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Abstract 23 

 Illitization of smectite in sedimentary systems, a process akin to ‘reverse 24 

weathering’, is a diagenetic process that has significant implications for sediment 25 

paragenesis and hydrocarbon exploration. However, the potential influence of 26 

chemical weathering on the illitization of smectite, and its possible control of the 27 

neogenesis of titanium (Ti)-oxides remain unclear. Altered volcanic tephra layers (i.e., 28 

K-bentonites) characterized by an interstratified illite-smectite (I-S) clay mineralogy 29 

serve as an excellent medium to investigate the illitization of smectite. In this study, 30 

we first investigated the fine structure of clay minerals and in-situ nano-mineralogy of 31 



 

 

Ti-bearing minerals from altered volcanic ashes and then undertook a meta-analysis 32 

of geochemical compositional data for bentonites spanning a wide range of ages and 33 

depositional environments globally. We found that Ti mainly occurs as discrete 34 

micron-scale magmatic srilankite and nanoscale authigenic anatase crystals. During 35 

the weathering process, the magmatic srilankite partly dissolved under acidic 36 

conditions, resulting in a local buildup of Ti in porewaters. The I-S displays a platy 37 

habit and curved edges and is found closely associated with anatase crystals under 38 

TEM. Our compilation results combined with microscopic evidence suggest that 39 

chemical weathering may potentially promote the illitization reaction by changing the 40 

chemical composition of the fluids through increased terrestrial inputs and by creating 41 

larger pore spaces through decomposition of weatherable components. Positive 42 

correlations between K and Ti are especially common in (K-)bentonites that are 43 

dominated by I-S, suggesting that I-S can adsorb Ti during the weathering process and 44 

provide a suitable site for the nucleation of anatase. Our study highlights the role of 45 

chemical weathering in the illitization of smectite and their combined effect on the 46 

formation of Ti-oxides. 47 
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1. Introduction 51 

 In sedimentary and hydrothermal systems, the illitization of smectite forms 52 

interstratified illite-smectite (I-S) phases, with the extent of illitization thought to be 53 

controlled mainly by diagenetic temperature and fluid composition (Schroeder and 54 

Nagasawa, 1992; Huff, 2016; Wilson et al., 2016a, b). The illitization of smectite is 55 

akin to ‘reverse weathering’ in that it requires K+ incorporation into a smectite 56 

precursor (Isson and Planavsky, 2018; Aubineau et al., 2019). The proportion of illite 57 

in I-S has been used as a tracer for reconstruction of the evolutionary history of 58 

sedimentary basins and hydrothermal systems (Cuadros and Altaner, 1998; Yuan et 59 

al., 2013; Bozkaya et al., 2016; Wilson et al., 2016a, b). However, chemical 60 

weathering, a widespread process occurring at the water-rock interface, can alter rock 61 

compositions and the chemical stability of minerals. Chemical weathering of volcanic 62 



 

 

ashes (i.e., (K-)bentonites) is initiated immediately after their deposition and 63 

encompasses the entire range of alteration processes operating from the surface to 64 

near-surface environment. These processes may exert influences on the illitization of 65 

smectite, shaping the type of information preserved by I-S, especially concerning the 66 

burial and hydrocarbon accumulation history of a sedimentary basin. The altered 67 

volcanic ashes are often linked to large explosive volcanic eruptions that happened in 68 

geological history (Huff, 2016). Previous studies have demonstrated that (K-69 

)bentonites (i.e., altered volcanic ash beds) are useful for stratigraphic correlation and 70 

for interpreting Earth’s geodynamic evolution (Huff, 2016; Hong et al., 2017). One of 71 

the most important characteristics of (K-)bentonites is their clay mineralogy, which is 72 

commonly dominated by I-S.  73 

Ti-oxides are another important component of (K-)bentonites, yet their origin is 74 

often unclear. The sorptive behavior of I-S phases produced by the illitization process 75 

creates the potential for interaction with Ti ions or newly formed authigenic TiO2 76 

particles, thereby influencing the migration and sequestration of Ti. These influences 77 

may contribute, in turn, to the preservation of Ti, rendering its utility as an inert 78 

element used in the discrimination of magma source and sediment provenance 79 

problematic. However, to the best of our knowledge, such influences have never been 80 

reported, and our understanding of related processes remains poor. Deciphering the 81 

origin of authigenic Ti-oxides and the role of I-S in their formation is essential for 82 

understanding Ti fluxes in natural environments. Although extensive studies have 83 

been published regarding the formation of I-S in (K-)bentonites (Christidis, 1998; 84 

Cornu et al., 1999; Xu et al., 2017; Zhu et al., 2022), the roles of chemical weathering 85 

in the illitization of smectite and the migratory behavior of Ti have rarely been 86 

examined (Hong et al., 2020).  87 

In this study, we investigated the fine structure of clay minerals and the nano-88 

mineralogical characteristics of Ti-bearing minerals in altered volcanic ashes from a 89 

marine Permian-Triassic boundary (PTB) succession in South China. We 90 

supplemented this dataset by compiling geochemical data from published studies 91 

encompassing 384 (K-)bentonite samples with a global distribution. This study aims 92 



 

 

to uncover the origin of Ti-oxides in (K-)bentonite, the potential influence of chemical 93 

weathering on the illitization of smectite, and the joint influence of chemical 94 

weathering and smectite illitization on the formation of Ti-oxides in (K-)bentonite. 95 

 96 

2. Materials and methods 97 

2.1. Geological setting  98 

The Xiakou section (31°6'52.75"N, 110°48'12.87"E) is located in northwestern 99 

Yichang City and outcrops along a highway from Yichang to Xingshan County (Fig. 100 

1). It is situated in the northern part of the Yangtze Platform, near the Huangling 101 

Uplift. The region is characterized by north-south trending structures and a shallow-102 

marine sedimentary environment during the Permian-Triassic transition (Wang, 103 

1998). The lower part of the section consists mainly of dark-gray mudstone with 104 

limestone and argillaceous limestone interbeds of the Upper Permian Dalong 105 

Formation, and its upper part of limestone, mudstone, and marlstone of the Lower 106 

Triassic Daye Formation. Six altered volcanic ash samples (Beds L255, L260, L264, 107 

