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Abstract 27 

 28 

High-resolution changes in the mineralogical assemblages at Pueblo and Hot Springs of the 29 

Western Interior Basin (WIB, USA) were investigated for the late Cenomanian–early Turonian 30 

interval, including the Oceanic Anoxic Event 2 (OAE2).  The aim of this study is to investigate the 31 

regional significance of clay mineral assemblages in the WIB by distinguishing authigenic, 32 

volcanogenic, and detrital influences. At Pueblo, the last few centimetres of the Hartland Shale and 33 

the Bridge Creek Limestone formations present an abrupt increase in R0 I-S content (up to 90% of 34 

the clay signal), which is coeval to an important incursion of subtropical Pacific seawater entered in 35 

the seaway from the Gulf of Mexico. We suggest that sea-level changes and volcanic activity 36 

expressed by bentonite horizons constitute the principal source of smectitic minerals found in the 37 

south central region of the basin. At equivalent stratigraphic interval in the Hot Springs section, 38 

situated 5° north of Pueblo (~600 km north), the smectitic sedimentation was mixed by local detrital 39 

input in kaolinite (from 6 to 45%). The great abundance of detrital kaolinite at the northern Hot 40 

Springs site is probably due to a very different clay provenance in that part of the seaway. It appears 41 

that two local supplies of kaolinite are recorded in the S. gracile ammonite zone (up to 45%) and in 42 

the latest Cenomanian–early Turonian interval (from 6 to 31 %). The particular geographic 43 

configuration of the Western Interior Basin (arrangement of landmasses and the seaway) in the 44 

tropical-subtropical environment initiate and maintain seasonally reversing movements of air mass, 45 

high evaporation flux, atmospheric heat transport, and precipitation. In this regards, we suggest that 46 

local kaolinite input reflect a more humid climate can be attributed to the local intensity of 47 

monsoonal-driven precipitation. 48 

 49 

Keywords: Cenomanian–Turonian stage boundary, OAE2, volcanic activity, continental 50 

weathering, monsoonal circulation. 51 

 52 



1. Introduction 53 

 54 

The Cenomanian–Turonian boundary interval (~93.9 Ma, Meyers et al., 2012) recorded one 55 

of the most significant oceanic anoxic events of the Mesozoic. Oceanic Anoxic Event 2 (OAE2) 56 

(Schlanger and Jenkyns, 1976; Leckie et al., 2002; Jenkyns, 2010) was the time of exceptionally 57 

profound changes in the ocean-atmosphere system, which includes widespread organic-rich 58 

deposits referred to as the “Livello Bonarelli” in Italy or equivalent (e.g., Jenkyns, 2010) and a 59 

positive carbon isotope excursion recognized in sedimentary carbonate and organic matter fraction 60 

(e.g., Pratt, 1984; Schlanger et al., 1987; Paul et al., 1999; Kuypers et al., 2002; Tsikos et al., 2004; 61 

Jarvis et al., 2006; Grosheny et al., 2006; Sageman et al., 2006; Desmares et al., 2007; Joo and 62 

Sageman, 2014). The OAE2 interval is accompanied by exceptional warming of the ocean (Huber 63 

et al., 2002; O’Brien et al., 2017), briefly interrupted by a cooling event known as the “Plenus Cold 64 

Event” (Gale and Christensen, 1996; Forster et al., 2007; Jarvis et al., 2011). This time interval is 65 

also characterized by high levels of atmospheric CO2 (Barclay et al., 2010), global sea level 66 

highstand (Haq, 2014), and turnover of marine biota (e.g., Eicher, 1969; Sigal, 1977; Elder, 1989; 67 

Leckie et al., 2002). 68 

The nature of the clay fraction in marine sediments represents a useful proxy to investigate 69 

local palaeoenvironmental conditions because clay minerals are mainly inherited from continents 70 

depending to the geodynamic context, the type of weathered primary sediments, and climatic 71 

conditions. Particularly, during the late Cenomanian–Turonian period the distribution of clay 72 

minerals in the central part of Anglo-Paris Basin in the Poigny core is dominated by monotonous 73 

smectitic minerals (Deconinck et al., 2005). By contrast, in the north-east part of this basin, the clay 74 

fraction is characterized by local terrigenous input of illite and kaolinite derived from the Ardenne 75 

