b. All the other samples had a lower level of contamination. Kaolin polytype 321 

quantification in samples from the North Sea shows a progressive dickite increase with depth up to 322 

a maximum of 94 % dickite (Figure 2). The trend of increasing dickite is in agreement with some 323 

previously reported data. For example, Ehrenberg et al. (1993) locate the transition from kaolinite- 324 

to dickite-dominated specimens at 2,800-3,200 m in sandstones from the Norwegian continental 325 

shelf, similar to our samples. Beaufort et al. (1998) report a change of dickite proportion from 20 to 326 
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100 % between 3,000 and 5,000 m in samples from the same Broad Fourteens basin based on IR 327 

rather than XRD analysis. However, Lanson et al. (2002) show that the relative proportion of kaolin 328 

polytype in sandstones at similar depth is very variable from well to well and not only dependent on 329 

the experienced temperature, but also of rock porosity and, possibly, the nature of the interstitial 330 

fluid (water or oil). Also based on IR methods, Cassagnabere (1998) and Lanson et al. (2002) show 331 

that a few samples were completely transformed into kaolinite at depths ~2,100 m (Frøy reservoir) 332 

and ~3,500 m (Rind reservoir). 333 

 334 

Our study shows also variability of kaolinite-dickite proportion (Fig. 2) at 3,200-3,500 m depth, 335 

where most of the samples come from. However, the data support a reaction path which progresses 336 

much between 2,800 and 3,300 m, then the progress is reduced up to 3,600 m where it stops, not 337 

reaching completion. The reaction progress was modeled using the equation: 338 

)(
max

1
%% cdbe

DD −+
=                (Eq. 2) 339 

where %D is the dickite percent, %Dmax (92.59% in the fitted equation) is the maximum dickite 340 

content found, b (-0.0097) is the slope, d is depth, and c (3,055.11 m) is the depth at which the 341 

inflexion point occurs in the equation, or the centre in the steep part of the curve. This equation 342 

assumes the shape of the transformation progress at shallow depths, and the results is reasonable 343 

because the reaction is expected to progress slowly at the beginning, due to the low temperature, 344 

and to accelerate as the temperature increases. The model indicates that the transformation begins at 345 

2,500 m. There are no detailed temperature data available for this well and the specific onset 346 

temperature can only be roughly assessed. Considering the maximum temperature of  ~110 to <160 347 

ºC (Lanson et al. 1996; Beaufort et al. 1998) for the well, assuming that the maximum temperature 348 

and burial of 20 ºC and 670 m from the Aquitan Basin (France; Beaufort et al. 1998) is applicable to 349 

the studied well, and assuming also a linear temperature gradient, the maximum temperature at 350 

2,500 m would range between 76 and 104 ºC. It is quite interesting that the deepest sample, from 351 

almost 1,000 m below the next above it, shows no further development of the transformation 352 
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reaction. A number of reasons related to environmental factors in the sandstone reservoir may be 353 

the cause for this, as indicated above. However, two samples of completely different origin selected 354 

as dickite end-members for comparison (BM specimens, Table 1) have in fact a kaolinite 355 

component and their composition is similar to the deepest ELK samples. Further to this, two other 356 

samples from the Natural History Museum collection, of completely unrelated origin, also 357 

considered originally as dickite end-members, are in fact kaolinite-dickite-nacrite, with respective 358 

relative proportions 3-70-27 and 6-48-46%. In all cases some proportion of kaolinite exists, even in 359 

those samples that experienced conditions that generated a substantial proportion of nacrite. The 360 

existence of kaolinite in all cases may indicate that it is intrinsically related to the transformation or 361 

formation process rather than to environmental factors, as discussed below. The samples containing 362 

nacrite were investigated using XRD as indicated above for the kaolinite-dickite samples, but were 363 

not used for the present study because of their significant nacrite content. 364 

 365 

Measurement of the size of XRD coherent scattering domains 366 

The relative intensity (measured as peak height) of the non-basal to basal peaks decreased with 367 

increasing dickite in all the samples studied, as shown in Figure 3a for three different non-basal 368 

diffraction peaks. The kaolinite samples show a large dispersion of the relative intensity data. The 369 

reason for this dispersion is the large range of crystal order covered by the three kaolinite samples. 370 

This was corroborated by plotting the non-basal to basal intensity ratios versus the CSDS of the 001 371 

peak (Fig. 3b). It becomes evident that the relative intensity of non-basal to basal diffraction peaks 372 

correlates negatively with the CSDS of the basal 001 reflection. The interpretation to this fact is 373 

that, across all samples with different origin, from kaolinite to 94 % dickite, the CSDS in the c 374 

direction is always larger than in the other crystallographic directions, and progressively so as the 375 

crystal order increases. Such fact is not uniquely related to kaolinite-dickite proportion. It is related 376 

to the crystal perfection of the kaolin, whether it is kaolinite or dickite (Fig. 3b). The possibility of a 377 

preferred orientation effect is discarded because the side-loading procedure produces good random 378 
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preparations and because it was tested loading the samples in different wells. Deeper wells 379 

produced a more random orientation of the particles (see methods), however, this effect was much 380 

smaller than the differences of non-basal to basal ratios observed between samples. As the CSDS 381 

grows, the diffracted intensity is gathered in a narrower 2θ angle and thus the peak intensity is 382 

higher. Because the CSDS in the c direction is progressively larger than those in the other 383 

directions, the relative intensity of hkl to 00l peaks decreases progressively. We checked whether 384 