L266, L271, and L277) were collected from near the Permian-Triassic boundary, 108 

ranging from 2 to 10 cm in thickness (Fig. 2). 109 

2.2. X-ray diffractometry (XRD) 110 

The altered volcanic ash samples were first dried in an oven at 40°C and then 111 

ground to fine powder with a particle size < 74 μm. For bulk samples, random powder 112 

mounts in a sample holder were prepared using a back-press technique in order to 113 

avoid preferential orientation of minerals. For clay fractions (< 2 μm), the volcanic 114 

ash samples were initially treated with 0.025 mol/L HCl to eliminate carbonates, 115 

followed by the addition of 5 mL of 30% H2O2 to remove organic matter. After the 116 

reactions were completed, clay fractions were isolated using the sedimentation 117 

method outlined by Jackson (1978). The oriented clay samples were prepared by 118 

pipetting a purified clay suspension onto a glass slide that was allowed to air-dry at 119 

room temperature. Both air-dried (AD) and ethylene-glycol-saturated (EG) mounts of 120 

clay fractions were prepared to identify mixed-layer clay minerals. The XRD patterns 121 

were recorded using a X’Pert PRO DY2198 diffractometer at the China University of 122 



 

 

Geosciences (Wuhan), operated at 35 kV and 30 mA with slit settings of 1° for the 123 

divergence and anti-scatter slits and 0.3 mm for the receiving slit. The XRD patterns 124 

of bulk rocks were collected from 3° to 65° 2θ, and the XRD patterns for clay 125 

fractions were recorded from 3° to 30° 2θ. The NEWMOD program was used to fit 126 

the XRD patterns of clay fractions in the EG treatment, in order to identify mixed-127 

layer clay minerals and determine the proportion and structure of each clay mineral 128 

present.   129 

2.3. Electron energy loss spectroscopy (EELS) 130 

EELS was performed at Wuhan University using a JEOL JEM-ARM200F 131 

microscope operated at 200 kV with a Schottky cold-field emission gun. The spectra 132 

of the Ti L-edge were acquired at an energy of 453-488 eV and exposure time of 1.0 133 

s, and their backgrounds were subtracted. The energy resolution of EELS 134 

spectroscopy is 0.4 eV.  The calculation of the average valence state of Ti was based 135 

on the intensity of the L2 and L3 peaks in the EELS spectrum, according to the 136 

following equation from Zanetta et al. (2023): 137 

Y  =  –1.985 X2  – 3.531 X + 6.297                                           (1) 138 

In this equation, Y represents intensity of the L3 peak t, while X denotes the amount 139 

of tetravalent titanium (Ti4+) as a proportion of total titanium. 140 

2.4. Micromorphology analysis (SEM and TEM) 141 

Representative altered volcanic ash samples were selected for preparation of 142 

polished thin sections, which were then carbon-coated for enhanced electrical 143 

conductivity for use in scanning electron microscopy (SEM). SEM observations were 144 

made on a HITACHI-SU8010 field-emission scanning electron microscope at the 145 

China University of Geosciences (Wuhan) at an accelerating voltage of 15 kV, in the 146 

back-scattered emission mode with EDS to identify Ti minerals.  147 

Transmission electron microscopy (TEM) of the morphology of authigenic 148 

anatase was undertaken in combination with focused ion beam (FIB) technology, 149 

which allows better preservation of textural features and spatial relationships among 150 

nano-scale minerals (Fig. 3). The procedure for extracting FIB sections was as 151 



 

 

follows: (1) An ultra-thin section of the sample was created using the FIB system 152 

(Helios G4 CX, ThermoFisher Scientific) at the State Key Laboratory of Geological 153 

Processes and Mineral Resources (GPMR) in the China University of Geosciences 154 

(Wuhan); (2) A predefined area (~20 μm2) was coated with platinum (Pt), and the 155 

surroundings cut down to a depth of ~10 μm using a gallium (Ga) ion beam. (3) 156 

Afterwards, the resulting foil was picked up by an EasyLift in-situ tungsten (W) probe 157 

inside the FIB and then mounted on a TEM copper (Cu) grid (Omniprobe, Oxford 158 

Instrument). (4) The extracted samples were thinned to ~100 nm using a Ga ion beam 159 

at 30 kV with beam currents ranging from 9.3 nA to 80 pA and at 5 kV with a beam 160 

current of 43 pA and 2 kV with a beam current of 23 pA for the final processing. 161 

Transmission electron microscopy observation and EDX analysis was performed on a 162 

Talos F200X G2 TEM field-emission transmission electron microscope operated at an 163 

accelerating voltage of 200 kV with a line resolution less than 0.10 nm.  164 

2.5. Major- and trace-element analyses 165 

Major-element compositions of bulk-rock samples were obtained using X-ray 166 

fluorescence (XRF) spectroscopy. Fused pellets were prepared by addition of 5 g of 167 

dilithium tetraborate to 1 g of the dried sample powder (<74 μm). This mixture was 168 

homogenized and was further mixed with four drops of 1.5% LiBr. Subsequently, the 169 

fused pellets were produced using a hydraulic press and heated by a Philips Perl’X 170 

automatic bead machine. XRF analysis was then undertaken using a Shimadzu XRF-171 

1800 sequential spectrometer at Wuhan SampleSolution Analytical Technology Co., 172 

Ltd. Loss-on-ignition (LOI) was calculated as the difference in sample weight after 173 

heating to 1000 C. The relative standard deviation of major elements was usually < 174 

1%, and the detection limit was generally about 0.01%. 175 

Trace-element and rare-earth element (REE) concentrations were measured using 176 

an Agilent 7700e inductively coupled plasma mass spectrometer (ICP-MS) at 177 

SampleSolution Analytical Technology Company (Wuhan). The sample preparation 178 

procedure consisted of the following steps: (1) adding about 50 mg of dried altered 179 

volcanic ash powder sample to a Teflon bomb and wetting it with a few drops of ultra-180 

pure water. (2) Mixing a solution of 1.5 mL HNO3 and 1.5 mL HF, sealing the bomb, 181 

and heating it to 190 C in an electric oven for 48 h. (3) Evaporating the sample 182 



 

 

completely at 115 C and then adding 1 mL HNO3 solution to the residue. (4) 183 

Dissolving the residual material in 3 mL 30% HNO3 solution, sealing the Teflon 184 

bomb, and heating it to 190 °C for 16 h. (5) Diluting the solution to 100 mL with 2% 185 