Massif source area (Debrabant et al., 1992). In addition to the local detrital sources, the occurrence 76 

of bentonite horizons in the late Turonian suggest the influence of volcanic activity (Deconinck et 77 

al., 2005). The complex distribution of clay mineralogy is controlled by the morphology and the 78 



location of the studied sections in relation to the source areas (Deconinck et al., 2005). In strong 79 

contrast, clay mineralogy in the Agadir Basin (Central Morocco) suggests that humid conditions 80 

with large kaolinite input prevailed at the onset of OAE2, followed by dry seasonal conditions as 81 

indicated by high smectite contents (Daoudi et al., 2008; Gertsch et al., 2010a). Similar clay fraction 82 

trends were observed at the same palaeolatitude during the late Cenomanian–Turonian interval in 83 

the Sinay (Egypt; Gertsch et al., 2010b). By contrast, constant dry seasonal conditions are recorded 84 

in the Tarfaya Basin (southern Morocco; Gertsch et al., 2010a). These important geographical and 85 

stratigraphical variations in the clay fraction along the Africa margin have been attributed to 86 

variations in the Intertropical Convergence Zone and in the intensity of winds in tropical areas 87 

(Gertsch et al., 2010a, b).  88 

The Jurassic–Cretaceous episodes of convergence of the Nevadan and Sevier Orogenies 89 

have led to the establishment of the Western Interior Basin (WIB), an elongated interior foreland 90 

marine basin (Kauffman, 1977; Hay et al., 1993). This basin was developed between the active 91 

American Cordilleran orogenic belt (Sevier Highlands) to the west (Jordan, 1981; Weimer, 1984) 92 

and the American stable craton to the east (Caldwell and Kauffman, 1993). This foreland basin is 93 

influenced by intense volcanic activity in the Cordillera, as suggested by the extensively deposited 94 

volcanic ash beds (bentonite) in marine sediments (Obradovich and Cobban, 1975; Kauffman, 95 

1985; Elder, 1988; Cadrin et al., 1995). During the maximum Cretaceous transgression, the WIB 96 

was an area of hemipelagic sedimentation characterized by 200 to 500 m of depth, linking the 97 

Boreal Arctic realm to the proto Gulf of Mexico and Tethyan realm (Kauffman, 1977, 1984; Batt, 98 

1987; Sageman and Arthur, 1994) (Fig. 1). A complex oceanographic regime into the basin was 99 

driven by the interplay between incursions of southern Tethyan and northern Boreal water in the 100 

North America seaway (Kauffman, 1984; Caldwell et al., 1993; Eicher and Diner, 1985; Arthur and 101 

Sageman, 1994; Elderback and Leckie, 2016) (Fig. 1). Major oceanographic re-organization during 102 

the transgression in the latest Cenomanian–Turonian interval promoted open marine oligotrophic 103 

conditions in the basin (Corbett and Watkins, 2013; Eldrett et al., 2014, 2017). Similar to the 104 



African margin and Anglo-Paris Basin, the clay mineral distribution in the WIB was controlled by 105 

the dynamic interactions among several factors, including the watermass dynamic in the basin, the 106 

volcanogenic sources, and the multiple point source rivers delivering suspended load from both 107 

sides of the seaway with very different clay provenances. The distinctive clay mineral assemblages 108 

documented at three sections in the central and southwestern WIB attest that ocean circulation, in 109 

addition to two disparate sources, in the seaway influenced the observed distribution of clay 110 

minerals (Leckie et al., 1991, 1998).  111 

The aim of this study is to investigate the regional significance of clay mineral assemblages 112 

in the WIB by distinguishing between authigenic, volcanogenic, and detrital fractions. For this, we 113 

document the evolution in the clay mineralogy in four different sections situated at different 114 

latitudes of the western interior basin, which each includes the C–T boundary: Lohali Point 115 

