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Abstract 12 

The Pleistocene sediment infill of elongated glacial incisions of the Southern North Sea (SNS) 13 

often is referred to as tunnel valleys (TV). Its depositional environment is not yet fully understood and 14 

present study addresses this challenge from a perspective of clay mineral transformation (illite to I-S) 15 

reported from the largest Elsterian TV of SNS. Material acquired from the K14-12 borehole in the 16 

Dutch offshore was analyzed by X-ray diffraction, electron microscopy, electron microprobe analyses, 17 

and laser particle-size analysis. Illite and illite-smectite appeared as dominant clays along with minor 18 

amounts of kaolinite, kaolinite-smectite, and chlorite. Highest amount of I-S is recognized in TV main 19 

portion, while in pre-glacial and uppermost deposits I-S is less abundant. The XRD peak fitting and 20 

deconvolution suggest I-S consists of several intermediates – ordered (well-crystallized illite + R3 I-S) 21 

and disordered (R0 I-S + R0 I-SS). Given the average particle sizes (> 2 µm) and Kübler index values 22 

(0.415-0.341°Δ2θ), illite as well as chlorite and kaolinite were interpreted as detrital. On the basis of I-23 

S distinctive distribution, grain sizes, and compositional variations its formation by way of early 24 

diagenetic in-situ smectitization of illite under a cold climate is proposed. The process operated via a 25 

series of mixed-layer intermediates derived from an illite component being progressively converted to 26 

low-charged smectite. The reaction is marked by a significant net loss of K and Al with replacement 27 

by Si in a tetrahedral coordination. Layer charge imbalance is accommodated by Fe3+ and Mg entering 28 

an octahedral layer, whereas Ca partly fills the interlayer sites. Smectitization rates were controlled by 29 

illite grain sizes. The results of this study strongly support the existence of an ice-marginal fresh water 30 

depositional environment at the glacial maximum in SNS in which early diagenesis at low 31 

temperatures resulted in incomplete illite conversion into smectite. 32 
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INTRODUCTION AND GEOLOGICAL SETTING 34 

A large number of elongated glacial incisions known as “tunnel valleys” formed under subglacial 35 

conditions at former ice-margins of the Quaternary ice-sheets (Figure 1; Laban, 1995; Praeg, 1996; 36 

Huuse and Lykke-Andersen, 2000; Kehew et al., 2012; Moreau et al., 2012; van der Vegt et al., 37 

2012), which repeatedly occupied the North Sea over the last 1 million years (Huuse and Lykke-38 

Andersen, 2000; Ehlers and Gibbard, 2004). The largest and deepest tunnel valleys in the Southern 39 

North Sea (SNS, Figure 2a) are generally referred to the Elsterian glaciation (dating MIS 12  ̶  480-420 40 

ka according to Cohen and Gibbard (2010); MIS 10  ̶  390-340 ka according to Lee et al. (2012)), 41 

when British and Scandinavian ice-sheets covered the majority of SNS (e.g. Mangerud and Jansen, 42 

1996). Most of the SNS tunnel valleys (TV) share common clinoform sandy-silty-clayey infill (Figure 43 

2b) thought to present either a reworked preglacial or the newly brought Quaternary sediments (Praeg, 44 

1996). The focus of this study are the sediments of the largest Elsterian TV of the SNS (Figure 2), in 45 

particular the mineralogy and geochemistry of clay minerals content, crucial for a better understanding 46 

of depositional paleoenvironments and early diagenetic processes involved in the clay mineral 47 

formation.  48 

During the biggest part of Tertiary and Quaternary the area of Southern North Sea was exposed to 49 

the shallow marine sedimentation in which fine to medium-grained sands prevailed (de Gans, 2007; de 50 

Lugt, 2007). Diversity of clay mineral assemblages found in those sands reflected at the time dominant 51 

fluvial systems that brought large amounts of sediments mainly from east (Baltic, Scandinavia, 52 

Eastern Germany) and south (Central Europe) (Zagwijn, 1989; de Gans, 2007; Westerhoff, 2009). The 53 

easterly sourced material was transported by the Baltic River System (BRS, Figure 1; Bijlsma, 1981; 54 

de Gans, 2007), which gave rise to the progressive filling of the whole SNS basin with sediments 55 

enriched in illite and kaolinite, and depleted in smectite during the Late Pliocene and the Early 56 

Pleistocene (Leipe and Sea, 2003; Kuhlmann et al., 2004; Nielsen et al., 2015). In contrast, the fine-57 

grained sediment enriched in smectite was largely supplied by European rivers (Kuhlmann et al., 58 

2004; Adriaens, 2015; Griffioen et al., 2016). Those became important in the Dutch SNS only by the 59 

upper Early Pleistocene when the BRS slowly ceased its activity (Zagwijn, 1989; de Gans, 2007; 60 

Westerhoff, 2009). Generally speaking, the Quaternary deposits of the Southern North Sea present a 61 
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mixture of many different sources and are dominated by illite and smectite along with their mixed-62 

layer phases while kaolinite and chlorite are less abundant (Griffioen et al., 2016 and references 63 

therein). However, in the fine fraction of analyzed TV sediments illite and illite-rich I-S (Sme content 64 

≤ 31%) have been reported as the most common phases. Such a finding corresponds only partly to the 65 

existing literature data due to complete lack of discrete smectite and scarcity on Sme-rich mixed-layer 66 

clays (Sme content > 50 %; Irion and Zöllmer, 1999; Zuther et al., 2000; Huggett and Knox, 2006; 67 

Adriaens, 2015; Griffioen et al., 2016). Hence, the clays of the Elsterian TV investigated in this study 68 

are presumably linked to the glacially reworked, smectite-free, material brought by BRS and deposited 69 

in the area of SNS during the Early Pleistocene. Although I-S mixed-layer minerals are not uncommon 70 

for Quaternary deposits of cold latitudinal zones, their peculiar distribution in the analyzed 71 

sedimentary succession and distinct mineralogical and geochemical characteristics put forth a 72 

possibility of diagenetic in-situ origin of smectite mixed-layering (i.e. smectitization of illite). The 73 

deep sediment burial usually held responsible for I-S formation through the illitization of smectite 74 

(Chamley, 1989) cannot explain the origin of I-S from studied sediments due to the shallow burial 75 

history of the deposits, which have never experienced a burial depth greater than 550 m. Therefore, the 76 

purpose of this study was to frame and test the hypothesis that reaction of detrital illite with cold fresh 77 

water in a glaciolacustrine meltwater paleoenvironment produced early diagenetic mixed-layer I-S. 78 

Mineral transformations of this type are usually referred to as degradation and are characteristic of 79 

continental weathering (Thorez, 1989), rarely taking place during sedimentation and diagenesis 80 

(Millot, 1971). In the latter case the sediment must have been exposed to percolating solution able to 81 

degrade clay minerals, which is the process only sporadically reported in the literature (Smoot, 1960). 82 

This paper provides the first evidences on early diagenetic transformation of illite into I-S in the 83 

Quaternary sediments of the North Sea, within the peculiar glaciogenic microenvironment of tunnel 84 

valleys, where meltwater played a role of degrading fluids. Clay mineralogy thus provided new 85 

constraints on the mechanism of TV formation and sediment filling, which may be of global 86 

importance as TVs are still being formed at the margins of continental ice sheets and the fine fraction 87 

of their sedimentary infill is seriously under-researched (e.g. Kehew et al., 2012). The fresh-water 88 

hydrologic system advocated in this research as indispensable for illite transformation into 89 
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intermediate I-S is discussed further on in light of Pleistocene proglacial lake debate. Such a lake has 90 

been previously suggested to exist at the southern margin of the ice-sheet in an area comprising 91 

Benelux and the uncovered part of the Southern North Sea (Figure 1; e.g. Gibbard, 2007; Gupta et al., 92 

2007; Murton and Murton, 2012).      93 

 94 

STRATIGRAPHIC CONTEXT AND DESCRIPTION OF SAMPLED MATERIAL 95 

The Elsterian tunnel valley investigated in this study represents the largest such feature currently 96 

known in the SNS (Moreau et al., 2012). The valley is an elongated north-south depression 100 km in 97 

length, 2-3 km in width, and up to 500 m in depth (Benvenuti and Moscariello, 2016). The tunnel 98 

valley is filled with a thick succession of deposits that appear as three different units on seismic 99 

sections: a lower northward dipping clinoform-dominated unit (Unit A), an upper horizontal layered 100 

unit (Unit B) and a unit characterized by chaotic seismic facies (Unit C) (Figure 2b; Benvenuti and 101 

Moscariello, 2016). Sediment samples (ditch cuttings) from the borehole K14-12 located in the K 102 

block of the Dutch offshore were provided by Nederlandse Aardolie Maatschappij (Shell) (Figure 2). 103 

For the purpose of this research, 36 sediment samples were collected at 10 m intervals. Drilling mud 104 

consisted of sea water bentonite and carboxymethylcellulose (CMC) mud (Shell, 1993), with minimal 105 

influence on sample mineralogy as indicate by the near‐complete absence of discrete smectite 106 

agglomerations. 107 

Samples cover a measured depth (MD) interval along the borehole of 550 to 200 m and are named 108 

after their position along the borehole. Those from between 550 and 500 m define the pre-glacial 109 

sediments below the tunnel valley floor (Benvenuti and Moscariello, 2016). In the study area, Harding 110 