HNO3 solution. The relative standard deviations for REEs and Y were usually less 186 

than 4% and for other trace elements usually less than 10%. 187 

The weathering degree of the samples was determined using chemical 188 

weathering indices: the chemical index of weathering (CIW; Harnois, 1988) and the 189 

Ruxton ratio (R; Ruxton, 1968), based on the bulk chemical results of the samples: 190 

CIW = Al2O3 / (Na2O+ Al2O3+CaO*) 
(2) 

R = SiO2/Al2O3 (3) 

In these equations, all the element oxides are given in molar units, and CaO* 191 

represents calcium in the silicate fraction only. 192 

2.6. Major-element data compilation and meta-analysis of global (K-)bentonites 193 

We assembled a geochemical dataset comprising 384 (K-)bentonite samples (in 194 

particular those from sedimentary successions) from 40 sections to assess the 195 

potential influence of chemical weathering on the illitization of smectite and the joint 196 

influence of chemical weathering and illitization on the formation of Ti-oxides. We 197 

assumed that Ti is present mainly in Ti-oxides and, thus, that TiO2 concentration data 198 

reflect Ti-oxide content in (K-)bentonites. We also assumed that all (K-)bentonites 199 

have undergone significant weathering and diagenesis, and, thus, that feldspars 200 

represent a minor mineral phase, and that clay minerals and illite are the main 201 

contributors to Al2O3 and K2O, respectively. Source literature is listed in Table 1.  202 

Pearson’s r and a p value threshold of 0.05 were used to evaluate the statistical 203 

significance of chemical weathering effects on (K-)bentonite variables, or of K2O 204 

content on Ti-oxide formation. Samples were grouped based on depositional 205 

environment and dominant clay species, with relationships among samples displayed 206 

as a forest plot. Line regression analysis was also used to visualize the correlation 207 

among chemical weathering indexes and the contents of K2O and TiO2. 208 

 209 



 

 

3. Results 210 

3.1. XRD analysis of clay minerals and peak fitting 211 

X-ray diffraction (XRD) patterns reveal that altered volcanic ash samples 212 

predominantly consist of interstratified illite-smectite (I-S), with minor amounts of 213 

quartz, albite, gypsum, jarosite, pyrite, anatase, and occasionally kaolinite, illite and 214 

bassanite (Fig. 4a). Gypsum and jarosite are abundant in samples L260 and L266 but 215 

were not detected in sample L271. Anatase is identified by its (101) reflection at a 216 

peak of 3.51 Å in XRD diffractograms. Our results indicate that I-S is the dominant 217 

phase in the clay fraction of volcanic ash samples (Fig. 4b): the strong peak at ~11.3 218 

Å in the air-dried clay fraction (AD) XRD patterns is split into two peaks at ~12.2 Å 219 

and ~9.4 Å after EG saturation. Additionally, trace amounts of illite and kaolinite can 220 

be seen in samples L264, L266, and L271 (Fig. 4b).  221 

We conducted peak fitting of XRD patterns for determination of clay-mineral 222 

composition and calculation of illite-layer percentage (I%) in I-S (Fig. 5). This fitting 223 

process focuses only on the reflections generated by clay minerals, and it disregards 224 

non-clay peaks unless these peaks overlap with clay mineral peaks. We selected illite-225 

smectite, illite and kaolinite for peak fitting, and we applied the same particle-226 

orientation parameter (σ* = 6.68) to all phases. The stacking sequence of I-S was 227 

characterized as “Reichweite (R)”, which is commonly in the range of 0 to 3 228 

(Jagodzinski, 1949; Wang and Wang, 2021). To optimize results, the crystallinity of 229 

each phase, I% in I-S, and other parameters such as octahedral-site iron content in the 230 

illite layer and water content of the smectite layer were adjusted manually until we 231 

achieved the best fit of theoretical patterns to the experimental data. The final 232 

NEWMOD results are shown in Figure 4, and the main fitting parameters are listed in 233 

Table 2. 234 

The best-fit results of the altered volcanic ash samples demonstrate that the 235 

stacking sequence of I-S is regular (ISIS), and that two types of I-S clay with different 236 

I% (i.e., one with a lower I% of 64%, and the other with a higher I% of 76%) are 237 

present in samples L255 to L271. The experimental pattern of L277 can be modeled 238 

with a single type of I-S with 76% illite layers. Within samples L264, L266, and 239 

L271, the amount of kaolinite and illite present is minor (less than 4%). The 240 



 

 

percentage of I-S clay with a high I% shows a general increase upward from the 241 

bottom layer (L255, 53%) to the top layer (L277, 100%), which is also mirrored in 242 

increases in the coherent scattering domain size (CSDS) of I-S (from 5.14 to 9.41).  243 

 244 

3.2. The occurrence of Ti-oxide minerals and their spatial relationship to I-S 245 

The altered volcanic ash samples contain both discrete microscale Ti-bearing 246 

phases and nanoscale anatase crystals (Figs. 6-8). The microscale Ti-bearing phases, 247 

which have irregular outlines with a grain size ranging from 12 to 64 μm (Fig. 6), are 248 

frequently composed of clusters of smaller TiO2 particles (Fig. 6b). SEM-EDS 249 

mapping shows that detrital Ti-bearing grains with straight edges exhibit Zr 250 

enrichment in their fine cracks and rims, whereas the central area of the grains is 251 

mainly composed of Ti with only trace amounts of Zr (Fig. 6a-c). Such characteristics 252 

suggest that the larger Ti-bearing phases are possibly srilankite. The irregularly 253 

shaped srilankite grains have a relatively homogeneous distribution of Ti and Zr in 254 

their centers, but their rims consist of Zr-enriched zones with intense leaching of Ti 255 

(Fig. 6d-f).  256 

The nanoscale titanium minerals (100-400 nm in size) are primarily composed of 257 

Ti-oxides, as indicated by EDS analysis (Fig. 7). The SAED pattern shows 258 

characteristic diffraction spots of anatase (<112> and <301>) (Fig. 7d). These anatase 259 

particles exhibit euhedral tetragonal dipyramid morphologies, and some have 260 

relatively round crystal edges and faces, likely due to a low degree of Ti 261 

supersaturation (Cornu et al., 1999; Hong et al., 2019a). The EELS spectrum of Ti in 262 