Fig. 3b introduces a forced correlation because the dependent and independent variables are linked 385 

through proportionality between the intensity (height) of the peaks 001 and 002, and their CSDS. 386 

However, although some broad positive link between them exists, the correlation is very low (R2 = 387 

0.3, not shown), indicating that the correlation in Fig. 3b is genuine. 388 

 389 

The above result, although not uniquely related to the process of kaolinite transformation into 390 

dickite, is relevant to the mechanism of this process, because there is an increase of CSDS during 391 

the transformation reaction. It is of interest, then, to examine the progression of the growth of 392 

CSDS’s in several crystallographic directions. CSDS’s were measured for multiple peaks in all 393 

samples. For those peaks for which CSDS measurements could be done in the entire range of 394 

kaolinite-dickite composition, a small majority displayed a broad positive correlation between 395 

dickite content and CSDS (not shown). The others did not show any clear relationship between 396 

these two variables. The scatter of CSDS at the kaolinite end was mainly due to the very different 397 

crystal order of the samples used. In any case, there was evident scatter in all samples, which was 398 

generated by the error involved in the measurement of peak widths. The CSDS of BM samples 399 

appeared always within the ranges for the ELK samples with similar dickite content. Given this 400 

situation, the analysis of CSDS values was simplified to analyze only the two ends of the kaolinite-401 

dickite series. Only one kaolinite sample was selected as representative of the possible crystal order 402 

of the original kaolinite in the North Sea series. The selected kaolinite was Kaol 17 for the 403 

following reasons. Keokuk kaolinite is an extraordinary specimen with the highest degree of crystal 404 
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perfection ever reported and thus was discarded. KGa-2 is at the other end of the spectrum of crystal 405 

perfection and thus possibly not appropriate. Plots of CSDS values versus dickite content showed 406 

that Kaol 17 was typically more within the trend (assumed approximately linear) generated by the 407 

samples with 42-94% dickite (not shown). Keokuk and KGa-2 appeared above and below this trend, 408 

respectively, whether clearly off or near it. For the dickite-rich end, we used those samples with 409 

>80% kaolinite. As the two BM samples were indistinguishable from the ELK samples, we used the 410 

BM samples also, in order to increase the number of available measurements and improve the 411 

statistics.  412 

 413 

The results of the analysis are displayed in the experimental section of Table 2. Some of the 414 

selected peaks are affected by other coincident reflections, what is probably reflected in the 415 

standard deviations of the measurements. Overall, however, the results are meaningful and 416 

consistent, which indicates that the peak intensities are dominated by the reflections indicated on 417 

Table 2. Each individual value is the average of the number of data indicated in the fourth column. 418 

Additionally, the CSDS of the 00l and 0k0 reflections were also averaged from the results shown 419 

above the corresponding averaged values in Table 2. These values were averaged because they 420 

included reflections contained within the same plane and thus directly comparable. The CSDS 421 

values obtained from the 001 peaks, where kaolinite and dickite reflections could not be 422 

deconvolved (K+D) is significantly smaller than CSDS values measured on 00l deconvolved peaks 423 

(K and D values), indicating that there is a widening of the 001 peak due to the overlap of the 424 

kaolinite and dickite peaks. Thus the K+D measurement is not accurate. 425 

 426 

A very important result of this analysis is that both kaolinite and dickite CSDS’s increase with 427 

burial. Kaolinite is not merely being transformed into dickite but it also recrystallizes into crystals 428 

with fewer defects. The second piece of information that can be extracted from Table 2 is that the 429 

growth in crystal perfection is larger in the c direction than in any other direction, and this confirms 430 
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the results from Figure 3. The growth measured for the 00l peaks is 148-163% (the K+D 431 

measurement is not considered for the reason given above), approximately twice as much as the 432 

growth measured from 0k0 peaks (67-89%) and several times larger than the growth measured from 433 

0kl and hkl peaks (30-51%). In the latter group, there are two values outside the general range, 434 

corresponding to growths of 137 and 8%. Most probably, there is an error in the CSDS 435 

measurement of Kinitial in both cases, as there is only one measurement available and the 436 

corresponding values are clearly below and above similar CSDS Kinitial values in the table.  437 

 438 

Calculations were performed in order to investigate further the mode of growth of the CSDS in 439 

several crystallographic directions. The question asked was: do the measured CSDS’s correspond to 440 

a homogeneous growth of the coherent structure in every direction? We used the experimental 441 

CSDS corresponding to individual dimensions a, b and c to calculate the corresponding dimension 442 

of the vectors ab, bc, and abc. This calculation assumes that the CSDS grows homogeneously in 443 

every direction. We simplified the data to facilitate the trigonometric calculations. The ab angle (γ), 444 

89.9º in kaolinite and dickite, was made 90º. The bc angle (α), 91.6º in both polytypes, was made 445 

also 90º. The ac angle (β), 104.8º in kaolinite and 103.6º in dickite, was made 104º. The results 446 

show that the calculated ab dimension (512 Å) is similar to the experimental values (results from 447 

peaks 110 and 130). However, the calculated bc and abc dimensions are roughly twice those 448 

measured (results from 0kl and hkl peaks). This means that the development of the CSDS is 449 

homogeneous in the ab plane, but not in any plane including c. In other words, there exist 450 

crystallographic defects within the volume contained by the average experimental defect-free 451 

distances measured separately in the a, b and c directions.  452 

 453 

Thermogravimetry 454 

The TG and DTG diagrams were entirely dominated by the dehydroxylation features of the kaolin 455 

polytypes (Fig. 4) although some other phases were apparent in some of the samples. The North Sea 456 
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series show a broad dehydroxylation event covering the temperature range 450-800 ºC. There is a 457 

first event with a broader maximum followed by two other sharp maxima (Fig. 4e-h). The kaolinite 458 

samples displayed dehydroxylation events with maxima that were displaced towards higher 459 

temperature as the crystal order of the sample increased. For KGa-2 and Kaol 17, the DTG curves 460 

were approximately symmetric and their maxima were located in the recognized region for kaolinite 461 