(2015) showed the presence of a thick package of sediments dating from Lower Early Pleistocene at 111 

the depths investigated in this research. The tunnel valley floor is identified at 500 m. Samples from 112 

the 490 to 280 m range represent the northward-dipping clinoform unit (Unit A). Samples from 113 

between 270 and 240 m are from the unit dominated by horizontal layers (Unit B). Samples from 230 114 

m sample the chaotic unit that is poorly characterized, given the inadequate seismic data quality in 115 

shallow intervals (Unit C). QEMSCAN® investigation was performed on the entire range of samples, 116 

while seven samples were selected to study the clay fraction in detail. 117 
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 118 

ANALYTICAL METHODS 119 

Grain size analysis 120 

All 36 sediment cutting samples were sieved using a two-step sieving procedure. First, wet sieving 121 

was performed on 30 g of dry, loose material. Sieves ranged from 0.063 to 2 mm on a φ - scale based 122 

succession. Following a complete drying, each sample and every size class of the material were 123 

weighed. The material finer than 0.063 mm was analyzed using a laser particle size analyzer CILAS 124 

1180 (CILAS, Orléans, France) installed at the Department of Earth Sciences (University of Geneva, 125 

Switzerland). Coarse particles were measured using a real-time fast Fourier transform of the image 126 

obtained with a charge coupled device camera equipped with a digital processing unit. The results on 127 

particle sizes were recovered in vol% and were later converted to grams to conform to the overall 128 

dataset obtained by manual sieving. The data were treated with the GRADSTAT software (Blott and 129 

Pye, 2001) yielding the results displayed as percentages of the respective grain size classes and as 130 

averages  (Folk and Ward, 1957). 131 

 132 

QEMSCAN® and SEM clay morphology study  133 

In order to produce thin sections used for the microbeam investigations (QEMSCAN®, SEM-EDS, 134 

EMPA) the rock chips were mounted to the glass substrate using the ARA XW 396 epoxy resin 135 

combined with the ARA XW 397 hardener, respecting a 10:3 weight ratio. The injection of resin was 136 

completed under the vacuum and thin sections produced thereupon were dried for 12 hours at 50 °C.  137 

Automated mineral and textural characterization was performed using a FEI QEMSCAN® Quanta 138 

650F facility (FEI Company, Oregon, USA). This system featured by the field emission gun (FEG) 139 

electron source is installed at the Department of Earth Sciences (University of Geneva, Switzerland). 140 

Mineral phase identification relies on the combination of back-scattered electron (BSE) contrast and 141 

EDS spectra giving information on the elemental composition (Gottlieb et al., 2000). Individual X-ray 142 

spectra were compared to a library of known spectra and a mineral name was assigned to each 143 

individual acquisition point. The X-ray EDS spectra library, initially provided by the manufacturer, 144 

has been further developed in-house using a variety of natural standards. Measurements were 145 
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performed on carbon-coated thin sections that were minimally polished in order to avoid a clay 146 

fraction loss. Analytical conditions included a high vacuum and an acceleration voltage of 15 kV with 147 

probe current of 10 nA. X-ray acquisition time was 10 ms per pixel using a point-spacing of 2.5 µm. 148 

Up to 122 individual fields of view were measured in each sample, with 1.5 mm per single field. 149 

Gold-coated thin sections were used for SEM investigations. Crystal morphology, shapes, and 150 

mineral agglomerations were studied by high-magnification back-scattered electron (BSE) and 151 

secondary electron (SE) imaging using QEMSCAN® facility operated in SEM mode under high 152 

vacuum. A variety of acceleration voltages and beam size conditions were employed to assure the best 153 

imaging conditions.  154 

 155 

XRD mineralogy  156 

X-ray powder diffraction was performed on whole-rocks samples, as well as the clay fraction. 157 

Sample preparation initially included material powdering in an agate mortar prior to whole-rock 158 

measurements. Seven representative samples, covering the whole stratigraphic section investigated, 159 

were chosen for further investigations on clay mineral fraction (Figure 2c). To prevent possible mixing 160 

of detrital with authigenic clays, the samples were not powdered but only gently disaggregated. The 161 

clay fraction was separated from the crushed material by centrifugation, which first involved the 162 

removal of organic matter using 10 wt% H2O2 for at least 24 h. Na-metaphosphate was added to 163 

disperse the clays. Further disaggregation was accomplished in an ultrasonic bath. To ensure a uniform 164 

cation exchange, clay fractions separated by centrifugation were saturated by Mg using a solution of 165 

10 ml of approximately 4M MgCl2. Suspensions were washed and centrifuged with distilled water at 166 

least three times to minimize the content of free ions. The oriented mounts were prepared using a 167 

Millipore membrane filter and a vacuum filtration device. After the clay suspension was drawn onto 168 

the filter, it was left to dry at 50°C prior to the transfer to porous ceramic tiles. The thickness of such 169 

prepared mounts exceeded 50 µm, which is required for semi-quantitative determination of the clay 170 

mineral content (e.g. ‘infinite thickness’ of Moore and Reynolds, 1997). The rest of the clay-fraction 171 

material was used for laser particle size analysis by means of the laser particle size analyzer method 172 

described above (CILAS 1180).  173 
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The measurements were undertaken in air-dried (AD) conditions, after ethylene-glycol (EG) 174 

saturation, and after heating for 1 h at 300°C. The BRUKER D8 Advance diffractometer (BRUKER 175 

AXS GmbH, Karlsruhe, Germany) installed at the Department of Physics (University of Geneva, 176 

Switzerland) was used for XRD analyses. This instrument features a horizontal goniometer axis and 177 

synchronized rotation of both the X-ray source and the detector arms. The sizes of the divergent and 178 

the receiving slits were 1° and 0.1 mm, respectively. Measurement parameters comprised a continuous 179 

scan in the Bragg-Brentano geometry using CuKradiation (45 kV and 44 mA) with curved-graphite 180 

monochromator. At a counting time of 370s per 0.012° sample mounts were scanned from 3 to 70° 181 

and 3 to 30°2θ for whole-rock and clay-fraction, respectively.  182 

 183 

Electron microprobe analyses  184 

Electron microprobe analyses and elemental X-ray study were carried out by using the JEOL JXA 185 

8200 Superprobe wavelength/energy dispersive (JEOL Ltd., Akishima, Japan) combined 186 

microanalyzer installed at the Institute of Earth Sciences (University of Lausanne, Switzerland). 187 

Operating parameters included an accelerating voltage of 20 kV, a 20 nA beam current, and a 1 μm 188 

beam size. Counting times of 20 s on peak and 10 s on background on both sides of the peak were 189 

used for all elements. Limits of detection (LOD) were calculated as the minimum concentration 190 

required to produce count rates three times higher than the square root of the background (3 ; 99 wt% 191 

degree of confidence at the lowest detection limit). Concentrations below LOD are reported as not 192 

detected. Raw data were corrected for matrix effects using the PAP algorithm implemented by JEOL 193 

(Pouchou and Pichoir, 1984, 1985). Natural minerals, oxides (corundum, spinel, hematite, and rutile), 194 

and silicates (albite, orthoclase, anorthite, and wollastonite) were used for calibration. Mineral 195 

formulae were calculated using a software package designed by H-P. Meyer (University of 196 

Heidelberg, Germany). For the calculation of illite and mica formulas, all Fe was assumed to be ferric. 197 

Iron, Mg, and Ti were assumed to be octahedral, while Al was assumed to be tetrahedral up to Si + Al 198 

= four atoms per 11 oxygens, with remaining Al assigned to octahedral sites. For mixed-layer minerals 199 

containing smectite (I-S and I-SS), the totals of measured elements ranged between 70.01 and 82.92 200 
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wt%, thus reflecting (1) the difference in smectite component abundances, (2) high amounts of water 201 

in the smectite component, (3) and the potential porosity between clay particles.    202 

 203 

Interpretation and modelling of XRD patterns 204 

The mineral phases were identified using the Powder Diffraction File (1996) data system and the 205 

Panalytical© HighScore Plus (v. 3.0e) program package (PANalytical, Almelo, The Netherlands). X-206 

ray diffraction patterns of clay minerals were examined using methods described by Moore and 207 

Reynolds (1997) and Środoń (2006). For chlorite mineral interpretation, the recommendations of 208 

Lagaly et al. (2006) and Meunier (2007) were followed. Illite crystallinity values, in recent years 209 

better known as the Kübler index (KI: Kubler, 1964; Guggenheim et al., 2002), are defined by the 210 

width of the illite 001 peak measured at half of the peak height above the background (Eberl and 211 

Velde, 1989) were measured using the Panalytical© X'pert data viewer. Expressed as °Δ2θ, KI values 212 

were used to characterize the environment of illite formation, taking into account that diagenetic illite 213 

has KI values > 0.42°Δ2θ, whereas the range of KI values from 0.30 to 0.42°Δ2θ corresponds to low 214 

metamorphic anchizone, from 0.25 to 0.30°Δ2θ is the high anchizone and KI < 0.25°Δ2θ defines the 215 

metamorphic epizone (e.g. Kemp and Merriman, 2009). The calibration of KI values was carried out 216 

using the international standards provided by Warr and Rice (1994). Characterizing mixed layering 217 

only by analyzing the 001/002 and 002/003 I-S peak positions was practically impossible given the 218 

fact that analyzed samples were composed of detrital illite and I-S mixed-layer minerals both rich and 219 

poor in illite (Moore and Reynolds, 1997). To characterize the mixed-layer clay minerals, XRD clay 220 

fraction patterns were therefore modelled using Sybilla© software (property of Chevron™, San 221 