Ti-oxide particles (Fig. 7e) exhibits two prominent lines (L2 and L3 edges), resulting 263 

from core-hole spin-orbit coupling. These two lines subsequently undergo a further 264 

splitting into four lines, attributed to the influence of the octahedral crystal field on 265 

the 3d states (Radtke et al., 2006). The distinctive shape and L2-to-L3 ratio in the 266 

EELS spectrum are characteristic features of titanium dioxide (TiO2) (Fig. 7e, f), 267 

which has an average valence of +3.5.  This suggests that most of the Ti exists in a 268 

quadrivalent state (+4), with a small fraction of Ti in a lower valence state. 269 



 

 

SEM images of the altered volcanic ash samples reveal that I-S has a platy habit 270 

and curved edges (Fig. 8a-b), with a thickness range of 15-25 nm. I-S is dominant 271 

under SEM, consistent with the XRD results. High-resolution TEM images of anatase 272 

particles show that I-S grows parallel to the crystal surface of anatase, with a fringe 273 

spacing of either 10 Å or 11 Å (Fig. 8c-e). The 10 Å spacing is attributed to the lattice 274 

fringe of illite layers, whereas the 11 Å spacing corresponds to partially collapsed 275 

smectite layers following electron irradiation. Newly formed TiO2 crystals with 276 

spherical outlines were also found closely associated with the I-S clays (Fig. 8f).  277 

3.3. Geochemical compositions of the altered volcanic ash samples  278 

The major-element compositions and weathering indices (SiO2/Al2O3 and CIW) 279 

of the Xiakou altered volcanic ash samples are listed in Table 3. The CIW values 280 

range from 94 to 99, with a mean of 97. The SiO2/Al2O3 values range from 3.55 to 281 

4.25 (mean 3.80) and do not covary significantly with other weathering indices. The 282 

lowest value is found in sample L271, whereas the highest is found in sample L264 283 

(n.b., higher SiO2/Al2O3 denotes lower weathering intensity). 284 

The total concentrations of rare earth elements (ΣREE) of the Xiakou altered 285 

volcanic ash range from 69.7 to 284 ppm (Table 4). Their REE distributions show an 286 

enrichment in light rare earth elements (LREEs) and a slight depletion of heavy rare 287 

earth elements (HREEs), resulting in a right-leaning profile for LREEs and a 288 

relatively flat pattern for HREEs, similar to that of felsic (K-)bentonites from the 289 

Meishan, Chaotian, Shangsi, Rencunping, and Dongpan sections (He et al., 2014) (Fig. 290 

9). A weak but distinct negative Eu anomaly can also be observed. In comparison to 291 

other (K-)bentonite samples, L264 has a notably lower ΣREE of 70 ppm (versus 192-292 

284 ppm for other samples) and a lower ΣLREE/ΣHREE of 2.94 (versus 3.73-9.28 for 293 

other samples). 294 

3.4. Meta-analysis of (K-)bentonite major-element data 295 

To provide an evaluation on the influence of chemical weathering on the 296 

illitization process, we used two weathering indices, namely CIW (i.e., CIA without 297 

K2O) and SiO2/Al2O3 for cross-validation (Fig. 10). The forest plot for bentonite 298 

samples deposited in various settings shows a significant increase in K2O with 299 



 

 

weathering intensity, as reflected in significant correlations of K2O with CIW and 300 

SiO2/Al2O3. This statistical relationship also extends to bentonite samples deposited in 301 

many other types of environments (deep marine and lacustrine environment), but it is 302 

particularly evident in shallow-marine facies. In bentonite samples deposited in 303 

paludal settings, K2O content is positively correlated with SiO2/Al2O3 (r = +0.90, 304 

95% CI: +0.79 to +0.96, p <0.01), which is different from the results of bentonite 305 

from other environments (shallow marine, deep marine, and lacustrine environments).  306 

This divergent relationship of K2O content to weathering intensity among 307 

depositional settings or dominant clay species may be due to the different 308 

transformation pathways of clay minerals. Volcanic ash deposited in an acidic paludal 309 

environment (paludal) is unstable and will alter into kaolinite rather than I-S clay. 310 

Thus, potassium in the clay mineral structure is not “fixed”, but rather can be leached 311 

out as weathering continues.  312 

The influence of chemical weathering on K2O content is also regulated by the 313 

dominant clay species in a (K-)bentonite. Specifically, the positive relationship of 314 

chemical weathering with K2O content is observed only for (K-)bentonites that 315 

dominantly consist of I+S or I-S, and that have undergone some degree of illitization. 316 

Meta-analysis shows that K2O content is positively correlated with TiO2 content in 317 

samples from shallow-marine and paludal settings, suggesting that illitization of 318 

smectite can increase the Ti content of (K-)bentonites deposited in these 319 

environments. Additionally, (K-)bentonite samples dominated by I-S phases exhibit a 320 

more significant positive correlation between K2O and TiO2 than bentonite dominated 321 

by other clay species. 322 

To better decipher genetic relationships among chemical weathering, smectite 323 

illitization, and Ti-oxide formation, we generated various geochemical crossplots for 324 

shallow-marine (K-)bentonites. The K2O-TiO2 crossplot (Fig. 11a) shows that the 325 

concentrations of TiO2 and K2O are 0-2.5 wt.% and 0-10 wt.%, respectively, with a 326 

degree of positive covariation between them. The K2O-CIW and K2O-SiO2/Al2O3 327 

crossplots (Fig. 11b, 11c) show opposite trends, which confirm the reliability of the 328 

two weathering indices (i.e., CIW and Ruxton value). The Al2O3-TiO2 crossplot (Fig. 329 

11d) shows a significant positive correlation of TiO2 content with Al2O3 (r = +0.41, p 330 



 

 

<0.01), probably due to association of both oxides with clay minerals.  331 

 332 

4. Discussion 333 

4.1. Weathering of Ti-bearing minerals and formation of anatase in (K-)bentonite 334 

Titanium, apart from being found in titanium dioxide, can also be found in 335 

various minerals, including primary silicate minerals such as biotite, muscovite, and 336 

hornblende, as well as pseudobrookite, srilankite, and perovskite (Baioumy, 2014; 337 

Schulz et al., 2016). In sedimentary rocks, the Ti-oxide minerals anatase and brookite 338 

are common Ti-bearing phases, while rutile tends to dominate in metamorphic rocks 339 

formed at higher pressures and temperatures (Table 5) (Morad and Aldahan, 1982; 340 