(500-550 ºC; Fig. 4a-b). For Keokuk, the DTG shape was complex, starting at 500 ºC and having 462 

the main component within the range 600-700 ºC (Fig. 4c), which is typical of dickite. In fact, the 463 

Keokuk TG-DTG patterns are similar to those of BM 1927, which contains 89% dickite (Fig. 4d). 464 

According to these results, there is not a characteristic dehydroxylation temperature for kaolinite 465 

and dickite as such. Rather, the dehydroxylation temperature depends on the crystalline order of the 466 

specific specimen. The three kaolinite samples show a progressive widening of the dehydroxylation 467 

event and displacement of its center of gravity towards higher temperature as the crystallinity 468 

increases. This behavior is consistent with an increasing proportion of well-crystallized particles or 469 

domains within particles, although low-crystallinity domains remain (low-temperature side of the 470 

dehydroxylation event; Fig. 4a-c). BM 1927 behaves similarly, although it consists mainly of 471 

dickite. 472 

 473 

The results from the North Sea series should be interpreted in the same way. With increasing depth, 474 

the crystal order of the samples increases and generates crystal domains in which dehydroxylation 475 

takes place at increasingly higher temperature, whether these domains correspond to one or the 476 

other polytype. This result is in agreement with the XRD data indicating that the crystal order of 477 

kaolinite increases with depth, at the same time that it is transformed into dickite.  478 

 479 

The DTG diagrams were decomposed into individual Gaussians to locate approximately the 480 

position of the dehydroxylation events of the several crystallographic domains (Fig. 5). The 481 

decomposition also allows quantification of the hydroxyl loss within different temperature ranges 482 
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(sum of area under the individual components in this range). We investigated the connection of the 483 

dehydroxylation temperature with the crystal perfection of the samples. For this, we considered that, 484 

approximately, the individual components with their maximum < 550 ºC would correspond to “low 485 

crystallinity” kaolin (whether kaolinite of dickite), and those with their maximum > 550 ºC to well 486 

crystallized kaolin. There is a good correlation between the sum of the normalized areas of peaks > 487 

550 ºC and the CSDS along the c direction as measured from the 001 peaks (Fig. 6a), which 488 

confirms that high-temperature dehydroxylation corresponds to higher crystal order. Keokuk 489 

kaolinite plots marginally away from this correlation (Fig. 6a). This analysis correlates the average 490 

crystal order as determined by XRD and the portion of sample with high crystal order as indicated 491 

by TG. A slightly different approach is to investigate the specific contribution of the well-(or 492 

poorly-) crystallized domains to the shape of XRD peaks. The existence of large and small coherent 493 

scattering domains in a phase generates peaks which are wide at the base and sharp at the top, 494 

because the small domains contribute mainly to the bottom of the peak and thus the large domains 495 

have a greater influence in shaping the top of the peaks. We measured the width of the 001 peaks at 496 

the lower quarter of their height, where the influence of the small crystal domains would be greatest 497 

and then calculated the corresponding CSDS. The correlation of the measured sizes with the area of 498 

the DTG dehydroxylation peaks below 550 ºC is good (Fig. 6b), and in this case Keokuk plots 499 

closer to the general trend. 500 

 501 

SEM 502 

The SEM study of the several samples showed similar morphology for all of them, dominated by 503 

plates that had either irregular shape or a regular shape with well defined hexagonal symmetry (Fig. 504 

7). BM 1927 was most different, with large, thick particles of irregular shape consisting of many 505 

smaller particles in which it was sometimes impossible to identify the c direction because all 506 

dimensions were similar (Fig. 7f). Booklets of plates were frequent in all samples. We searched for 507 

possible evidence of growth from solution or particle coalescence. Signs of coalescence were most 508 
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frequent. Some of the plates forming booklets appeared to coalesce into one at certain points, 509 

mainly at the contact of their basal surfaces (Fig. 7a,b,d,e,f,g) but also laterally (Fig. 7b,e). The 510 

sequence of photographs in Figure 7 shows a possible path of plate coalescence in which the 511 

particles become thicker and their edges smoother, perhaps tending towards a particle morphology 512 

like that in Figure 7g. This path would not be homogeneous because all samples showed very 513 

variable particle arrangements and plate thickness. There were also particle aggregates that 514 

suggested growth from solution because of the continuity between the sides of the several particles, 515 

perhaps indicating growth steps (Fig. 7c), but they were not frequent. Some particles had blocky, 516 

rather than plate, morphology (some instances in Fig. 7b, left, and Fig.7g, right). The abundance of 517 

these particles did not appear to be related to dickite content.  518 

 519 

The quantitative analysis of the evolution of particle dimensions with dickite content is a more 520 

robust method to investigate possible transformation mechanisms than the simple observation. This 521 

analysis showed that there is no correlation or a very week positive correlation between particle 522 

dimensions and dickite content in the North Sea samples (Fig. 8). Keokuk and BM 1927 have 523 