Ramon, California, USA) based on the formalism of Drits and Sakharov (1976). The modelling 222 

included a trial-and-error procedure that provided optimal clay mineral structural and probability 223 

parameters to get the best fit between experimental and calculated patterns, and intensities of 00l 224 

reflections for each of the clay phases present. For mixed-layer minerals the number, nature, and 225 

stacking sequence of different compositional layers were taken as modifiable values (e.g. Uzarowicz et 226 

al., 2012). To produce the experimental spectra, three discrete phases were introduced (illite, chlorite, 227 
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and kaolinite). R3 I-S, a mixed-layer illite-smectite with long-range ordering (Reichweit > 1) was 228 

introduced to accommodate the 001 peak asymmetry of illite at lower 2θ values. Higher background 229 

values between the 001 peaks of chlorite and illite were modelled by addition of R0 I-S and R0 I-SS, 230 

low ordered (Reichweit = 0) illite-smectites with one smectite layer with two water molecules and two 231 

smectite layers with one and two water molecules. R0 I-SSS was further introduced to mimic the illite-232 

smectite short range polytypes in which the 001* superstructure diffraction peak was found in a range 233 

of 22-25 Å (Velde, 1985), thus accommodating an intensity increase reported around 5°2θ. An 234 

additional mixed-layer phase, kaolinite-smectite (K-S), was used as well, fitting the low-angle 235 

shoulder at the kaolinite basal diffraction peak. The R0 variety was used as most of documented K-S 236 

occurrences were found to be randomly stratified (e.g. Dudek et al., 2006).  Modelling parameters of 237 

mixed-layer minerals consisted of (1) the orientations of particles on the mounted X-ray slides (σ*), 238 

(2) coherent scattering domain sizes expressed in number of layers (CSDS), and (3) the amounts of 239 

smectite component (Sme) in mixed-layer phases (Table 1). The relative clay mineral content was 240 

determined using the integrated peak area values of illite (002), kaolinite (002), and chlorite (003) 241 

weighted by appropriate mineral reference intensities and normalized (Moore and Reynolds, 1997). 242 

The relative abundance of clay minerals was therefore refined using Sybilla© modelling, allowing the 243 

amounts of smectite layers present in mixed-layer clay phases to be estimated. Clay mineral 244 

nomenclature followed the AIPEA recommendations with the terms smectite, illite, kaolinite, and 245 

chlorite used as general expressions for the respective mineral groups (Bailey, 1980). 246 

A decomposition of the air-dried XRD patterns was performed using DecompXR software 247 

(Lanson, 1993). The area modelled ranged from 5 to 10°2θ where, depending on the composition of 248 

mixed-layer I-S, its first basal diffraction peak is located.  Having subtracted the background, 249 

experimental patterns were decomposed by six Gaussian elementary curves representing mineral 250 

compounds used for Sybilla modelling (illite, chlorite, R3 I-S, R0 I-S, R0 I-SS, and R0 I-SSS). All the 251 

compounds met the criteria of Lanson and Besson (1992) requiring the elemental curves to have a 252 

minimum peak position and width difference of 0.3 and 0.2°2θ, respectively.   253 

 254 
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Statistical analyses  255 

Multivariate statistical analysis, specifically principal component analysis (PCA), was performed 256 

on seven samples to identify the principal components that control variations in mineralogical 257 

abundances and the relationship between mineral phases and grain size classes. The analysis was 258 

conducted on mineral compositional data of the fine fraction as determined after the modelling of the 259 

XRD patterns. The centered log-ratio transformation (Aitchinson, 1982) was applied to the 260 

compositional data in order to remove the non-negativity and constant-sum constraints typical of 261 

compositional variables. The PCA analysis was conducted by ‘R’ software (“R core team”, New 262 

Zealand) using the package FactoMineR (Lê et al., 2008). Grain size data, expressed in volume of 263 

material per grain size classes, were used in line with the mineral composition data as quantitative 264 

supplementary variables. 265 

 266 

RESULTS 267 

Grain-size and bulk-rock mineralogy  268 

The lower parts of the analyzed Elsterian tunnel valley (Unit A, Figure 2c) contain sediments 269 

dominated by medium to coarse sand with the mean (after Folk and Ward, 1957) grain size of 270 

approximately 500 µm. Higher in the succession, the grain size became progressively finer, reaching 271 

20 wt% clay in the upper portions of Unit A (TV infill), as well as Units B and C. In Units B and C the 272 

abundance of sand was less than 10 wt%, with a mean particle size of about 10 µm and less. The pre‐273 

glacial sediments below the Elsterian tunnel valley are characterized by a clear bimodal character 274 

having practically equal amounts of gravel and sandy grains versus clay and fine silt particles. The 275 

mean grain size was in the medium silt range (~50 µm) although the bimodal size distribution means 276 

that this mean is not amply represented in the sediments.  277 

The modal mineralogy was clearly controlled by variations in the grain size up the stratigraphical 278 

section (Figure 2c). Quartz is most abundant in the lower portions of Unit A, where sediment is the 279 

coarsest. In contrast, in the fine-grained portion of the section (i.e. the uppermost stratigraphic 280 

interval) the highly-crystalline illite was the dominant phase; elsewhere it was the second most 281 
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abundant component. Especially illustrative is the illite/quartz ratio, being practically inversely 282 

proportional to the mean grain size curve (Figure 2c), thus suggesting quartz and illite dominated the 283 

coarse and fine fraction, respectively. Feldspars, generally albitic, constituted <10 wt%. Biotite and 284 

muscovite, up to several mm in grain size, are widespread but in relatively low amounts (~3 wt%).The 285 

carbonate minerals, calcite and aragonite, were abundant in the coarse fraction, occurring exclusively 286 

as bioclasts. Agglomerates of detrital grains coated by a pyritic and/or sideritic matrix were abundant 287 

in the pre-glacial deposits, while they were less abundant in the TV infill, and increased in abundance 288 

in the Units B and C. The coarse size of bioclasts and diagenetic minerals caused a bimodality of the 289 

grain size curve of the pre-glacial deposits as well as in some samples of Units B and C (Figure 2c). 290 

Clay minerals other than illite (i.e. kaolinite, chlorite) were detected by QEMSCAN® and XRD whole-291 

rock measurements only in low amounts (~0.5-1 wt%, 2-3 wt%, respectively; Table 2). Discrete 292 

smectite was not detected by XRD measurements, while in the QEMSCAN® analyses smectite 293 

occurred in very low amounts (<0.2 wt%, Table 2).  294 

 295 

Clay mineralogy and SEM characterization of clayey particles 296 

An assemblage consisting of illite, illite-smectite, kaolinite, and chlorite characterized the clay 297 

fraction (Figure 3). The summed abundances of illite and various mixed-layer illite-smectites varied 298 

between 63 wt% in pre-glacial deposits (sample 530) and 80 wt% in Unit C (sample 220, Table 3). 299 

The amounts of chlorite and kaolinite (including K-S) were between 5-8 wt% and 15-30 wt%, 300 

respectively (Table 3). The abundances of kaolinite were inversely proportional to those of illite and 301 

illitic minerals, with the highest amounts of the former and lowest of the latter recorded in pre-glacial 302 

deposits, whereas in the post-glacial layers the ratio was inverse (Table 3). Low percentages of non-303 

clay minerals were also detected in all the analyzed samples (quartz and feldspar, Figure 3), but these 304 

were not taken into account during quantification. Based on the analysis of the X-ray diffraction 305 

patterns and the results of spectra modelling and study of particle morphologies, the following detailed 306 

characterization of clay minerals was prepared.   307 

Illite – Illite was defined by the sequence of basal 00l diffraction peaks that were not affected by 308 

glycolation (Figure 3, EG curves). Relying on the profile fitting and deconvolution (Figures 4-5), illite 309 
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comprised two non-expandable phases between d001 9.96-10.01 (illite sensu stricto) and d001 10.08-310 

10.14 Å (R3 I-S), with less than 5 and 13 wt% smectite layers, respectively (Table 1). In general, the 311 

001 peaks of illite are relatively broad with illite KI values ranging from 0.415 (sample 240) to 312 

0.341°Δ2θ (sample 310). The SEM-EDS investigation revealed illite forming irregular flake-like 313 

platelets oriented parallel to each other (Figure 6a). Illite sparsely occurs in a rod-like form (Figure 314 

6b). In either case, relations between XRD mineralogy and particle grain sizes revealed the size of 315 

illite particles to be in a range of several microns (Figure 7a). Somewhat larger particles (~10-15 µm) 316 

were probably muscovite (Figure 6a) or biotite (Figures 6b).  317 

Mixed-layer illite-smectite – Expandable interstratifications of illite and smectite were identified as 318 

mixed-layer I-S and were first identified visually using the criteria of Reynolds and Hower (1970) due 319 

to a broad diffraction peak at ~17 Å appearing in EG samples (Figure 3). More light on the nature of I-320 