Morad, 1988; Schroeder and Shiflet, 2000; Allo, 2004; Papoulis et al., 2009; Baioumy, 341 

2014; Liu et al., 2019).  342 

According to our SEM and TEM results, the Ti-oxides in the altered volcanic 343 

ashes at Xiakou occur as relatively large srilankite crystals and fine-grained anatase 344 

crystals. The srilankite crystals display straight outlines with broken edges, suggesting 345 

a detrital origin. Generally, detrital titanium minerals originating from terrestrial 346 

sources are rare in marine sediments due to their high density (3.8-4.3 g/cm3), and 347 

they usually have a rounded shape as a result of physical erosion during transport 348 

(Baioumy, 2014). However, the srilankite grains in the bentonite samples display a 349 

low roundness, indicating that they have experienced only limited transport and may 350 

have originated from a magmatic source rather than a sedimentary one. The lack of Zr 351 

in the little grains around the altered srilankite and the enrichment of Zr on the 352 

margins of the srilankite crystals lead us to infer that, during the alteration process, Ti 353 

was partly leached from the margins of the srilankite and subsequently reprecipitated 354 

as TiO2 crystals. 355 

The nanoscale anatase crystals observed by HRTEM have a relatively euhedral 356 

tetragonal dipyramidal shape with no signs of erosion, suggesting an authigenic origin 357 

(Fig. 7). Both discrete crystals and aggregates are present within the altered volcanic 358 

ashes. Generally, anatase is rare in marine sediments because of the low concentration 359 

of dissolved titanium in these environments (Skrabal, 2006; Liu et al., 2019). For this 360 

reason, the formation of anatase in altered volcanic ash is attributable to the 361 



 

 

breakdown of detrital Ti-bearing precursors such as biotite (Papoulis et al., 2009), 362 

ilmenite (Allo, 2004; Schulz et al., 2016), and titanite (Novoselov et al., 2020). 363 

The petrological, mineralogical and geochemical analyses suggest that three 364 

main Ti-bearing precursors were responsible for the formation of anatase: srilankite, 365 

plagioclase, and clay minerals. As indicated by SEM, the alteration of srilankite 366 

released Ti, which was the main source of Ti for the formation of anatase (Fig. 6). 367 

Plagioclase, which was identified in bulk-rock diffractograms (Fig. 4), contains trace 368 

amounts of Ti in its structure that can be released during alteration (Papoulis et al., 369 

2009). In addition, Ti in octahedral sites or interlayer spaces of smectite formed via 370 

weathering of volcanic glass can also be released during the illitization process (Fig. 371 

12).  372 

4.2. The influence of chemical weathering on the illitization of smectite in (K-373 

)bentonite 374 

During the post-depositional and early diagenetic stages, volcanic ash 375 

devitrification results in release of alkalis and Si, while also leading to uptake of Mg, 376 

Fe, and Ca (Christidis, 1995). At the same time, unstable volcanic glass will be 377 

readily weathered to smectitic minerals, which will subsequently transform into I-S 378 

(Cuadros and Altaner, 1998; Fisher and Schmincke, 2012). Due to incorporation of 379 

potassium ions into smectite, the illitization process is similar to reverse weathering 380 

(Isson and Planavsky, 2018; Aubineau et al., 2019).  381 

The consistent R1 stacking structure and the narrow range of I% in the I-S 382 

minerals of these bentonite samples (from layer L255 to L277 with I % range from 383 

62 % to 77 %), together with the stratigraphic proximity of all of the bentonite 384 

samples, suggest that they share a similar diagenetic history. Based on a correlation 385 

between I-S expandable layer content and burial temperature (Sucha et al., 1993), the 386 

maximum burial temperature of the Permian-Triassic succession at Xiakou was lower 387 

than 180 °C. This result is much higher than temperatures (50-90 ℃) inferred from 388 

low conodont alteration index (CAI) values at Xiakou (Du et al., 1983; Shen et al., 389 

2013). Such a mismatch was also reported by Derkowski et al. (2021), who showed 390 

that the maximum paleotemperatures obtained from illite-smectite analysis greatly 391 

exceeded those predicted by lipid biomarkers. They attributed this discrepancy to the 392 



 

 

influence of K-bearing hot fluids on the illitization process. However, the Xiakou 393 

area, being a carbonate platform, does not show any indications of hot fluid intrusion 394 

based on its mineralogical and chemical compositions. Rather, we think that this 395 

temperature discrepancy may be attributable to factors (such as chemical weathering) 396 

that could potentially enhance the illitization reaction. 397 

K+ within illite or I-S clay is fixed in the interlayer site of illite layers. Total K 398 

content in I-S clays can reach 7.0 wt.% (Weaver and Pollard, 1973), indicating the 399 

presence of a large amount of illitic clays or illitic layers (Hong et al., 2019b). The 400 

forest plot that illustrates the effect of chemical weathering on the content of K2O (Fig. 401 

10) implies that the correlation between K2O and degree of chemical weathering is 402 

exclusively positive for samples dominated by I-S clays. These findings suggest that 403 

the chemical weathering process can modulate K2O content in bentonite samples by 404 

modifying the proportion of illite layers.  405 

The illitization process in (K-)bentonites results in an increasing proportion of 406 

illite layers, thus increasing K2O content (Huff and Tuerkmenoglu, 1981; Bozkaya et 407 

al., 2016). Chemical weathering of (K-)bentonites can change their degree of 408 

illitization and, hence, levels of K2O enrichment. The extent of illitization is governed 409 

by both diagenetic temperatures and the duration of this process (Somelar et al., 410 

2009). The alteration process itself is influenced by various factors including the 411 

composition of the volcanic ash, the water-to-rock ratio, and the chemical 412 

composition of diagenetic fluids (Christidis, 1998). Considering the close proximity 413 

of bentonite layers within a single stratigraphic profile, it is reasonable to assume that 414 

they share similar diagenetic conditions and comparable burial times. Consequently, 415 

the critical determinants of the illitization process lie with fluid chemistry and 416 

water:rock ratio. As chemical weathering proceeds, elements such as Mg, K, and Ca 417 

are released from the parent material due to their greater chemical reactivity 418 