(Arizona), Pueblo (Colorado), Elm (Kansas), and Hot Springs (South Dakota). 116 

 117 

2. Geological setting 118 

 119 

 Two sections sampled at high resolution were examined in the central axis of the seaway: (i) 120 

the Pueblo section defined as the reference section of the WIB (GSSP for the base of Turonian, 121 

Kennedy et al., 2005) and (ii) the Hot Springs section located 5° north of Pueblo (Fig. 1). Two 122 

additional sections located in the western and the eastern margin of the basin have been studied in 123 

order to characterize the potential spatial and temporal influences of differential settling, changes in 124 

sources, and the potential variations in the intensity of continental weathering on clay minerals.  125 

 Precise correlations between these sections have been performed using the five major 126 

centimetres-thick altered ash layers (bentonites) designated as A, B, C, D, and E (Elder, 1988; 127 

Desmares et al., 2007) (Fig. S1 in supplementary material). Correlations are also supported by 128 

macrofossil biostratigraphy (Elder, 1987a; Kennedy and Cobban, 1991) and the pattern of globally 129 

recognized positive �13C excursion (Pratt, 1984; Pratt and Threlkeld, 1984; Caron et al., 2006; 130 



Desmares et al., 2007). In addition, numerous cyclostratigraphic studies were conducted in different 131 

cores and sections in the central Western Interior Basin (Sageman et al., 2006; Meyers et al., 2012; 132 

Ma et al., 2014; Eldrett et al., 2015). The sampled interval includes the Cenomanian–Turonian 133 

boundary and coincides with OAE2 as expressed by the distinctive first and second positive δ13C 134 

shift and C-plateau (Desmares et al., 2007) (Fig. S1). 135 

 136 

2.1. The Pueblo section (Colorado) 137 

 138 

 Situated in the central axis of the WIB, the outcrop close to the locality of Pueblo, Colorado, 139 

USA, is a well-documented reference section. As this section is the GSSP for the base of the 140 

Turonian (Kennedy et al., 2005), the rich archive of previously acquired data (e.g., Cobban and 141 

Scott, 1972; Pratt, 1984; Leckie, 1985; Kennedy and Cobban, 1991; Morel, 1998; Caron et al., 142 

2006; Desmares et al., 2007) provides stratigraphic constraints. The Hartland Shale is clay 143 

dominated whereas the Bridge Creek Limestone is composed of rhythmically bedded prominent 144 

limestones alternating with dark grey calcareous shales (Cobban and Scott, 1972; Pratt et al., 1985). 145 

 146 

2.2. The Hot Springs section (South Dakota) 147 

 148 

 The outcrop is located close to Hot Springs, South Dakota, USA (Fig. 1). The sedimentary 149 

succession is composed of rhythmically bedded limestone beds alternating with dark grey 150 

marlstone/calcareous shales (Desmares, 2005). Bentonite marker beds A, B, C and D (Elder, 1987b; 151 

Desmares et al., 2007; Desmares et al., 2016) are recognised in this stratigraphic equivalent of the 152 

more southerly Bridge Creek Limestone in accordance with ammonite zonation (Elder, 1987b). Due 153 

to the poor outcrop exposures, the Hartland Shale was not sampled. 154 

 155 

2.3. The western and eastern marginal sections (Lohali Point/Elm sections) 156 



  157 

Two sections located at the same latitude as Pueblo, on the active western margin (Lohali 158 

Point, Arizona) and the eastern stable margin (Elm, Kansas) were investigated. 159 

 The outcrop of Lohali Point is situated on the eastern side of the Black Mesa basin in 160 

northeastern Arizona, which corresponded to a neritic environment along the southwestern side of 161 

the seaway (Kirkland, 1991). The lithology is dominated by shale in relation to the proximity of the 162 

tectonically active Sevier orogenic belt to the west (Kauffman, 1977; Elder, 1987b; Kirkland, 163 