S was provided by pattern fitting which revealed the presence of two disordered smectite-rich mixed-321 

layer I-S (R0 I-S, R0 I-SS, Table 1) that accompanied a disordered R0 K-S and ordered R3 I-S (Table 322 

1). These four mixed-layer minerals fitted the experimental spectra well (Figure 4). XRD pattern 323 

deconvolution preformed after Lanson and Velde (1992) on asymmetric 10 Å bands showed R0 I-S at 324 

d001 10.77-10.81 Å and R0 I-SS at d001 13.72-13.80 Å (Figure 5). Both disordered I-S had wide peaks 325 

indicating small crystallite thicknesses that continued to diminish as the amount of smectite layers 326 

increased. The smectite content was estimated to be between 20-31 and 75-94 wt% for R0 I-S and R0 327 

I-SS, respectively (Table 1). The R0 I-SSS is a curve with no actual meaning used to mimic the 328 

superstructure 001* diffraction peak of disordered I-S found in a range of 22-25 Å (Velde, 1985), also 329 

partly affected by the incident X-ray beam (e.g. Allmann, 2003). The SEM-EDS showed I-S particles 330 

with a flaky morphology that is analogous to that of presumably discrete illite with comparatively 331 

smaller particle sizes in a micron range (Figures 6a, 6b, 7b). Occasionally, I-S is reported forming 332 

coarser agglomerates having several microns in size (Figure 6c).  Mixed-layer phases formed the 333 

largest portion of the sample matrix (Figure 6b). Taking into account the Ca content, as well as the 334 

octahedral Fe/Mg and in particular tetrahedral Al/Si ratios, the SEM-EDS investigations allowed a 335 

quick identification of disordered (smectite-rich) I-S varieties (Welton, 1984), which was further 336 

corroborated by EMPA measurements on several representative sample portions.  337 
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Chlorite – Despite the fact that the basal peaks of chlorite partly overlapped with kaolinite, chlorite 338 

was defined by its d002 and d004 diffraction peaks at 7.12 and 3.55 Å, respectively (Figures 3-4). Its 339 

weak odd-order diffraction peaks were highly pronounced when the 001 diffraction peak was reported 340 

to be strongly attenuated. This indicates high Fe abundances in the chlorite structure (Moore and 341 

Reynolds, 1997). Using the intensity ratios I(003)/I(005) (Brown and Brindley, 1980) and profile 342 

fitting, the total content of Fe in chlorite was found to be ~2.34 a.p.f.u., which corresponds well to the 343 

Fe concentration in chlorite determined by EMPA (2.19 a.p.f.u., Table 4). A heating treatment at 344 

300ºC showed no evidence of a partly expandable vermiculite-type phase of 14 Å was present. In 345 

SEM-EDS, chlorite appeared either as relatively coarse detrital grains (up to 50 m in size, Figure 6b) 346 

or replacing crystallites of biotite (Figure 6d). No significant differences in the crystal chemistry 347 

between the two chlorite habits were documented.   348 

Kaolinite and mixed-layer kaolinite-smectite – The diffraction peaks at ~7.22 (d001) and 3.63 Å (d002) 349 

were diagnostic for kaolinite presence in analyzed sediment. Although relatively well defined and 350 

symmetrical, the kaolinite second basal diffraction peak showed a tailing in the low angle region 351 

(Figures 3-4), suggesting the presence of minor interstratified 2:1 clay minerals, presumably smectite 352 

(e.g. Dudek et al., 2006; Hong et al., 2012). The EG solvation showed an increase of the d001 peak of 353 

kaolinite, while the low-angle shoulder migrated towards higher d values. The shift of the tailing that 354 

takes place after glycolation, from about 7.4 to 7.8 Å, is normally considered as an evidence of 355 

smectite interlayering (Schultz et al., 1971). Hence, apart from the kaolinite d001 diffraction peak to fit 356 

XRD spectra (Figure 4) a disordered R0 K-S with a maximum at ~7.4 Å and up to 7 wt% of the 357 

smectite component (Table 1) was used. Kaolinite particles are well-dispersed within the illite-358 

dominated matrix, forming aggregates with sizes from 10 to 20 µm devoid of characteristic shapes 359 

(Figure 6b).  360 

 361 

Mineral phase chemistry 362 

The representative mineral chemistry of selected clay minerals from the SNS sediment are reported 363 

along with few analyses of coarser mica and kaolinite that served for a reference (Table 4). The 364 

composition of chlorite is characterized by a total cation content slightly below 10, suggesting a 365 
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dominance of divalent Fe, resulting in the classification of the chlorites as trioctahedral. Accordingly, 366 

the chlorite may be defined as pycnochlorite (XFe = 51) (Hey, 1954). The kaolinite composition is non-367 

stoichiometric given the Si depletion (2.83-3.04 a.p.f.u.) and Fe enrichment (0.15-0.21 a.p.f.u.), 368 

respectively. This may be attributed to the development of porosity between packets of kaolinite, the 369 

presence of micron-scale impurities in form of Fe-Ti bearing minerals, or smectite interlayering (e.g. 370 

Cuadros and Altaner, 1998; Sengupta et al., 2008). Regardless of the variable valence of Fe, the total 371 

octahedral cation content of mica was below 2.5 a.p.f.u. (2.03-2.04 and 2.41-2.47 for muscovite and 372 

biotite, respectively), which, according to Rieder et al. (1998), defined them as dioctahedral mica. The 373 

biotite composition covers the fields between 1.614  ≤ (AlIV + AlVI) ≤ 1.750 a.p.f.u., while for 374 

muscovite the (AlIV + AlVI) ranged between 2.549 and 2.805 a.p.f.u. Both micas are characterized by 375 

variable levels of Mg, Fe, and Ti substituting for octahedral Al (phengite substitution). K-rich white 376 

mica referred here as ‘muscovite’ is of phengitic composition (Si ≥ 3.1 a.p.f.u., Rieder et al., 1998).  377 

The average phase chemistry of illites (illite sensu stricto, R3 I-S) and mixed-layer illite-smectite (R0 378 

I-S, R0 I-SS) is (Ca0.034K0.451Na0.117)(Al1.548Fe3+
0.253Mg0.249Ti0.023)VI(Si3.366Al0.634)IVO10[(OH)2,(H2O)] (16 379 

analyses) and (Ca0.102K0.332Na0.136)(Al1.336Fe3+
0.386Mg0.326Ti0.031)VI(Si3.377Al0.623)IVO10(OH)2 ·  nH2O (45 380 

analyses), respectively. In the EMPA data presentation, all the mixed-layer I-S species used for XRD 381 

profile fitting were arbitrarily referred to mixed-layer I-S. As reported by Norrish and Pickering 382 

(1983), the K2O content in illite-like phases is inversely related to that of H2O (Table 4). When 383 

comparing illite and interstratified I-S, the latter is characterized by an elevated content of Ca, up to 384 

0.169 Ca p.f.u. In the case of K, an inverse trend was reported, with I-S rich in Ca being depleted in K 385 

content (Figures 8a). A similar distinction was inferred from the occupancy of tetrahedral and 386 

octahedral sites (Figure 8b), with illite showing a comparatively higher AlIV (hence lower Si, Table 4), 387 

whereas mixed-layer minerals were characterized by elevated abundances of octahedral Fe and Mg. 388 

For those I-S featured by the highest proportions of octahedral Fe and Mg (samples 310 and 350, 389 

Table 4) part of Mg was allocated into the interlayer structural position in order to respect the maximal 390 

cation occupancy per octahedral layer. Such peculiar phase chemistry can be explained by restricted 391 

chlorite interlayering (~10%), which give rise to the formation of mixed-layer illite-chlorite-smectite 392 

clays (Weaver and Beck, 1971). Somewhat higher water contents documented in I-S from samples 310 393 
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and 350 (Table 4) conform to this line of reasoning. Regarding the compositions of pure smectites and 394 

nearly pure smectites (I-S with more than 80 wt% of Sme, Boles and Franks (1979) Ramseyer and 395 

Boles (1986) and references therein) and that of illites with less than 10 wt% of the Sme component 396 

(Deer et al., 1996; Meunier and Velde, 2004), the illites and I-S analyzed in this study are projected in 397 

the lower segment of the illite compositional field, while some of the I-S analyses approached the 398 

composition of smectite-rich I(0.2)-S(0.8) (Figure 8b). The mixed-layer smectite component is defined 399 

as dioctahedral and close to beidellite in composition (Table 4; Grim, 1968). 400 

 401 

Clay mineral distribution 402 

The clay mineral investigation of sediments from borehole K14-12 in the Dutch North Sea showed 403 

illite and kaolinite as well as their smectite interstratifications as dominant clay phases (illite sensu 404 

stricto + R3 I-S 34-52 wt%; illite-smectite (R0 I-S, R0 I-SS) 22-41 wt%; kaolinite 7-10 wt%; 405 

kaolinite-smectite 7-20 wt%; Table 3). The highest amounts of illite (illite and R3 I-S) were recorded 406 

in the overlying unit (sample 220) with slightly lower amounts in Unit B (sample 240) and in the pre-407 

glacial deposits (sample 530; Figure 7). These values coincided with the lowest amounts of I-S and, 408 

consequently, with the lowest proportions of the total smectite component (SmeTOT - sum of smectite 409 

layers from all I-S present, Table 3). Unit A, representing the clinoform tunnel valley infill (samples 410 