(Loughnan, 1969). The resulting changes in fluid chemistry, particularly the increased 419 

availability of porewater K+, along with elevated water:rock ratios, have the potential 420 

to enhance the illitization process. 421 

The relationship between K2O content and the CIW or Ruxton value in (K-422 

)bentonite varies under different environmental conditions (Fig. 10a-b). This 423 



 

 

observation implies that the influence of chemical weathering on illitization is also 424 

governed by the nature of the depositional environment. A robust correlation between 425 

weathering intensity and K2O content is evident in bentonite deposits within shallow-426 

water facies. Conversely, bentonite deposited in lacustrine, paludal, and deep-marine 427 

environments exhibit a weaker correlation. This characteristic can be attributed to the 428 

diverse weathering conditions observed among different sedimentary environments. 429 

For instance, the shallow-marine setting exhibits relatively turbulent hydrodynamic 430 

conditions, facilitating the mixing of volcanic ash with terrestrial inputs. Nearby 431 

continental weathering can generate the K+ required for illitization and transport it to 432 

the ocean via river systems, ultimately influencing the chemical composition of 433 

bentonite porewaters, thus modulating the extent of the illitization process. 434 

4.3. The illitization process controls Ti mineralization in (K-)bentonites 435 

Under supergene conditions, titanium can be released from parent materials in 436 

the form of Ti(OH)4 colloids in acidic (pH<3), organic-rich environments such as 437 

paludal and lacustrine settings and precipitate as TiO2 when pH is higher than 5 438 

(Craig and Loughnan, 1964; Brookins, 2012; Hong et al., 2020). The enriched LREEs 439 

and high LREE/HREE ratios (mean 5.75) in most of the altered volcanic ashes at 440 

Xiakou suggest alteration in an acidic environment (Lee and Byrne, 1992). An acidic 441 

environment is also evidenced by the occurrence of jarosite in most of the volcanic 442 

ash layers, because the formation of this mineral is thought to require an acidic 443 

environment (Baccolo et al., 2021). The presence of jarosite only in the bentonite 444 

layers excludes the possibility of a detrital origin for this mineral. 445 

An acidic environment allows for mobilization of Ti and its subsequent transport 446 

through bentonite porewaters. Moreover, the illitization process can create zones of 447 

overpressure that drive out hydrocarbons and water, leading to higher porosity in the 448 

rock matrix (Pytte and Reynolds, 1989). Chemical weathering leads to enhanced 449 

permeability of the parent rock, linked to dissolution of more weatherable 450 

components such as feldspar and biotite (Tuǧrul, 2004). The relatively high degree of 451 

illitization in the Xiakou altered volcanic ashes, as revealed by the high content of 452 

illite layers in I-S, provides evidence of a more permeable condition, facilitating 453 

transport of Ti through pore spaces.  454 



 

 

Formation of authigenic anatase in Xiakou altered volcanic ash was found to be 455 

closely associated with I-S clays: most of the anatase crystals grow on the surface of 456 

I-S clays rather than in pore spaces. Due to their small particle size (<2 μm) and 457 

complex pore structure, these clays have the potential to adsorb various metal cations 458 

(Uddin, 2017), and their high specific surface areas provide suitable nucleation sites 459 

for formation of anatase. The close relationship between Ti and I-S suggests that a 460 

large proportion of the Ti released from Ti-bearing precursors was likely adsorbed by 461 

I-S clays and then reprecipitated as anatase on their surfaces when the local chemical 462 

micro-environment became more alkaline (Fig. 12). This hypothesis is also supported 463 

by the growth relationship between I-S clays and anatase observed in TEM images 464 

(Fig. 8).  465 

Our data compilation for (K-)bentonites suggests that, except for those formed in 466 

lacustrine environments, a significant positive correlation between K2O and TiO2 is 467 

typical (Fig. 10). Significantly, this positive correlation is found only in (K-468 

)bentonites dominated by I-S clays rather than by other clay-mineral species. The 469 

statistical evidence presented herein substantiates the idea that the illitization process, 470 

or the formation of I-S clay, potentially plays a role in the enrichment of titanium (Ti), 471 

possibly through growth of TiO2 minerals on the clay structure (Zhou et al., 2012). 472 

 473 

5. Implications 474 

The illitization of smectite is a common process in sedimentary and 475 

hydrothermal systems. In sedimentary systems, illitization is regarded as being 476 

mediated by temperature- and depth-dependent diagenetic processes. The degree of 477 

illitization is often used to reconstruct the thermal history of sedimentary basins and 478 

to prospect for oil and gas. Our study provides evidence that chemical weathering can 479 

occur throughout the entire alteration process of volcanic ashes in the surface to near-480 

surface environment, influencing illitization reactions by changing fluid composition 481 

and ash-layer porosity and permeability characteristics. Strong associations between 482 

authigenic anatase and I-S clays (at the micro scale and macro scale) provide evidence 483 

of a previously under-appreciated precipitation pathway, enhancing our understanding 484 

of the formation mechanisms of authigenic anatase in (K-)bentonites, and establishing 485 



 

 

a link between the alteration of clay minerals and the creation of nano-minerals. Our 486 

finding could serve as a valuable reference point for future investigations into the 487 

mechanisms of nano-mineral formation, and the proposed mechanism could be 488 

strengthened by additional thermodynamic analysis or chemical experiment.  489 

Anatase, an exceptional semiconducting mineral with outstanding photocatalytic 490 

capabilities, particularly at the nanoscale, is also a crucial raw material for 491 

semiconductors. Our study demonstrates that in sedimentary systems, this mineral can 492 

form through the weathering and diagenetic transformation of clay minerals, 493 

providing a fresh perspective on the resource aggregation effect of mineral 494 

weathering. Moreover, while TiO2 in sediments is generally regarded as immobile and 495 

has often been used for parent-rock discrimination, our research findings suggest that 496 

titanium can migrate out of the crystal lattice of the parent mineral in a semi-open 497 

system characterized by well-developed porosity and where water-rock interactions 498 

and mineral weathering processes occur easily. Some of the titanium remains within 499 

the porewater system, forming nano-scale anatase, while another portion of the 500 

titanium may be leached from the system. Therefore, it is important to exercise 501 

caution when using titanium for evaluation of the genesis of a volcanic ash.  502 
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Table 1. Global bentonite bearing sections from different depositional environment 
Sedimentary facies Location Ash layers Sources 