1991). The sedimentary succession is well dated by ammonites (e.g., Elder, 1987b; Kirkland, 1991). 164 

The Elm section (Kansas), located on the south side of the Wilson Lake, close to Bunker Hill, is 165 

dominated by limestone interbedded with dark calcareous shales (Desmares et al., 2007). This 166 

outcrop is located in a neritic environment, on the stable eastern craton to the East and to the 167 

northwest of the Ouachita Mountains (Fig. 1). 168 

 169 

3. Methods 170 

 171 

3.1. Mineralogical analyses 172 

 173 

  The surface of each sample was cleaned and fresh unweathered samples were collected for 174 

analyses. A total of 70 samples were investigated for clay mineralogy analysis using X-ray 175 

Diffraction (XRD) method. The samples were prepared at the University of Paris Sud in the GEOPS 176 

Laboratory (“GEOsciences Paris Sud”). They were treated successively with diluted acetic acid 177 

(CH3COOH) and hydrogen peroxide (H2O2) to remove carbonates and organic matter. Successive 178 

washing in distilled water allowed clay deflocculation. The �2 μm clay fraction was then separated 179 

from the bulk samples by the settling method according to Stoke’s law. The clay fraction was 180 

pipetted and deposited on a glass plate, then dried at room temperature. Three X-ray diagrams were 181 

measured using a PANalytical Diffractometer: one after air drying, one after ethylene glycol 182 



solvation for 24 h and one after heating at 490°C for 2 h. Clay minerals were identified based on the 183 

position of the (001) series of basal reflections on the curve with the MacDiff software (Petschick, 184 

2000) using the main X-ray diffraction peaks of each mineral (mixed-layers illite-smectite: 12-17Å; 185 

illite: 10Å and kaolinite/chlorite: 7Å). Relative proportions of kaolinite and chlorite were 186 

determined using the 3.57 and 3.54Å peaks respectively. Measurements of illite layers in mixed-187 

layered (I-S) were performed following the procedure of Moore and Reynolds (1997). Analytical 188 

uncertainties are estimated to be 5%. 189 

 190 

3.2. Degree of correlation between clay mineral species and paleoenvironment 191 

 192 

To emphasize the relationships between the different clay mineral species and 193 

environmental triggers, we search for correlations between the different types of clay and both the 194 

δ18Ocarb and the percentage of sinistral forms of Muricohedbergella delrioensis that is significantly 195 

correlated with temperature (Desmares et al., 2016). For each couple of variables used for 196 

correlation tests, we only keep points that were measured for the two considered variables. This 197 

means that the removal of samples is done for a given pair of variables independently from another 198 

pair. This allows conserving the maximum amount of information for each pair of variables subject 199 

to correlation test (Fig. S2 in supplementary material). Basically, it simply corresponds to remove 200 

the observations with missing values after the selection of the variables constituting a pair. To 201 

assess from short to long-term correlations, we compute non-overlapping moving averages with 202 

different window sizes (from 1 to 5). All the variables are time series (both the raw variables and 203 

the non-overlapping moving averages) and, since Yule (1926), we know that significant correlations 204 

between time series may be spurious. Indeed, autocorrelation of time series make successive values 205 

close to each other. As a consequence, two time series showing significant autocorrelations are very 206 

likely correlated because of chance alone (Box, 1994). To avoid this bias, we have computed the 207 

autocorrelation functions of all variables with the function acf from the ‘stats’ package (R Core 208 



Team, 2018). If at least one of the two variables shows a significant autocorrelation at lag = 1, we 209 

compute and use differences (dX= Xt-Xt-1). Once, no autocorrelation remains in the variables 210 

(differenced or not), we perform correlations with Pearson correlation coefficient because the 211 

linearity of relationships between variables has been eyed-checked. We use p-values as a measure 212 

of the robustness of the results. 213 

 214 

4. Results 215 

 216 

 During the Cenomanian–Turonian boundary interval, clay minerals identified in the fraction 217 

<2 μm include irregular illite-smectite mixed layers (R0 I-S), kaolinite, illite, and chlorite (Figs. 2, 218 