310, 350, 370, and 440) was characterized by lower illite abundances coupled with elevated I-S and 411 

SmeTOT. The latter is, thus, inferred to have maximal concentrations in the central portions of the TV 412 

infill (samples 350 and 370 with 20 and 18 wt% SmeTOT, respectively, Table 3; Figure 2c). In contrast, 413 

the kaolinite (kaolinite + R0 K-S) content is the highest in pre-glacial sediments, whereas in the TV 414 

succession it maintained a uniform content at about 20 wt%, except in the uppermost unit where it was 415 

even lower (Table 3). 416 

 417 

DISCUSSION 418 

The area of the Southern North Sea offers an opportunity to investigate the provenance and 419 

‘source-to-sink’ transport of terrigenous material in a marginal sea (e.g. Irion and Zöllmer, 1999; 420 

Leipe and Sea, 2003; Kuhlmann et al., 2004; Nielsen et al., 2015; Griffioen et al., 2016). Clay 421 
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minerals in particular may serve as effective tools to establish the origin of fine-grained terrigenous 422 

sediment. In the area studied, clay minerals consist mainly of illite and mixed-layer illite-smectite with 423 

minor kaolinite and chlorite (Table 3). In depositional eogenetic environments, illite as well as 424 

kaolinite and chlorite do not form; therefore, when found in sediments that have not suffered deep-425 

burial diagenesis they are considered detrital rather than neoformed (Meunier and Velde, 2004). Illite 426 

KI values (0.415 - 0.341°Δ2θ), although somewhat compromised by Sme interlayering (R3 I-S with 427 

d001 10.08-10.14 Å; Figure 5), provide an additional piece of evidence for the detrital nature of the 428 

illite (e.g. Ferreiro Mählmann et al., 2012). The size of illite particles (~ 5 - 10 µm, Figure 7a) and its 429 

flaky particle structure (Figure 6a) are also features that suggest the detrital origin of the illite 430 

(Iacoviello et al., 2012).  431 

The analyzed succession consists of different units characterized by similar mineralogy of the clay 432 

fraction. The most striking feature in terms of clay composition is lack of discrete smectite, which 433 

suggests little input from central European rivers before and after the Elsterian glaciation (Kuhlmann 434 

et al., 2004; Adriaens, 2015; Griffioen et al., 2016). Knowing that in the time of the upper Early 435 

Pleistocene the material transport by the BRS practically stopped, the sediment of the TV infill can be 436 

considered as glaciogenic, older smectite-free material that was locally eroded during the formation of 437 

TV. In the analyzed TV sequence no discrete smectite is observed and illite along with illite-rich I-S 438 

are the dominant clay species (Table 3). Within the studied TV sediment section the distribution of 439 

smectite-rich I-S (R0 I-S + R0 I-SS, Table 1) was shown to be of particular importance. Namely, I-S 440 

displayed maximal abundances in the TV infill (Unit A, Figure 2c), while it appears in significantly 441 

lower amounts in the Units B and C, as well as in the pre-glacial deposits (Table 3). The same pattern 442 

is inferred for the total smectite content (SmeTOT) calculated from all identified I-S species (Tables 1, 443 

3). Within Unit A it is reported that those horizons that have been exposed to the influence of 444 

meltwater for the longest period of time (i.e. earliest clinoforms) have the highest SmeTOT values 445 

(samples 350-440; Figure 2; Table 3). Such indicative distribution of I-S in sediments of analyzed 446 

Elsterian TV along with the known impoverishment of reworked pre-glacial sediments in smectite and 447 

I-S put forward the in-situ alteration of illite into illite-smectite (smectitization) as the most plausible 448 

explanation of smectite interlayering in analyzed clays. The process of mineral transformation of 449 
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stable clay phases (i.e. illite) to open minerals featured by variable basal spacings (i.e. I-S) assumes a 450 

loss of substance and it is therefore occasionally referred to as degradation (Millot, 1971). Usually 451 

such mineral transformation take place in soils and weathering crust affected by degrading fluids 452 

(Whittig and Jackson, 1955; Jackson, 1957; Fordham, 1990). In sedimentary environments however 453 

the alteration of illite is rarely documented (Smoot, 1960) which is readily explained by restrained 454 

matter exchange (Hartmann et al., 1999). Smectitization in analyzed sediments must have occurred by 455 

inhibited early chemical diagenesis in a fresh water environment of fluvial or lacustrine nature where 456 

meltwater played a role of degrading fluid that percolated through the eroded TV pre-glacial sediment 457 

of SNS at glacial maximum when sea-water conditions faded away (de Gans, 2007). Such diagenetic 458 

process itself is not isochemical because it requires mobilization of a wide range of elements such as 459 

K, Ca, Fe, Mg, and also Al and Si. After the sediment re-deposition within TV, the detrital illite that 460 

survived initial weathering and physical erosion reacts with fresh water, giving rise to a range of I-S 461 

species (Chamley, 1989 and references therein; Figure 5; Table 3). The smectitization of illite is 462 

hypothesized here to have operated in this study area by reaction with cold fresh water by means of a 463 

series of mixed-layer intermediates (I-S) with illite being converted to low-charged smectite layers. 464 

Most of the total charge remained present within the tetrahedral sheet, even in I-S with highest Sme 465 

abundances (Table 4). The first expression of smectitization process was the emergence of ordered R3 466 

I-S with up to 13 wt% of the Sme component (Table 1; Figure 5) as a consequence of an initial 467 

decrease of K content from ~0.45 to about 0.35 a.p.f.u. This makes a net loss of about 0.10 a.p.f.u. 468 

compared to an average illite composition (Table 4; Figure 8c). At the same time, Si replaces Al in the 469 

tetrahedral sheet at an initial compositional difference of ~ 0.005-0.01 a.p.f.u. (Table 4; Figure 8c). 470 

Geochemical data do not show released Al to be accommodated in the octahedral sheet of a newly 471 

formed smectite component neither is it found building hydroxy interlayers (gibbsite layer) that would 472 

eventually lead to the appearance of hydroxy-interlayered smectite (HIS; Meunier, 2007; Table 4; 473 

Figure 3). Aluminum was instead leached out from the structure of the newly formed mixed-layer I-S, 474 

some it may have been consumed by neoformation of minute crystallites of kaolinite found in 475 

sediment matrix. The charge imbalance in I-S caused by the K loss and tetrahedral rearrangements is 476 

accommodated by Mg and Fe3+ liberated from altered chlorite and biotite (average increase of 0.1 and 477 
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0.2 a.p.f.u., respectively; Table 4; Figure 8b). In I-S where highest concentrations of Mg and Fe (> 0.9 478 

a.p.f.u.) are reported (Table 4) part of Mg is accommodated in the interlayer site suggesting a 479 

restrained chlorite interlayering in Sme-rich illite-smectite (~10%; Weaver and Beck, 1971). Finally, 480 

Ca enters the structure partly filling the interlayer site, such that the I‐S is enriched in Ca by ~ 0.02 481 

a.p.f.u. with respect to illite (Table 4; Figure 8a). The retention of Si and Ca in the products of 482 

smectitization indicates that these usually easily‐leached elements (Schaetzl and Thompson, 2015) 483 

were retained in the diagenetic environment. Smaller particles (0.04-0.08 μm; Figure 7a), having 484 

comparatively larger reaction surfaces are most likely disordered R0 I-S and R0 I-SS (Table 1; Figure 485 

5), showing advanced smectitization in form of maximal loss of K (~0.25 a.p.f.u.; Table 4; Figure 8c) 486 

and minimal AlIV values (~0.55 a.p.f.u.; Table 4). The composition of the octahedral layer, having 487 

maximal Fe3+ abundances (~0.55 a.p.f.u.; Table 4), approaches I-S compositions with about 80 wt% 488 

Sme (Figure 8b; Boles and Franks, 1979; Ramseyer and Boles, 1986), which is consistent with the 489 

composition of R0 I-SS defined by XRD modelling to have ~75 – 94 wt% Sme layers (Table 1). An 490 

incomplete evolution of illite toward smectite composition may thus be inferred, to be an evolutionary 491 

sequence represented by I-S phases of different ordering degree, Sme content, and mineral chemistry.  492 

The smectitization reaction progress is controlled mainly by the particle size of detrital illite, with 493 

additional influence by other common factors such as climate, sediment porosity and permeability, and 494 

fluid composition (Schaetzl and Thompson, 2015). Based on XRD mineral composition (Table 3) and 495 

grain size data, the two principal components that cover about 75% of the total variance in a PCA 496 

space define a coherent group of samples belonging to Unit A and, thus, to the peak smectitization, 497 

while the samples of pre-glacial and overlying sediments are clearly outliers (Figure 7b; Table 1). The 498 

role of the grain size becomes even more apparent in the variable projection plot (Figure 7a), in which 499 

the grain size classes are shown as supplementary variables with the finest fraction corresponding to 500 

Sme-rich disordered I-S and the coarsest to detrital illite and chlorite. Such a relationship clearly 501 

points to larger reaction surfaces of small illite particles that promote smectitization by allowing more 502 

fluid-rock interaction, leading to enhanced chemical exchange between solid and fluid phases. 503 