dimensions that are within the range of the ELK series, except the average thickness in BM 1927, 524 

and only Kaol 17 has dimensions which are consitently smaller. The shape of the particle size 525 

diagrams (frequency versus size; not shown) did not progress consistently with average particle 526 

size. One would expect that the samples with smaller average size would have sharp distributions, 527 

with a great concentration of the frequent sizes, and that larger average sizes would correspond to 528 

broader distributions. Such a transition is only apparent between Kaol 17 and the rest (vertical bars 529 

in Fig. 8). Samples containing progressively more dickite do not show any consistent change in the 530 

shape of their particle dimension distribution (vertical bars in Fig. 8). The comparison of the 531 

average sizes of Kaol 17 with the final values of the correlations for the North Sea samples (Fig. 8) 532 

indicates that the average thickness increases ~5 times, whereas the two measured dimensions in the 533 

ab plane increase ~3 times. 534 
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 535 

DISCUSSION 536 

Changes of kaolin crystal order and polytype with burial 537 

The present study does not include the whole range of kaolinite-dickite content in the North Sea 538 

samples, but it is documented from previous work that these samples correspond to a series of 539 

kaolinite-to-dickite transformation from pure kaolinite (Cassagnabere 1998). Our data show that 540 

two reactions take place with burial. One is the transformation of kaolinite into dickite. In this 541 

transformation, the contour of the reaction progress up to ~3,500 m (Fig. 2) is consistent with an 542 

increased reaction rate due to increased temperature with burial. The other reaction taking place is 543 

the increase of crystal order of kaolinite (and possibly also dickite). Lanson et al. (1996) noticed this 544 

reaction taking place at the first stages of the transformation and Marfil et al. (2003) observed 545 

kaolinite of high crystal order at burial depths where dickite was the dominant polytype. We argue 546 

here that the increase of kaolinite crystal order takes place throughout the whole burial sequence in 547 

parallel with transformation into dickite. This reaction is not totally evident from the North Sea 548 

samples alone in our study because they have a relatively narrow range of crystal order (Fig. 6). It is 549 

necessary to establish a comparison with some “typical” kaolinite that may represent the original 550 

kaolinite in the North Sea. In our opinion, Kaol 17 is appropriate for such purpose. The differential 551 

thermal analysis (DTA) diagram of pure kaolinite from sandstone in the French Aquitan Basin 552 

(Beaufort et al. 1998) is similar to the DTG diagram of Kaol 17, although showing an intermediate 553 

character between Kaol 17 and KGa-2, where the latter has a lower crystal order. Comparing the 554 

CSDS calculated from kaolinite peaks of Kaol 17 (as representing the original kaolinite in the North 555 

Sea sandstones) and the ELK series indicates that kaolinite crystal order increases with burial 556 

(Table 2). Thus, both kaolinite transformation into dickite and kaolinite recrystallization take place 557 

in parallel, and the latter reaction progresses so much that the CSDS of kaolinite domains at the 558 

final stages of the kaolinite-to-dickite transformation is similar to that of dickite. 559 

 560 
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It is of great interest that the only sample at 4,500 m does not show any progress in dickite content 561 

from the samples ~1,000 m above. The reason for this may be the heterogeneous environment that 562 

the samples encountered in terms of rock porosity (Lanson et al. 2002), interstitial fluid (oil versus 563 

water; Lanson et al. 2002), or other variables affecting kaolinite reactivity. It is logical that porosity 564 

should enhance reactions by facilitating solute transport (Hassouta et al. 1999), and Lanson et al. 565 

(2002) show a broad positive correlation between rock porosity and dickite content in samples from 566 

the Frøy reservoir, where our samples are from. Oil invasion has been considered as a possible 567 

cause for the stop or slow-down of the kaolinite-to-dickite reaction (Lanson et al. 2002). In our 568 

view, however, the fluid type (oil versus water) does not appear to control the dickite content shown 569 

by Lanson et al. (2002) for the Frøy reservoir. Other variables may be relevant to the reaction. 570 

However, the fact that we did not observe any progress of the transformation beyond 95% dickite in 571 

any of the studied samples (Table 1), where the ELK series and the two BM samples have different 572 

origin, together with the fact that two samples not included in this study showed development of 573 

dickite and nacrite without disappearance of kaolinite (see results), suggests that there is an intrinsic 574 

limit to the kaolinite-to-dickite transformation that corresponds to 90-95% dickite. If kaolinite 575 

crystal order develops in certain grains, or domains within grains, at the same time that other 576 

domains transform into dickite, towards the end of the transformation series the kaolinite domains 577 

still present may be so large and stable that the transformation to dickite may not be feasible. 578 

 579 

Cassagnabere (1998) and Lanson et al. (2002) display a few samples with 100% dickite. However, 580 

these results are based on IR methods, using the overall shape of infrared features in the OH 581 

stretching region (Cassagnabere 1998). Our quantification is based on XRD and uses the relative 582 

intensity of several specific diagnostic kaolinite and dickite peaks. The existence of diagnostic 583 

kaolinite peaks is positive proof of the presence of kaolinite. Our investigation using mid-IR 584 

spectroscopy (described in another paper), which includes the analysis of features at several 585 

wavelengths, showed that quantification of dickite-kaolinite becomes difficult at the dickite end, 586 
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where the composition curve bends and loses resolution, so that the exact composition cannot be 587 

ascertained.  588 

 589 

 Our suggestion that total transformation to dickite is prevented by the development of large and 590 

well-ordered kaolinite crystals is consistent with the fact that the relative stability of the pure 591 

polytype phases is very similar. First principle calculations by Sato et al. (2004) indicate differences 592 

of only 0.07-0.3 kJ/mol. Calculations of the ΔG of formation at standard conditions by Anovitz el 593 

al. (1991) indicated a difference of 1.38 kJ/mol in favor of kaolinite. Experimental determination of 594 