3, 4).  219 

 220 

4.1. The Pueblo section (Colorado) 221 

 222 

 Clay mineral assemblages (fraction <2 μm) of the Pueblo section are composed of R0 I-S 223 

mixed layers, kaolinite, illite, and chlorite. Given the distribution of these minerals the section can 224 

be divided in two intervals that correspond to the two lithologic members.  225 

 The first interval (uppermost part of the Hartland Shale, below the base of Bridge Creek 226 

Limestone Bed 63; Cobban and Scott, 1972) is marked by significant changes in the clay 227 

mineralogy (Fig. 2). Starting with values around 2%, the kaolinite contents increases significantly 228 

up to 15%, whereas the R0 I-S mixed layers decreases from 69 to 59%. Illite and chlorite contents 229 

show relatively stable values with an average of 21% and 5%, respectively. Thereafter, a drop in 230 

kaolinite and illite contents is recorded. The irregular R0 I-S rises toward a maximum of 90%.  231 

 The second interval covers the lower Bridge Creek Limestone (from the base of the 232 

limestone marker Bed 63 up to the bentonite D) is largely dominated by R0 I-S (>80%, with an 233 

average proportion of 92%) with rather low values of kaolinite and chlorite never exceeding 3% 234 



(Fig. 2). The illite-smectite irregular mixed-layers contain more than 80% of smectite layers. 235 

 236 

4.2. The Hot Springs section (South Dakota) 237 

 238 

 In the residue of the <2 μm fraction, kaolinite and R0 I-S (mineral containing 60% of 239 

smectite layers) dominate the assemblages, with an average of 42 and 27%, respectively (Fig. 2). 240 

Given the distribution of these two clay minerals the section can be divided into four intervals (Fig. 241 

2). The first interval (within the Sciponoceras gracile ammonite zone) is characterized by 242 

significant rise in R0 I-S contents (from 1 to 39%). An inverse trend is recorded for the illite (from 243 

51 to 18%). The kaolinite content curve shows rather high and stable values (with an average of 244 

36%). Chlorite content displays relatively high values (>10%) at the base of the section and 245 

relatively low and constant values (<5%) for the upper part (Fig. 3). The second interval comprises 246 

the uppermost part of the S. gracile ammonite zone up to the bentonite marker bed B in mid-247 

Neocardioceras juddii ammonite zone (Fig. 3). The kaolinite and illite proportions gradually 248 

decreases (from 37 to 7%, and from 29 to 1% respectively), whereas the illite-smectite mixed layer 249 

drastically increases to 92%. In the N. juddii ammonite zone, kaolinite contents display a long-term 250 

increasing trend with a maximum value of 33% near the Cenomanian–Turonian boundary. This 251 

trend is coeval with illite proportions, and opposite to the R0 I-S content reaching a minimum value 252 

of 46% (Fig. 3). Finally, in the last interval between the bentonite marker beds C and D the 253 

assemblages show a gradual change from 17 to 31% for kaolinite, and 19 to 35% for illite. The R0 254 

I-S proportions drop to values between 32 and 33% (Fig. 3). 255 

 256 

4.3. The Lohali Point (Arizona) and Elm (Kansas) sections 257 

 258 

 The clay mineralogy of the Lohali Point section is largely dominated by R0 I-S mineral, 259 

with an average proportion of 93% (Fig. 4). The illite/smectite irregular mixed-layers contain more 260 



than 80% of smectite. The kaolinite, illite, and chlorite contents show very low values never 261 

exceeding 5% (Fig. 4). 262 

 As observed at Lohali Point, irregular illite-smectite mixed layers largely dominate the clay 263 

mineralogical assemblage in the Elm section with values ranging between 90 and 96% (Fig. 4). The 264 

illite/smectite irregular mixed-layers contain more than 80% of smectite. Kaolinite, illite, and 265 

chlorite contents never exceed 4% of the clay mineral assemblage (Fig. 4). 266 

 267 

5. Discussion 268 

 269 

The mineralogical composition of whole rock in marine sediments is mainly the product of 270 

multiple processes that include (i) diagenetic overprint, (ii) the differential settling of clay minerals, 271 