It is proposed here that the formation of mixed-layer I-S described above took place in a fresh 504 

water, ice-marginal to proglacial, depositional environment during the glacial maximum. The 505 
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progressive ice-sheet withdrawal coeval to sediment accumulation at the ice-margin caused a 506 

northwards shift of the depositional environment. Accordingly, the remaining ice-marginal sediments 507 

were exposed to the restrained influx of fresh water, in the form of meltwater, as the ice-sheet retreated 508 

giving rise to a reduced elemental leaching and mineral transformations (Hartmann et al., 1999). This 509 

contribution thus confirms that the marine depositional environment was absent during the glacial 510 

episode in the Southern North Sea (de Gans, 2007). Nowadays, it is generally accepted that 511 

composition of ocean-floor clays primarily reflects the continental sediment supply (e.g. Biscaye, 512 

1965; Griffin et al., 1968; Petschick et al., 1996). Once settled in sea-water, the continental clay 513 

minerals are apparently inert but their exchange capacity is no longer saturated by the same cations 514 

(Sayles and Mangelsdorf Jr., 1977). Moreover, the sea-water rich cations like K, Na, and Mg have 515 

been shown to be preferentially depleted in waters impregnating the onset of ocean floors (Sayles, 516 

1981) thus presumably giving rise to the neoformation of ordered clay minerals like illite and chlorite 517 

by fixation of ions from sea-water (e.g. Grim and Johns, 1954). This mechanism is seemingly opposite 518 

to the early diagenetic smectitization proposed herein.  519 

The continuity of the fresh water environment beyond the ice-margin in a proglacial lake that 520 

covered the whole clinoform succession is furthermore suggested by seismic reflection data 521 

(Benvenuti and Moscariello, 2016). Although very little sedimentological and mineralogical evidence 522 

for a proglacial lake in the central part of the SNS is provided in the literature, this contribution 523 

supports the studies of Gibbard (2007) and Gupta et al. (2007) who were first to hypothesize the 524 

existence of a large proglacial lake at glacial maximum in the area between the SNS and the Benelux 525 

countries. The lacustrine episode in the study area ended with the Holstenian transgression and marine 526 

sedimentation that covered the lacustrine deposits on a regional scale, as reported from several 527 

occurrences of onshore TVs in the northern part of Germany and The Netherlands (Ehlers and 528 

Gibbard, 2004). 529 

The hydromorphic conditions of the glacial period that left traces in clay mineralogy of Unit A (i.e. 530 

I-S formation, Figure 1) suggest an excess of silica released from dissolved feldspar and quartz (Table 531 

2) that were required for enhanced smectitization (e.g. Novikoff et al., 1972). In contrast, in the areas 532 

where hydromorphic influences were weaker, or acted for a more restricted time, lesser amounts of 533 
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interlayered phases were produced, as shown by lower abundances of I-S in the uppermost part of Unit 534 

A, Unit B, and Unit C. The low I-S content of Unit C may, however, be attributed to the return of 535 

marine conditions, in line with the more widespread distribution of the deposits of Unit C around the 536 

TV boundaries, which coincides with the progressive end of the glacial lacustrine environment at the 537 

onset of the Holstenian interglacial (Ehlers and Gibbard, 2004). The presence of I-S in marine pre-538 

glacial deposits, even if in lower percentages than in the TV infill, may still be related to early 539 

diagenetic smectitization operating during the glacial stage and facilitated by the large amount of 540 

meltwater that percolated into the underlying deposits for hundreds of meters (Kehew et al., 2012 and 541 

references therein). 542 

The presence of I‐S in sedimentary rocks is traditionally interpreted through the prism of deep‐543 

burial diagenesis. Mixed-layer I-S reported from shallower levels of sedimentary sequences (< 1 km) 544 

is rarely described in diagenetic studies, mostly due to lack of economic interest. This study offered an 545 

alternative approach to the evolution of clay assemblages by studying geologically unique glacial 546 

environments, such as tunnel valleys, where the I‐S interstratification is linked to early (shallow) 547 

diagenesis (smectitization) of detrital illite (and lesser kaolinite). The multimethodological approach 548 

used in this study could be applied to clay research of sediment accumulations that are related to 549 

Pleistocene glacial events and presently reported extensively in the area of the North Sea, in order to 550 

better understand the early‐diagenesis portion of the clay cycle examined in this research. 551 

 552 

CONCLUSIONS 553 

(1) Material analyzed from borehole K14-12 located in the K block of Dutch offshore presented a 554 

thick succession of Elsterian tunnel valley deposits composed of several units (pre-glacial, A, B, 555 

and C) visible on seismic sections.  556 

(2) Grain-size distributions are relatively heterogeneous, with the lower part of succession (lower 557 

Unit A) dominated by coarse sand. Higher in the succession, the grain size becomes finer with up 558 

to 20 wt% of clay content in the upper portions of Unit A (TV infill), as well as in Units B and C. 559 
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(3) Bulk-rock mineralogy of analyzed material is dominated either by quartz or illite, depending on 560 

the sediment granulometry. Other phases, notably feldspar and mica, constitute <10 wt%. 561 

(4) XRD and SEM measurements show a clay particle assemblage consisting of illite, mixed-layer 562 

illite-smectite, kaolinite and chlorite, with the first and the second being the dominant clay 563 

minerals. 564 

(5) Illite is inferred, according to its mineralogical and morphological characteristics (Kübler index, 565 

particle size, and shape), to have an unambiguously detrital origin. 566 

(6) The abundances of clay minerals in the stratigraphic succession studied show interlayered I-S 567 

enriched in the middle portion of Unit A where illite abundance is lower. I-S abundance was 568 

lower in the pre-glacial unit and, especially, in the overlying Units B and C. XRD pattern 569 

modelling and deconvolution reveal interlayered I-S to consist of several intermediate phases of 570 

different ordering and composition grouped as non-swelling ordered I-S (illite sensu stricto + R3 571 

I-S) and disordered I-S (R0 I-S + R0 I-SS). 572 

(7) The hypothesis of smectitization of illite in a freshwater diagenetic environment is supported by 573 

the distribution patterns of I‐S and of the total smectite (SmeTOT), and I-S particle sizes. The 574 

smectitization of illite proceeded in a way in which extensive leaching was precluded. 575 

(8) The I-S phase chemistry and speciation of I-S interlayers revealed by modelling of XRD spectra 576 

shows that smectitization must have proceeded through a series of mixed-layer I-S intermediates, 577 

whereby the illite component was progressively converted to smectite. The chemistry of the I-S 578 

octahedral layer suggests that interlayers with maximal Fe content approach I-S compositions 579 

with 80 wt% of Sme component, thus corresponding to R0 I-SS as defined by XRD pattern 580 

modelling (75-94 wt% Sme). Moreover, the structural formulas of Sme-rich I-S point to the 581 

partial allocation of Mg in their interlayer site, which is indicative for restrained chlorite 582 

interlayering (~10%) and possible formation of illite-chlorite-smectite clays.     583 

(9) In addition to factors like climate, porosity and permeability, and fluid composition, the grain size 584 

of illite particles influences the progress of smectitization as shown by PCA analysis through a 585 
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variable load plot where, in addition to the XRD mineralogy, the grain size classes are shown as 586 

supplementary variables.     587 

(10) The results of this study are consistent with the hypothesis that formation of mixed-layer I-S by 588 

incomplete diagenetic alteration of detrital illite took place in an ice-marginal to proglacial fresh 589 

water depositional environment where meltwater must have played a role of degrading fluid 590 

responsible for enhanced ion exchange. 591 
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FIGURE CAPTIONS 819 
 820 

Figure 1. Map shows a schematic representation of the drainage system of the Southern North Sea at 821 

Early Pleistocene and the most important features regarding the successive glaciations (i.e. ice-sheet 822 

margins and tunnel valleys). The location of the study area is marked in white. Main river systems are 823 

after de Gans (2007) and Westerhoff (2009) indicating the source areas of detrital material. 824 

Continuous lines in yellow, blue, and red mark the positions of ice-margins at glacial maxima and are 825 

reproduced with the permission of the author, Philip Gibbard, from 826 

www.qpg.geog.cam.ac.uk/research/projects/nweurorivers/. The numerous tiny black lines and the red 827 

line in the study area indicate the large number of glacial incisions created during repeated glaciations 828 

in NW Europe and are redrawn after van der Vegt et al. (2012). The proglacial lacustrine environment 829 

created at the Elsterian glacial maximum is modified after Murton and Murton (2012). 830 

 831 

Figure 2. (a) Map shows the depths (expressed in two way time) of the glacial unconformity mapped 832 

on 3D high resolution seismic data by Moreau et al. (2012). A large number of incisions (tunnel 833 

valleys) are evident in this reconstruction. The location of the seismic reflection profile is indicated by 834 

a black line and the black dot shows the location of borehole K14-12, (b) N-S oriented seismic section 835 

showing the stratigraphic architecture. The tunnel valley base is highlighted in red, separating the pre-836 

glacial deposits from the overlying TV infill. The main infill of the tunnel valley is defined by a thick 837 

interval of northward dipping reflectors (Unit A), overlain by a thin interval of horizontal reflectors in 838 

a restricted area (Unit B), and a widespread interval characterized by a chaotic seismic facies (Unit C). 839 

Well K14-12 is identified by a red vertical line. A constant velocity of 1900 m/s was used for time-840 

depth conversion (Benvenuti and Moscariello, 2016), (c) a histogram showing the grain size 841 

distributions with the green line showing mean values (Folk and Ward, 1957) for 36 sediment samples 842 