ΔG in the same conditions by De Ligny and Navrotsky (1999), Fialips et al. (2001), and Fialips et 595 

al. (2003) indicated stability differences between 2 and 25 kJ/mol only, also favourable to kaolinite. 596 

Whatever the driving force for kaolinite dickitization with burial (increasing temperature and/or 597 

pressure), the thermodynamic stability of both minerals is very similar. This would explain that 598 

kaolinite recrystallization takes place with burial at the same time as kaolinite transformation into 599 

dickite. As typical with clay minerals, the fact that one or the other reaction takes place depends 600 

probably of kinetic factors. In the deepest samples, the transformation of large kaolinite crystal 601 

domains into dickite does not take place, because the kaolinite domains are very stable. There is a 602 

negligible stability gain in the recrystallization of such large, stable kaolinite domains into dickite 603 

domains with similar stability. 604 

 605 

Mechanism of kaolinite transformation into dickite in burial diagenesis 606 

Our SEM study indicates that individual kaolin plates in booklets coalesce to generate thicker plates 607 

(Fig. 7). Other authors have found the same or similar sequence of particle morphological 608 

transformation and some or all of the textural details described here (Eherenberg et al. 1993; Ruiz 609 

Cruz and Moreno Real 1993; Hassouta et al. 1999; Lanson et al. 2002; Martin-Martin et al. 2007; 610 

De Bona et al. 2008), including different geologic settings such as diagenesis in shales (Ruiz Cruz 611 

and Reyes 1998) and hydrothermally altered volcanic tuff (Choo and Kim 2004). Many of the 612 
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kaolin plates appeared to be joined to other plates at one or several points whereas they had 613 

individual edges in large sections of their contour (Fig. 7). Thick grains were frequently seen to 614 

consist of thinner plates that were imperfectly joined (similar to Fig. 7f, although this specific 615 

photograph corresponds to a sample connected to hydrothermal rather than burial origin). These 616 

observations and the increased average thickness of the kaolin particles are coherent with particle 617 

coalescence as the mechanism of grain growth. In some instances, booklets were observed to come 618 

together laterally (Fig. 7b,e) making also possible that they coalesce in this direction. This process 619 

is dominated by solid-state transformation because the particles are preserved as they coalesce. 620 

Dissolution of original particles, perhaps the smallest ones, and precipitation of new ones with 621 

greater crystal order is seemingly occurring (Fig. 7c), although at small scale. Very likely, 622 

dissolution-precipitation of particle edges generating smooth, more stable surfaces is also taking 623 

place. For example, the smoothness of particle faces parallel to c increases from Figure 7a,b to 624 

Figure 7d,g. Our results show that the particle morphology is not related to specific polytype, as 625 

indicated by previous authors (see introduction), because thin platelets, thick plates and blocky 626 

habits were found in the entire range of kaolinite-dickite composition (Fig. 7). 627 

 628 

The investigation of the size of XRD coherent scattering domains is a more reliable tool than 629 

particle morphology and dimensions to assess the mechanism of kaolinite reaction because the 630 

number of domains sampled is far greater and because the SEM study can be biased by the manner 631 

of particle aggregation, image contrast, etc, which variables can alter the visibility of particles of 632 

different size and the dimensions that can be measured in specific particles. The XRD study 633 

indicates that kaolinite domains grow at the same time that kaolinite is transformed into dickite. 634 

Considering the SEM observations above, the most direct interpretation of this fact invokes a 635 

mechanism in the solid state by which (1) crystal defects are eliminated and (2) the change of 636 

polytype takes place gradually. Given the similar stability of kaolinite and dickite structures, the 637 

two processes progress in parallel, although the transformation into dickite is the most favorable 638 
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reaction as indicated by the fact that it reaches 90-95% of the kaolin mass. This mechanism in the 639 

solid state can also explain the fact that CSDS in the c direction grows at a greater extent than 640 

CSDS in the ab plane (Table 2). How this takes place can be visualized schematically. Figure 9a 641 

represents a two-dimensional view of a crystal of the original kaolinite, where the lines indicate 642 

defects within the crystal, and thus the rectangles correspond to coherent scattering domains. The 643 

dimensions of the domains are not proportional to those measured experimentally and the sketch is 644 

only intended for illustration. Figure 9b represents the crystal at a later stage, where more crystal 645 

defects in the c direction have been removed than in the ab plane, generating greater CSDS growth 646 

in the c direction.  647 

 648 

Our results show that analysis of thermal dehydroxylation of kaolinite-dickite detects the 649 

progressive growth of kaolin particles and not their polytype, as indicated by Wada (1965), Stoch 650 

and Wacławska (1981) and Suitch (1986). The “intermediate” dehydroxylation events (~600 °C), 651 

recorded between those typical for kaolinite (~550 °C) and dickite (650 °C and above), correspond 652 

to progressively growing particles (Fig. 4). Beaufort et al. (1998) assigned this “intermediate” 653 

dehydroxylation event to dickite of intermediate-to-low crystal order, although, they pointed out, 654 

they could not detect such low-order dickite with XRD. Our results indicate that dehydroxylation at 655 