(iii) the structural evolution of the adjacent landmasses and associated sea-level changes, (iii) the 272 

alteration of volcanic rocks, (iv) the composition of weathered primary rocks, and (v) the 273 

weathering conditions, which varies with climate (Singer, 1984; Chamley, 1989; Deconinck and 274 

Chamley, 1995; Thiry, 2000; Adatte et al., 2002; Deconinck et al., 2005; Charbonnier et al., 2016). 275 

The resulting different clay mineral assemblages observed in the WIB sections may be the result of 276 

one or more of these processes (Fig. 2).  277 

 278 

5.1. Burial diagenetic overprint in the WIB 279 

  280 

 In Mesozoic Tethyan sequences, the original mineralogical signal may have been 281 

significantly modified by diagenetic overprint (Chamley and Deconinck, 1985; Chamley, 1989; 282 

Thiry, 2000). Burial diagenesis, depending of the tectonic history, is responsible for clay mineral 283 

transformation (Deconinck, 1987; Chamley, 1989; Thiry, 2000). Smectite is very sensitive to high 284 

temperature linked to burial history (Chamley, 1989). Progressive illitization in the marly interbeds 285 

and chloritization in the calcareous beds of original smectite is evidenced by the gradually decrease 286 



of smectite with depth (Deconinck and Debrabant, 1985; Lanson and Meunier, 1995). Diagenetic 287 

transformation is marked by the appearance of regularly interstratified illite-smectite minerals. 288 

The presence of irregular I-S R0 minerals rich in smectite layers (>50% of smectite layers) 289 

indicates that sedimentary series in the WIB were not subjected to strong diagenetic burial. The clay 290 

mineralogical assemblage is rather diversified and the presence of significant variations (>5%) in 291 

the clay minerals, such as kaolinite, suggests only a moderate impact of the burial diagenesis. 292 

Finally, this is confirmed by the Tmax values at Lohali Point and Pueblo, which never exceed 435°C 293 

(Leckie et al., 1998; Dellisanti et al., 2010). Rock eval data suggest moderate burial depth below the 294 

oil-generating window (< 2500 m), which is compatible with the presence of R0 I-S (Leckie et al., 295 

1998; Dellisanti et al., 2010). Consequently, in the WIB chloritization and illitization of smectite 296 

seems of minor importance in the clay mineral assemblages. 297 

 298 

5.2. Differential settling processes 299 

 300 

 The differential settling of clay minerals is the result of the physical segregation of minerals 301 

during transport of particles in relationship to their different size and flocculation (Chamley, 1989). 302 

The distribution of clay minerals in sediments can be largely impacted by this process. Kaolinite 303 

and illite are dense and coarse minerals that settle preferentially closer to the coast, near to the shore 304 

in platform environments. Conversely, smectite is a fine-grained mineral that settles much more 305 

slowly in deeper waters in more offshore settings. As a consequence, the relative proportions of 306 

illite/kaolinite compared to smectite can be a proxy of distance to the shoreline and therefore 307 

sensitive to advance (regression) and retreat (transgression) of the shoreline (sea) (Chamley, 1989; 308 

Duchamp-Alphonse et al., 2011). 309 

In the Western Interior Basin, a West-East transect along a proximal area to a more distal 310 

area allows to estimate the differential settling (Fig. 2). Curiously, the high values (> 80%) of 311 

smectite-rich I-S mixed layers are recorded in the marine sediments of the Lohali Point and Elm 312 



sections located on the more proximal sides of the seaway. Similarly, the relative high values of 313 

kaolinite and illite contents are recorded in the section of Hot Springs and to a lesser extent in the 314 

section of Pueblo situated in the central axis of the basin. Thus, it seems that the differential settling 315 

processes not play a major role in the clay assemblage distribution in the WIB. 316 