(from ditch cuttings). The illite/quartz ratio was calculated from QEMSCAN® data. The stratigraphic 843 

succession of the TV infill and post-glacial deposits is modified after Benvenuti and Moscariello 844 

(2016).  845 
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Figure 3. Mineral composition of analyzed clay factions (< 0.2 µm) shown for three representative 846 

samples. EG stands for the treatment with ethylene-glycol and AD for air-dried samples. 847 

Measurements after heating are not shown (see text). Mineral symbols: I-S (illite-smectite), Chl 848 

(chlorite), Ill (illite), and Kln (kaolinite).  849 

 850 

Figure 4. Comparison between experimental (zigzag line) and calculated (continuous line) XRD 851 

patterns for three representative measurements on clay fractions (air-dried).  852 

 853 

Figure 5. Decomposition of XRD patterns of the clay fraction (air-dried) for three representative 854 

samples. The experimental XRD patterns are zigzag and black, the best fits are continuous and red, 855 

while elementary Gaussian curves are continuous and light grey.  856 

 857 

Figure 6. SEM imagery of different sediment samples showing (a) illite and I-S crystals forming 858 

irregular flake-like platelets oriented parallel to each other, (b) rod-like illite and relatively coarse 859 

chlorite and kaolinite agglomerates, (c) agglomerates of smectite-rich interlayered I-S, and (d) chlorite 860 

mineralization growing at the expenses of biotite. The points and digits placed on some of the minerals 861 

stand for microprobe analyses and their corresponding numbers. The representative microprobe data 862 

are provided in Table 4.   863 

 864 

Figure 7. (a) The variable projection image illustrating the correlation of smectite-rich phases with the 865 

finest grain fraction, and conversely the association of chlorite and illite with the coarsest grain 866 

fraction, (b) the principal component biplot (Dim 1 and Dim2) based on the fine fraction mineralogical 867 

composition and grain-size classes, showing samples grouping according to their stratigraphical 868 

position. 869 

 870 

Figure 8. Mineral differentiation diagrams based on the phase chemistry of micas, illite, and 871 

interstratified I-S. (a) Ca-K-Mg ternary diagram showing a trend of Ca and Mg enrichment in the illite 872 

and I-S, (b) AlIV– AlVI + Fe3+ – Mg ternary diagram illustrates the changes in octahedral composition 873 
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reflecting a smectitization process, (c) K – Si/Al plot depicts the relationship of interlayer K net loss 874 

with Al-Si replacement during smectitization. For details, see the text.  875 

876 
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Table 1. Sybilla© modelling parameters of mixed-layer phases (R0 I-S, R0 I-SS, R3 I-S, and R0 K-S) 877 

Samples/ 220 240 310 350 370 440 530  878 
Phase parameters 879 
σ* (R0 I-S) 12 12 12 12 11 11 11  880 
CSDS (R0 I-S) 7 7 7 7 7 7 7 881 
Sme (R0 I-S) 20 20 26 31 28 28 21 882 

σ* (R0 I-SS) 12 12 12 12 12 12 12 883 
CSDS (R0 I-SS) 5 5 5 5 5 5 5 884 
Sme (R0 I-SS) 81 81 81 92 94 82 75 885 

σ* (R3 I-S) 12 12 12 12 12 12 12 886 
CSDS (R3 I-S) 12 15 15 15 15 15 15 887 
Sme (R3 I-S) 5 5 5 5 9 9 13 888 

σ* (R0 K-S) 10 10 10 10 10 10 10 889 
CSDS (R0 K-S) 7 7 7 7 7 7 7 890 
Sme (R0 K-S) 2 2 2 2 6 6 1 891 
σ* - orientation of particles on the mounted X-ray slide; CSDS - coherent scattering domain sizes expressed in 892 
layers; Sme – smectite content in the respective mixed-layer mineral (in wt%); I-S and K-S – mixed-layer illite-893 
smectite and kaolinite-smectite, respectively; R – Reichweit (measure of order); Parameters of R0 I-SSS not 894 
given as this entry is used to mimic I-S superstructure 001* diffraction peak partly masked by primary radiation.         895 
  896 
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Table 2. Modal mineralogy based on QEMSCAN and XRD whole-rock measurements  897 
Sample Qtz Pl Kfs Cal/Arg Dol Ms Bt Ill Sme Kln Chl Sd Py HMs Unclass.  I/Qtz 898 

200 21.18 3.64 1.35 3.98 1.18 1.67 4.09 55.47 0.32 1.08 1.90 0.26 0.63 0.34 2.90  2.62 899 
210 21.68 3.54 1.58 3.63 1.14 1.60 5.13 56.04 0.27 0.95 2.00 0.08 0.53 0.39 1.44  2.58 900 
220 12.13 2.37 0.74 3.80 0.44 1.65 6.16 60.56 0.21 1.02 2.15 0.11 5.17 0.24 3.24  4.99 901 
230 15.53 2.76 1.24 0.92 0.36 1.08 10.71 58.80 0.77 0.82 4.13 0.02 0.78 0.25 1.83  3.78 902 
240 30.13 5.06 3.27 2.82 1.27 1.34 2.21 47.66 0.14 0.85 1.02 0.09 0.87 0.41 2.86  1.58 903 
250 19.40 3.69 1.94 1.53 0.63 0.88 3.59 63.01 0.20 0.67 1.73 0.04 0.62 0.30 1.78  3.24 904 
260 31.54 3.76 2.70 1.28 0.64 0.81 4.80 49.71 0.16 0.59 1.43 0.02 0.70 0.38 1.46  1.57 905 
270 29.59 4.71 2.46 1.71 0.81 1.16 4.88 48.45 0.30 0.80 2.21 0.05 0.89 0.46 1.53  1.63 906 
280 17.19 2.66 1.45 0.96 0.36 0.91 6.92 64.13 0.26 0.68 2.06 0.02 0.90 0.21 1.31  3.73 907 
290 28.05 3.51 2.34 1.61 0.68 1.10 4.50 52.85 0.25 0.83 2.20 0.06 0.69 0.35 0.97  1.88 908 
300 25.98 3.52 1.81 1.48 0.48 0.87 5.94 55.33 0.17 0.54 1.22 0.04 0.69 0.29 1.64  2.13 909 
310 36.99 3.01 2.63 1.72 0.68 0.90 2.49 45.46 0.09 0.60 0.68 0.59 0.75 0.26 3.14  1.23 910 
320 37.40 3.99 2.78 1.85 0.64 0.89 3.19 42.79 0.14 0.49 0.97 0.05 0.81 0.26 3.74  1.14 911 
330 45.52 3.83 3.39 2.19 0.56 0.57 1.38 37.97 0.09 0.40 0.82 0.03 0.77 0.29 2.18  0.83 912 
340 34.97 3.29 2.78 1.35 0.53 0.70 1.98 49.15 0.17 0.62 1.57 0.07 0.54 0.25 2.03  1.40 913 
350 42.76 3.73 3.54 1.51 0.61 0.72 2.07 41.03 0.11 0.49 0.91 0.05 0.64 0.31 1.52  0.96 914 
360 44.18 4.50 3.59 1.72 0.69 0.82 1.64 38.38 0.12 0.49 1.11 0.07 1.16 0.43 1.13  0.86 915 
370 48.31 4.19 3.64 1.51 0.54 0.69 1.52 33.82 0.11 0.46 0.99 0.06 1.87 0.34 1.94  0.70 916 
380 44.74 4.07 3.72 6.49 0.51 0.73 1.57 28.33 0.09 0.40 0.70 0.05 6.09 0.34 2.16  0.63 917 
390 47.38 3.56 3.10 8.24 0.48 0.55 1.21 24.25 0.08 0.32 0.46 0.05 8.69 0.30 1.33  0.51 918 
400 48.41 3.68 3.59 9.92 0.53 0.54 0.93 28.06 0.08 0.40 0.75 0.52 0.86 0.33 1.41  0.58 919 
410 48.79 4.64 3.26 7.25 0.50 0.72 1.99 28.11 0.14 0.36 0.61 0.23 1.16 0.32 1.92  0.57 920 
420 47.00 3.07 3.38 9.51 0.39 0.54 1.74 26.80 0.11 0.37 0.55 0.04 1.74 2.91 1.84  0.57 921 
430 60.82 3.12 3.41 11.83 0.38 0.47 0.77 16.68 0.08 0.21 0.34 0.02 0.76 0.24 0.88  0.27 922 
440 35.93 2.81 2.12 7.98 0.48 0.78 3.18 41.78 0.23 0.47 1.67 0.05 1.22 0.25 1.02  1.16 923 
450 52.37 2.11 1.98 20.36 0.30 0.32 0.63 14.91 0.08 0.20 0.28 0.02 3.91 0.20 2.34  0.28 924 
460 55.29 1.78 2.11 26.27 0.25 0.35 0.37 7.73 0.03 0.22 0.38 0.11 4.28 0.28 0.54  0.14 925 
470 42.30 2.21 5.04 43.35 0.11 0.14 0.19 3.82 0.02 0.09 0.19 0.02 0.62 0.16 1.76  0.09 926 
480 64.10 1.54 1.36 27.14 0.20 0.21 0.17 2.69 0.03 0.13 0.18 0.02 1.00 0.20 1.02  0.04 927 
490 60.16 3.95 7.20 19.12 0.57 0.35 0.34 5.24 0.03 0.15 0.45 0.03 0.94 0.36 1.10  0.08 928 
500 26.35 1.77 1.03 14.74 0.28 0.49 2.90 48.92 0.14 0.51 1.00 0.08 0.77 0.16 0.84  1.85 929 
510 27.14 1.76 5.14 23.29 0.31 0.43 0.90 32.54 0.06 0.67 0.52 2.01 2.47 0.13 2.63  1.20 930 
520 17.77 1.68 1.02 12.59 0.87 0.49 0.53 53.01 0.20 2.08 0.66 0.06 3.47 0.16 5.39  2.98 931 
530 15.07 1.33 0.83 4.97 0.17 0.60 3.41 55.79 0.14 0.82 0.97 2.28 8.67 0.13 4.83  3.70 932 
540 23.57 1.47 1.35 21.27 1.78 0.57 2.04 41.40 0.20 0.85 0.98 0.05 1.55 0.62 2.31  1.75 933 
550 15.18 1.25 0.57 20.54 1.03 0.53 2.05 45.25 0.17 0.88 1.01 0.04 6.96 0.14 4.39  2.98 934 
Components are expressed in wt%. Qtz: quartz; Pl: plagioclase; Kfs: K-feldspar; Cal/Arg: calcite/aragonite; Dol: dolomite; Ms: muscovite; Bt: biotite; Ill: illite; Sm: smectite; Kln: kaolinite; Chl: 935 
chlorite; Sd: siderite; Py: pyrite; HMs: transparent heavy minerals (hornblende, epidote, garnet); Unclass.: QEMSCAN unclassified data. Mineral abbreviations after Kretz (1983) and  Whitney 936 
and Evans (2010).937 
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Table 3. Relative clay mineral abundances in analyzed samples (in wt%) 938 
Sample Ill (s.s.) Kln Chl R3 I-S R0 I-S R0 I-SS R0 I-SSS R0 K-S SmeTOT 939 
220 18 8 8 34 20 3 2 7 8 940 
240 23 8 7 18 23 2 4 15 11  941 
310 15 7 5 19 35 4 4 11 16  942 
350 14 9 5 22 29 3 8 10 20  943 
370 17 9 6 17 29 3 6 13 18  944 
440 19 10 5 19 25 7 5 10 17 945 
530 13 10 5 26 20 4 2 20 12  946 
I-S and K-S – mixed-layer illite-smectite and kaolinite-smectite, respectively; R – Reichweit (measure of order); 947 
SmeTOT – total smectite content in all I-S mixed-layer phases containing smectite, only R0 I-SSS not considered; Ill 948 
(s.s.): illite sensu stricto; Kln: kaolinite; Chl-chlorite. Mineral abbreviations after Kretz (1983) and Whitney and Evans 949 
(2010).  950 
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Table 4. Selected microprobe analyses and formulae of illite, chlorite, illite-smectite, muscovite, and biotite 951 
 952 
                           illite                                          illite/smectite        kaolinite        chlorite      muscovite             biotite 953 
Sample 240 410 310 220      240        370 350 530        310 240    410 530 310 530       310 240 410 310 220 954 
Anal. No. 3 8 5 2 6 2 12 2 13 15 12 5 12 13 2 1 10 4 7 955 