intermediate temperature must include kaolinite of increasing crystal order, and it is probable that it 656 

also includes dickite of intermediate crystal order. The particle size must be one of the determining 657 

factors of the dehydroxylation temperature, but also the size of well ordered crystal domains within 658 

particles, because crystal defects allow water molecules to travel more easily towards the particle 659 

edge and decrease the dehydroxylation temperature. Thus the displacement of dehydroxylation 660 

temperature to higher values is due to both, growth of particles and coherent crystal domains within 661 

them. Suitch (1986) proposed that dehydroxylation of kaolin polytypes takes place instantaneously 662 

for each layer. Such is the conclusion of Drits et al. (2011) for pyrophyllite also, and they indicate 663 

that pressure of the water molecules separate two layers and then water escapes through this 664 
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interlayer. Drits et al. (2011) argue that the greater the crystals or their crystal order the more energy 665 

is required to separate the layers and dehydroxylation occurs at higher temperature. Recently, 666 

Zhang et al. (2010) studied in-situ dehydroxylation of several 2:1 phyllosilicates using IR and found 667 

that OH- rather than H2O is the species that diffuses away during dehydroxylation, and that 668 

molecular water only forms close to the grain surface. The diffusion of a charged species through a 669 

crystal lattice is expected to be different from that of a neutral species but, whatever the species and 670 

diffusion mechanism, low crystal order and small crystal size are favorable conditions for 671 

dehydroxylation. 672 

 673 

For a thorough discussion, we can examine how a mechanism of dissolution-precipitation would 674 

explain the results of our study. First of all, how can kaolinite crystal order increase at the same 675 

time as kaolinite is transformed (via dissolution and precipitation) into dickite? We assume that the 676 

particle size and crystal order of the original kaolinite is relatively homogeneous and lower than that 677 

of dickite. This is indicated by the low dehydroxylation temperature (below 600 °C) in most 678 

kaolinites in sandstone and other settings (Figure 4a,b; Beaufort et al.1998; Dudek et al. 2007; 679 

Brindley and Lemaitre 1987). Keokuk kaolinite is the exception (Fig. 4c). The increase of kaolinite 680 

crystal order with burial would then result from dissolution of small kaolinite particles and 681 

precipitation of larger particles of both kaolinite and dickite. Considering that the relative stability 682 

of kaolinite and dickite is similar, this is a coherent scenario. If kaolinite dissolution was followed 683 

by dickite precipitation only, it would be necessary to assume (in order to explain the increase of 684 

kaolinite CSDS) that the original particle size and CSDS distribution of kaolinite involved large 685 

values, so that as the smaller particles dissolved and generated dickite only the larger kaolinite 686 

particles remained. However, this would require the presence of very large particles and crystal 687 

domains in the original kaolinite, such as in Keokuk kaolinite (Figs. 4c, 8), which is not apparent 688 

from the thermal analysis of most kaolinites. 689 

 690 
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If dickite and increasingly ordered kaolinite precipitate from solution during burial it would be 691 

expected that the crystal growth of both phases is coherent in all crystallographic directions, i.e., if 692 

the average defect-free distance in each direction in the growing crystals is da, db and dc, the volume 693 

within these defect-free vectors should also be defect-free. The calculations of the dimensions of 694 

coherent scattering domains involving ab, bc and abc crystallographic directions indicate that there 695 

is homogeneous growth in the a and b directions, but not in directions involving both c and the ab 696 

plane (Table 2). This fact indicates that crystal domains are not perfect within the volume defined 697 

by the average experimental dimensions in the individual a, b and c directions. Rather, there are 698 

crystal defects within this volume that decrease the size of CSDS in directions that include both the 699 

c direction and the ab plane. In other words, there is no correspondence between the crystal domains 700 

in the c direction and the ab plane. This is not likely to occur in crystals growing from solution, but 701 

suggests that the growth of the crystal domains in the c direction and the ab plane are taking place 702 

independently. Such an independent growth can be easily explained in a mechanism of 703 

recrystallization in the solid state. The progressive orientation of layers in a perfectly parallel 704 

position (increase of CSDS in the c direction) may occur independently, and thus in different 705 

places, from the healing of crystal defects across the ab plane in existing layers. Thus the a, b and c 706 

dimensions all grow, but not coherently as it would be expected from crystallization from solution. 707 

 708 

The comparison of Kaol 17 with the deepest samples in the North Sea series shows that the relative 709 

growth of the particle thickness and the X-ray CSDS in the c direction are both larger than the 710 

corresponding values in the ab plane. The growth of c relative to ab for particle dimension is ~5/3 711 

(Fig. 8) and that for CSDS is ~150% / 40% (Table 2). These two are phenomena occurring at very 712 

different scale but if they are produced by the coalescence of both layers and particles in the basal 713 

and lateral dimensions driven by the same mechanism, it can be expected that the two phenomena 714 

have similar manifestations in the several spatial dimensions. 715 

 716 
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Our interpretation is in good agreement with that of Ruiz Cruz and Moreno Real (1993) from their 717 

XRD analysis of mudstone and sandstone in the Spanish Betic Cordilleras. They concluded that (1) 718 

both kaolinite and dickite have both high crystal order and (2) they coexist within crystals in some 719 

sort of interstratified structure. The recrystallization of kaolinite and its transformation into dickite 720 

in the solid state that we describe is likely to generate such structural features. Besides structural 721 

investigation, isotope studies of kaolinite-dickite transformation series should be a powerful tool to 722 

investigate the transformation mechanism, although interpretations are frequently complicated by 723 

the difficulty to ascertain the composition of ancient and possibly mixing fluids. A number of works 724 

contain isotope data that report little or no isotope resetting in the kaolinite-to-dickite 725 

transformation (Franks et al. 1997; Parnell et al. 2000) or dickite indicating improbably low 726 

formation temperature (85-95 °C from Ruiz Cruz and Reyes 1998; 5-45 °C from Veniale et al. 727 