Deep marine Dongpan 9 
Shen, 2014 

 Xinmin 19 

 Chaotian 2 

He et al., 2014  Shangsi 2 

 Rencunping 3 

 Changqiao 4 

Liao et al., 2016  Caicun 8 

 Niushan 8 

 Duanshan 6 Gong et al., 2018 

 Pingliang 10 Wang et al., 2015 

 
Argentine 

Precordillera 
10 Huff et al., 1998 

 China 4 Zhou et al., 2021 

Shallow marine Famatina 4 Astini et al., 2007 

 Lunshan 16 Yang et al., 2019 

 Xinqiao,Anji 6 Wang et al., 2015 

 Grimstorp Series 14 

Kiipli et al., 2014 
 

Kinnekulle 

Bentonite. 
12 

 
Sinsen and 

Grefsen Series. 
55 

 Gotland,Sweden 12 Batchelor and Jeppson, 1999 

 Norway and 

Sweden 

28 
Batchelor, 2014 

 16 

 Xiakou 7 Zhang et al., 2007 

 Liulong 7 Tan et al., 2016 

 Meishan 2 He et al., 2014 

 Zhongzhai 2 Hong et al., 2017 

 Pengda 7 
Xiao, 2017 

 Yanlou 6 

 Xiakou 6 - 

 Reşadiye 23 Kadir et al., 2021 

 Zhaolaoyu 7 Cheng et al., 2012 

 Huanglianba 4 Zhang et al., 2004 

paludal Guizhou 12 Shen et al., 2021 

 Zhejue 2 Hong et al., 2017 

 Chahe 4 Gong et al., 2018 

 Tucheng 3 Hong et al., 2019 

 Jinzhong 5 Xiao, 2017 

lacustrine Chahe 3 Gong, 2018 

 Jiucaichong 1 Hong et al., 2019 

 Chahe 2 Zhang et al.,2004 



 

 

 ŞIle 18 
Ece. et al., 2003 

 ŞIle 11 

 Chile 4 Ruggieri et al., 2012 

 

 

 

Table 2. Fitting results for clay fraction of altered volcanic ash sample after EG treatment 
Sample Phase R W% N Wa(I %) Wb/(Wb+Wc) 

L255 ISS 1 53% 5.14 77 0.97 

 ISS 1 47% 6.22 62 0.51 

L260 ISS 1 63% 5.64 75 1 

 ISS 1 37% 7.96 62 0.37 

L264 ISS 1 70% 7.96 76 0.92 

 ISS 1 26% 9.41 68 0.47 

 Illite - 4% 23.62 - - 

L266 ISS 1 63% 7.38 78 0.85 

 ISS 1 36% 5.64 63 0.43 

 Kaolinite - 1% 10.36 - - 

L271 ISS 1 76% 7.38 78 0.85 
 ISS 1 21% 5.64 63 0.34 
 Kaolinite - 3% 10.36 - - 

L277 ISS 1 100% 9.41 76 0.76 

Notes: R is Reichweite, W% is the weight percent of this phase, N is the average CSDS, Wa is the 
percentage of illite layer in the I-S, Wb and Wc is the occurrence probability of smectite layer with two 
ethylene glycol complexes and one ethylene glycol complex respectively. 

 

 

 

 



 

 

Table 3. Major-element compositions of the Xiakou altered volcanic ash (wt%) 

Note: The Major-element composition of K-bentonite of Meishan section from He et al. (2014), All Fe as Fe2O3; LOI is loss on ignition 

 
 

Table 4. Concentrations of trace elements and REEs of the Xiakou altered volcanic ash (ppm) 

 
Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf ΣREE ΣLREE ΣHREE ΣLREE/ΣHREE 

L277 26.82  73.40  8.80  32.68  8.14  1.38  7.63  1.36  7.59  1.41  3.68  0.48  2.77  0.38  15.28  191.81  151.23  40.59  3.73  
L271 37.13  96.60  11.16  40.01  8.31  1.40  7.14  1.31  7.20  1.37  3.60  0.46  2.65  0.37  16.42  235.14  194.61  40.54  4.80  
L266 28.02  77.96  9.35  34.56  6.36  0.93  5.34  1.11  6.55  1.33  3.58  0.50  2.96  0.41  13.37  192.33  157.17  35.15  4.47  
L264 13.61  24.07  2.62  9.26  2.00  0.43  1.96  0.44  2.73  0.58  1.77  0.28  1.81  0.28  7.83  69.67  52.00  17.67  2.94  
L260 56.10  129.39  13.60  43.64  6.36  0.70  4.78  0.99  6.53  1.32  3.88  0.54  3.15  0.44  12.63  284.03  249.78  34.25  7.29  
L255 53.23  106.41  11.60  39.39  6.60  0.75  4.53  0.74  4.58  0.86  2.26  0.30  1.84  0.26  8.12  241.48  217.99  23.50  9.28  

 

 

Sample SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI SiO2/ Al2O3 CIA CIW 
L277 52.30 0.36 24.64 2.56 0.00 3.43 1.27 0.07 6.07 0.03 7.31 3.60  78  99  
L271 53.34 0.50 25.49 1.33 0.00 3.58 1.31 0.08 6.18 0.04 7.11 3.55  79  99  
L266 48.22 0.48 21.83 4.93 0.01 3.13 1.11 0.14 5.38 0.06 11.92 3.75  78  98  
L264 51.14 0.42 20.44 4.90 0.02 3.25 1.31 0.42 5.32 0.05 10.11 4.25  74  94  
L260 49.37 0.36 23.26 3.22 0.01 3.53 1.90 0.05 5.76 0.06 8.16 3.60  78  99  
L255 54.34 0.42 22.94 3.11 0.00 3.69 0.91 0.17 5.57 0.11 7.95 4.02  78  98  

MS-A-25* 50.88 0.45 26.36 3.07 0.00 3.31 0.94 0.07 5.23 0.10 9.91 3.28  82  99  
MS-A-28* 57.85 0.74 16.45 5.05 0.03 2.54 4.41 0.19 4.46 0.06 8.49 5.97  75  96  



 

 

Sample Li Be Sc V Cr Co Ni Cu Zn Ga Rb Sr Y Zr Nb Sn Cs Ba Ta Tl Pb Th U 

L277 74.8 2.09 12.0 6.25 1.51 1.41 2.18 9.61 55.71 27.71 125.87 91.21 40.30 274  15.90 8.15 11.96 40.02 2.28 0.19 26.47 43.70 2.62 