SiO2  48.63 47.79 46.63 47.49 44.97 45.53 39.72 41.28 38.31 45.30 39.22 41.12 42.41 45.35 26.80 47.29 48.39 48.17 45.14 956 
TiO2 0.29 0.77 0.21 0.45 0.64 0.36 0.23 0.65 1.13 0.17 0.51 0.36 0.02 0.07 0.07 0.51 0.56 2.34 1.85 957 
Al2O3 30.63 21.62 27.45 25.32 20.59 22.74 20.59 19.05 17.05 30.01 17.14 19.04 34.00 29.69 21.82 36.49 32.61 19.85 21.09 958 
Fe2O3  959 
FeO 2.89 6.82 3.10 4.24 5.74 5.39 7.56 5.75 8.4 2.00 5.00 5.34 3.82 2.66 25.10 1.01 2.56 11.16 14.63 960 
MnO 0.02 0.07 0.05 0.03 0.04 0.03 0.08 0.04 0.15 0.03 0.04 0.05 0.01 0.00 0.25 0.01 0.02 0.13 0.14 961 
MgO 1.62 3.31 2.07 2.43 2.49 2.56 3.73 2.77 4.05 1.14 2.16 2.54 0.67 0.98 13.69 0.75 1.03 6.83 5.46 962 
CaO 0.40 0.58 0.42 0.41 0.64 0.50 1.17 0.72 1.12 1.05 1.78 2.26 0.10 0.16 0.04 0.03 0.53 0.35 0.89 963 
Na2O 0.43 1.21 0.71 1.04 0.90 1.37 1.02 0.90 0.64 0.25 0.99 0.85 0.49 0.09 1.70 0.82 0.89 0.47 0.00 964 
K2O  2.82 4.88 6.59 5.62 3.33 4.43 3.83 3.25 3.22 2.28 3.18 2.30 0.15 2.15 0.12 8.09 8.60 5.64 6.31 965 

Total 87.05 87.23 87.03 79.34 79.34 82.92 77.93 74.41 74.08 82.23 70.01 73.86 81.51 81.57 87.97 95.85 95.12 95.35 95.97 966 

Si 3.332 3.427 3.321 3.383 3.485 3.405 3.213 3.432 3.265 3.301 3.481 3.435 2.834 3.043 2.798 3.084 3.210 3.324 3.178 967 
AlIV 0.668 0.573 0.679 0.617 0.515 0.595 0.787 0.568 0.735 0.699 0.519 0.565 1.166 0.957 1.202 0.916 0.790 0.676 0.822 968 
TC 0.668 0.573 0.679 0.617 0.515 0.595 0.787 0.568 0.735 0.699 0.519 0.565 1.166 0.957 1.202 0.916 0.790 0.676 0.822 969 

Ti 0.015 0.041 0.011 0.024 0.037 0.020 0.014 0.040 0.073 0.010 0.034 0.023 0.001 0.004 0.005 0.025 0.028 0.122 0.098 970 
AlVI 1.805 1.254 1.625 1.509 1.366 1.409 1.176 1.299 0.978 1.878 1.274 1.309 1.511 1.391 1.483 1.889 1.759 0.938 0.928 971 
Fe3+ 0.166 0.409 0.184 0.253 0.372 0.337 0.511 0.400 0.599 0.122 0.371 0.373        972 
Fe2+             0.214 0.149 2.191 0.055 0.142 0.644 0.861 973 
Mn 0.001 0.005 0.003 0.002 0.003 0.002 0.005 0.003 0.011 0.002 0.003 0.004 0.000 0.000 0.022 0.001 0.001 0.007 0.008 974 
Mg 0.165 0.353 0.219 0.258 0.288 0.285 0.436 0.343 0.477 0.124 0.286 0.316 0.066 0.098 2.131 0.060 0.102 0.698 0.543 975 
TOC 1.999 2.062 2.042 2.046 2.066 2.053 2.142 2.085 2.138 2.136 1.968 2.025 1.792 1.642 5.832 2.030 2.032 2.409 2.438 976 
OC  0.131 0.085 0.098 0.056 0.108 0.001 0.051 0.001  0.351 0.222  1.317  0.001 0.121 0.000 0.000 977 

Mg       0.014  0.038       0.013  0.005 0.030 978 
Ca 0.029 0.045 0.032 0.032 0.053 0.040 0.102 0.064 0.102 0.082 0.169 0.202 0.007 0.011 0.004 0.002 0.038 0.026 0.067 979 
Na 0.057 0.168 0.098 0.144 0.135 0.199 0.159 0.145 0.106 0.035 0.170 0.137 0.044 0.064 0.019 0.214 0.105 0.119 0.064 980 
K 0.247 0.446 0.599 0.511 0.329 0.423 0.395 0.345 0.350 0.212 0.360 0.245 0.013 0.184 0.016 0.673 0.728 0.496 0.567 981 
ILC  0.704 0.761 0.719 0.570 0.702 0.786 0.618 0.736  0.868 0.786  0.270  0.917 0.909 0.677 0.825 982 
TLC  0.704 0.764 0.715 0.571 0.703 0.788 0.619 0.736  0.870 0.787  2.274  0.917 0.911 0.676 0.822 983 

OH- 2 2 2 2 2 2 2 2 2 2 2 2 8 8 8 2 2 2 2 984 
Total 6.486 6.721 6.772 6.731 6.583 6.715 6.813 6.639 6.734 6.463 6.667 6.61 5.856 5.901 9.871 6.932 6.903 7.055 7.165 985 
Chlorite is calculated on the basis of 14 oxygens / 8(OH) and all Fe as FeO. Kaolinite is calculated on the basis of 7 oxygens / 4(OH). Mica and illite are calculated on basis 986 
of 11 oxygens / 2(OH) and all Fe as FeO and Fe2O3, respectively. Illite/smectite is calculated on basis of 11 oxygens / 2(OH), all Fe as Fe2O3, and no interlayer water.  987 
TC=Tetrahedral Charge, TOC=Total Octahedral Cation, OC=Octahedral Charge, ILC=Interlayer Charge, TLC=Total Layer Charge 988 
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