2002; 50 °C from Simeone et al. 2005; 70-90 °C from Marfil et al. 2003; 50-80 °C from Osborne et 728 

al. 1994). Without engaging into the detailed discussion of the individual studies, we suggest that 729 

the preservation of much of the original kaolinite structure in dickite could be a key factor 730 

producing these results.   731 

 732 

IMPLICATIONS 733 
 734 
Our study shows that kaolinite transformation into dickite by burial diagenesis is substantially a 735 

defect-healing process, where crystals become more ordered, progressively larger, and the polytype 736 

changes. Thus, the reaction should have limited geochemical effects on the surrounding rock 737 

because no large amounts of solutes are released and there is no large increase in porosity due to 738 

grain dissolution. However, it is expected that kaolin diagenesis will tend to increase rock porosity 739 

to a certain extent due the coalescence of smaller into larger particles, with lower surface area, 740 

although this change in the fabric may not effectively alter porosity if it is overcome by the 741 

increasing pressure and chemical compaction due to other processes. Permeability increase with 742 

increasing relative dickite:kaolinite content between different rocks or sites of similar lithology may 743 
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be the result of other factors or due to the inverse relation, i.e., greater permeability propitiates a 744 

faster transformation from kaolinite into dickite. 745 
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 925 

 926 

Table 1. Depth of the studied samples from the North Sea (ELK series), percent dickite from XRD, 927 

and the standard deviation (2σ) of percent dickite.  928 

Sample Depth (m) % Dickite St. dev. 
KGa-2  0  
Kaol 17  0  
Keokuk  0  
ELK 76 3036.8 42 16 
ELK 33 3155.0 67 15 
ELK 9 3219.9 91 2 

ELK 22 3221.4 92 5 
ELK 43 3256.0 72 8 
ELK 5 3271.4 83 5 

ELK 67 3354.1 86 8 
ELK 84 3404.6 89 2 
ELK 11 3415.1 90 5 
ELK 63 3441.7 84 10 
ELK 88 3463.1 90 2 
ELK 53 3585.6 94 7 
ELK 91 4519.2 93 6 

BM 1923  92 10 
BM 1927  89 7 
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Table 2. Analysis of the CSDS of several kaolinite (K) and dickite (D) XRD peaks in Kaol 17 (K initial) and in kaolinite-dickite 29 
samples with >80% dickite. K+D values correspond to peaks where kaolinite and dickite peaks coincide and they could not be 30 
deconvolved. K and D values are kaolinite and dickite peaks that could be deconvolved and measured separately. CSDS 31 
measurements from reflections within the same plane (00l and 0k0) are averaged for each individual type of measurement (K, D and 32 
K+D). The standard deviation is 1σ. Growth is calculated as (CSDS-CSDSK initial)×100 / CSDSK initial. The calculated values follow the 33 
model explained in the text.  34 

Experimental  Calculated 
hkl data type CSDS 

(Å) 
n. of 
data 

Stand. 
dev. 

Growth 
(%) 

 Dimen-
sion 

data type CSDS 
(Å) 

Growth 
(%) 

[001] K initial 373 1        
[001] K+D 649 12 77       
[003] K initial 391 1        
[003] K 1063 12 110       
[003] D 888 12 150       
[004] K initial 308 1        
[004] K 890 12 107       
[004] D 903 12 105       
[005] K initial 300 1        
[005] K 756 7 67       
[005] D 761 8 132       

Aver [00l] K initial 343 3 50       
Aver [00l] K+D 649 1  89      
Aver [00l] K 903 3 154 163      
Aver [00l] D 851 3 78 148      

[020] K initial 527 1        
[020] K 740 5 211       
[020] D 653 5 26       
[060] K initial 256 1        

Aver [0k0] K initial 391 2 191       
Aver [0k0] K 740 1  89      
Aver [0k0] D 653 1  67      

[200] K initial 331 1        
[200] D 430 12 57 30      
[110] K+D 570 11 66   ab K+D 512  
[130] K+D 470 10 66       
[021] K initial 362 1    bc K initial 520  
[021] K 491 2 46 36  bc K 1120 115 
[021] D 498 12 73 38  bc D 1120 115 
[022] K initial 222 1        
[022] D 525 12 88 137      
[02-1] K initial 306 1        
[024] D 450 12 72       
[026] D 338 5 121       

[1-1-1] K initial 399 1    abc K initial 581  
[1-1-1] K+D 528 8 47 32  abc K 1132 95 
[1-1-1] K 547 4 75 37  abc D 1132 95 
[1-1-2] K+D 439 8 62       
[13-3] K initial 382 1        
[26-2] K initial 281 1        
[13-1] K initial 437 1        
[13-1] K 470 11 63 8      
[131] K initial 327 1        
[131] K 494 2 94 51      
[13-5] K initial 228 1        
[111] D 525 9 87       
[112] D 476 12 70       
[113] D 464 9 57       