L271 86.3 3.03 15.8 16.5 5.16 1.58 6.03 19.12 98.19 27.85 126.72 114.77 39.48 297  18.02 8.70 11.28 65.35 2.68 0.09 15.22 53.26 3.05 

L266 58.7 2.65 17.2 32.6 10.2 4.84 15.23 22.54 28.13 21.61 110.08 196.96 36.00 207  14.57 7.29 13.59 89.43 2.25 1.48 21.64 51.47 3.77 

L264 71.6 2.74 7.98 60.7 26.8 4.77 15.81 20.36 26.73 22.19 125.21 176.43 16.13 455  15.62 9.48 13.51 189.31 3.59 1.84 30.81 48.83 2.75 

L260 74.9 2.31 13.1 10.5 3.38 1.73 10.62 11.99 21.66 25.39 100.86 367.06 35.68 191  14.64 8.97 11.81 159.44 2.20 1.12 56.92 52.35 5.00 

L255 93.7 1.46 8.72 48.8 11.9 1.89 5.57 13.17 29.08 25.75 115.40 197.46 20.98 602  11.63 7.14 10.66 158.00 1.74 1.15 53.06 36.85 5.18 



 

 

Table 5. The occurrence of authigenic titanium oxides in different sedimentary environments 
Environment Lithology Phase Occurrence of titanium minerals Source 

Continental 
shelf and slope-

basin 
shale anatase, 

brookite 
brookite crystallized invariably along cleavages of 

detrital biotite and anatase intergrowed with bitumen Liu et al., 2019 

Swamp tonstein anatase anatase replacing glass shards, or as individual anatase 
crystals 

Ruppert and Moore, 
1993 

Swamp tonstein anatase anatase in the interspace of kaolinite, or as discrete 
anatase aggregates Dai et al., 2014 

None-marine kaolin deposit anatase anatase as fine-grained and rounded crystals in pocket 
within kaolinite Hassan, 2014 

Shallow marine sandstone anatase, 
brookite pseudomorphs after Fe-Ti-oxides Morad, 1988 

Shore sandstone brookite brookite as boxworks between other detrital minerals, or 
small plate in leucoxene or attaching to altered ilmenite 

Sun and Allen, 
1957 

Shallow marine 
sandstone 

shale 
carbonate 

leucoxene crystallized leucoxene crystals Morad and 
Aldahan, 1982 

Shallow marine claystone anatase, 
rutile as needle-like crystals (weak metamorphism) Allo, 2004 

Altered dacite dacite anatase anatase as connected platy grains paralleling to the mica 
layers, or in the altered ilmenite Papoulis, 2009 



 

 

 

 
Figure 1. Geological map of the Xiakou Area depicting location, lithology, and structural features. The 

red star represents the study area. The inset shows global distribution of landmasses during the Late 
Permian. 

 
Figure 2. View of the full Xiakou section. The orange line and the corresponding marks show the 

positions of the sampled altered volcanic ash beds. 
 



 

 

 
Figure 3. Schematic steps of FIB thinning treatment and the corresponding SEM images. 

 

 

Figure 4. XRD patterns for representative bulk samples (a) and clay fractions (b) of Xiakou altered 
volcanic ash. All mineral names are indicated in abbreviated form, abbreviations for corresponding 

minerals can be found in the upper part of panel ‘a’. 
 

 



 

 

 
Figure 5. Fitting patterns of clay fractions of the Xiakou altered volcanic ash samples (EG saturation). 

 
 



 

 

 
Figure 6. SEM images showing the morphology and chemical composition of the Ti-bearing minerals 
in altered volcanic ash. (a)-(c) TiO2 aggregates with Zr concentrated along edges. (b) Altered srilankite 
exhibiting a spatial relationship to scattered titanium minerals.  (d)-(f) TiO2 aggregates composed of 

Ti and Zr. 
 

 

Figure 7. HRTEM images of anatase with EDS profile for the Xiakou altered volcanic ash. (a)-(c) 
Nanoscale anatase with bipyramidal crystal morphologies. (d) SAED pattern of anatase crystal (c).  
(e) and (f) EELS analysis of the edge of a Ti particle and comparation between the EELS spectra of 

spot 1 and Ti-oxides in various oxidation states (Zanetta et al., 2023). 



 

 

 
Figure 8. SEM images of I-S within the altered volcanic ash sample (a-b) and the HRTEM images of I-
S and anatase (c-f). The I-S clays in the Xiakou altered volcanic ash (a-b) have a platy habit and curved 

edges with thicknesses of 15-25 nm, and they are closely associated with anatase (c-f). 
 

  

 
Figure 9. REE distributions of Xiakou bulk altered volcanic ash samples normalized to chondrite 

composition (Carbonaceous Ivuna (CCI) chondrite from Taylor and McLennan (1985)); REE 
patterns of felsic volcanic ash beds at Meishan are from He et al. (2014), REE patterns for the 

Siberian Traps are from Malitch et al. (2010). 
 



 

 

 
 

Figure 10. Forest plots of the correlations between K2O content and weathering indexes (a-b), and 
between K2O and TiO2 contents (c). The meta-analysis data were grouped into two types according 
to depositional environment and dominant clay species. Data points represent Pearson’s r, and the 

bars represent the 95% confidence interval.  
 

 

 

Figure 11. Scatterplots of weathering indices (CIW and R) and TiO2 content versus K2O content of 
bentonite (a-c), and of TiO2 content versus Al2O3 content in (K-)bentonite (d). All data shown in this 

figure are for (K-)bentonites deposited in shallow-marine settings. The legend at bottom indicates 
section names and number of (K-)bentonites analyzed in each section.  

 
 



 

 

 
Figure 12. Clay particle association and the formation path of authigenic anatase. Following the 

deposition of volcanic ash, the glass fraction undergoes transformation into smectitic minerals, which 
then further evolve into I-S clays. The illitization process, along with the alteration of srilankite and 

plagioclase, represents a titanium (Ti) source for the formation of anatase. The Ti is subsequently 
adsorbed by the surface of I-S clay particles due to its high specific surface area, which results in 

precipitation of anatase crystals that are closely associated with I-S. 
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