 35 
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Figures 936 

 937 

Figure 1. XRD patterns of three samples, indicating the dickite content (% D). Panels a) and b) 938 

display the two samples with the highest proportion of non-kaolin phases. The identification of 939 

peaks is not exhaustive, and shows only the most prominent peaks corresponding to non-kaolin 940 

phases. c) Shows the 11 groups of peaks that were used for kaolin polytype quantification. D = 941 

dickite, K = kaolinite, Ch = chlorite, M = mica, Q = quartz, Exp = expandable phase (~11.36 Å; 942 

probably illite-rich illite-vermiculite mixed-layer), J = jarosite, Cr = crandallite, Py = 943 

pyrite/marcasite. 944 

 945 

Figure 2. Increase of dickite abundance in the ELK series with depth. The equation (see text) is a 946 

best fit for the data points. 947 

 948 

Figure 3. Relative intensity (as percent) of several non-basal peaks with respect to the average 949 

intensity of the 001 and 002 peaks (% intensity = 100 × hnon-basal / [(h7.15Å + h3.57Å)/2]) of all the 950 

samples in this study, plotted versus (a) the proportion of dickite and (b) versus the coherent 951 

scattering domain size (CSDS) from the 001 peak (in Å). The regression in (b) includes all data 952 

points. The hkl indices of the peaks (different for kaolinite and dickite) are: 4.45 Å: 020, 11-1; 2.56 953 

Å: 1-30, 20-1, 130, 20-2; 1.488 Å: 060, 33-1, 3-3-1, 33-2.  954 

 955 

Figure 4. Thermogravimetry (TG) plots and their derivative (DTG) of selected samples: three 956 

kaolinites (a-c) and one dickite-rich specimen (d) for comparison; and four specimens from the 957 

North Sea sandstone (e-h). 958 

 959 

Figure 5. Examples of the decomposition of the DTG diagrams in individual dehydroxylation 960 

components. The actual components may not be symmetric but this procedure allows the 961 
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quantification of hydroxyl loss at several temperatures. The location of the individual maxima from 962 

left to right is the following: a) 509, 546, 609, 650 (arrow indicates the position of this small 963 

component), 685 ºC; b) 502, 540, 610, 639, 676, 726 ºC (the small component at ~420 ºC is not 964 

considered to correspond to kaolin dehydroxylation); c) 497, 535, 608, 632, 660, 675, 724 ºC. 965 

 966 

Figure 6. a) Plot of the sum of areas (normalized to 100) of individual contributions to 967 

dehydroxylation above 550 ºC, from the DTG diagrams, versus CSDS measured on the 001 peaks. 968 

The full line corresponds to a regression including Keokuk; the dash line corresponds to a 969 

regression without Keokuk. b) Sum of areas below 550ºC (normalized to 100) of individual 970 

contributions to dehydroxylation versus the CSDS measured at the base of the 001 peak (bottom 971 

quarter of peak height), in which part of the peak the contribution of small crystal domains is 972 

greatest. 973 

 974 

Figure 7. SEM images of several kaolinite and kaolinite-dickite samples. a) Kaol 17; typical 975 

kaolinite booklet with plates of different thickness and signs of joining between plates. b) Keokuk 976 

kaolinite; booklets with thick plates coming together in their basal and lateral faces. c) ELK 76 977 

(42% dickite); on the right, group of particles with straight edges seemingly grown from solution; 978 

on the left, booklet of plates with irregular shape. d) ELK 33 (67% dickite); booklet of imperfectly 979 

parallel plates that are joined in some points; the arrow shows a plate introduced between two 980 

diverging ones. e) ELK 43 (72% dickite); on the right, two plate booklets have come together 981 

laterally and seemingly joined (arrow). f) BM 1927 (89% dickite); large particle composed of 982 

individual plates of very different thicknesses. g) ELK 76 (42% dickite); thick plate-like particles 983 

with some thinner plates sandwiched between them. 984 

 985 

Figure 8. Particle size analysis of kaolinite-dickite samples in three dimensions: longest particle 986 

dimension in the ab plane (c), particle dimension in the ab plane perpendicular to the longest 987 
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dimension (b), and particle thickness (a). Data points are the average size (for the ELK series the 988 

values are connected with lines) and vertical bars are the range of size values for which Frequency 989 

≥ Maximum frequency/5. Notice that some average values plot outside this range. The vertical bar 990 

for Kaol 17 is the wide grey line. The calculated linear correlation includes only the ELK values. 991 

 992 

Figure 9. Sketch of (a) an original kaolinite crystal divided in XRD coherent scattering domains 993 

limited by lines, and (b) the same crystal at a later stage, where many crystal defects have 994 

disappeared, mainly those limiting the domain size in the c direction. As a result, the growth of 995 

CSDS in the c direction is greater than in the ab directions. The relative dimensions of the domain 996 

sizes in the sketch are not representative of the experimental ones. 997 

 998 

 999 
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Fig TG (4)
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Fig. DTG (5)
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Fig TGXRD (6)

R² = 0.61
R² = 0.79

0
10
20
30
40
50
60
70
80
90
100

200 400 600 800

%
A
re
a
ba
nd

>
55
0o
C
(D
TG
)

XRD CSDS of 001 (A)

ELK
Keokuk
KGa2
Kaol 17
BM

R² = 0.72

0

20

40

60

80

100

100 300 500 700%
A
re
a
ba
nd

<
55
0o
C
(D
TG
)

XRD CSDS at bottom quarter 001 (A)

ELK
Keokuk
KGa2
Kaol 17
BM

b

a



Fig. SEM (7)



Fig. DIMEN (8)
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Fig Crystal (9)
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