 317 

5.3. Significance of authigenic kaolinite fraction 318 

 319 

Scanning electron microscope (SEM) examinations of the internal content of foraminiferal 320 

tests from several stratigraphic levels of the Hot Springs sections were undertaken to provide more 321 

information on potential authigenic phases (Fig. 5). In sample HS9 (S. gracile ammonite zone, 322 

kaolinite content: 32%), SEM examinations reveal that a large authigenic kaolinite phase occurs in 323 

foraminiferal tests (Fig. 5), but no authigenic kaolinite phase was found in the other samples (HS3, 324 

HS5, HS26, and HS62) despite high kaolinite content in some levels.  325 

Occurrences of authigenic kaolinite within foraminiferal tests have been also identified in 326 

other Upper Cretaceous formations of the same sedimentary basin (Pollastro, 1981). These authors 327 

suggest that after burial, volcanic detritus may have formed colloidal aluminous gel and moved in 328 

large pore space such as formaniferal tests. Bacterial decomposition of organic matter under low pH 329 

conditions is favourable for crystallisation of kaolinite (Pollastro, 1981). Similarly, at Poigny and 330 

Sainte Colombe in the Anglo-Paris Basin authigenic kaolinite occurs in bentonite layers (Deconinck 331 

et al., 2005). These unusual authigenic kaolinite-rich deposits have been probably formed shortly 332 

after burial in reducing environments (Deconinck et al., 2005). Curious spikes in kaolinite (A to E, 333 

up to 35%) have been also found in samples from Pueblo section at the top of the S. gracile Zone 334 

and at the base of the N. juddii Zone (Leckie et al., 1991, 1998). This relatively rich kaolinite 335 

interval recorded across the seaway (Leckie et al., 1998) can be correlated to relative sea level fall 336 

or progradation event at the base of the N. juddii in western Iowa (Elderbak et al., 2014). These 337 

spikes may be explained by differential settling of clay minerals, which are sensitive to advance of 338 



the shoreline. One another possibility is that this unique level at Hot Springs may be explained by 339 

reworking of volcanic ash in oxygen depleted environments.  340 

 341 

5.4. Sea-level changes versus volcanogenic origin of the smectitic minerals 342 

 343 

 Smectitic minerals (R0 I-S mixed layers) are the major components (>50%) of the clay 344 

fraction of the Cenomanian–Turonian sediments along the WIB sections (Figs. 2-4).  High 345 

concentrations of smectite in marine sediments derive mainly from seasonally contrasted semi-arid 346 

conditions, volcanogenic clays derived from submarine weathering of volcanic glass, or sea-level 347 

changes (Chamley, 1989; Deconinck and Chamley, 1995; Adatte et al., 2002).  348 

 The western margin of the Western Interior Basin is composed of an important active 349 

explosive volcanic system (i.e., an Andean type magmatic belt), which extended continuously along 350 

the western margin of the seaway from Alaska to Mexico (e.g., Kauffman and Caldwell, 1993). 351 

Numerous centimetres thick volcanic ash beds interrupting marine succession are the expression of 352 

major volcanic eruptions. Dozens and dozens of minor eruptions create millimetres thick bentonites 353 

and represent a background source of volcanic minerals in the sediments. More than 1300 volcanic 354 

ash beds have been described through the 38 Myr record of late Albian-Maastrichtian interval 355 

(Obradovich and Cobban, 1975; Kauffman and Caldwell, 1993; Cadrin et al., 1995). In such 356 

context, a significant proportion of I-S R0 in the seaway is volcanogenic and non-terrigenous. 357 

 A major change in clay mineralogical assemblage is observed at Pueblo, between the 358 

Hartland Shale and the Bridge Creek Limestone members of the Greenhorn Formation, with 359 

significant rise in R0 I-S contents up to 90% (Fig. 6). A similar increase in smectite is also 360 

documented by Leckie et al., (1991, 1998) at Lohali Point. In the Bridge Creek Limestone and 361 

equivalent strata, similar high R0 I-S contents (>80%) are recorded at Lohali Point, Pueblo, and 362 

Elm in the bentonite A-C interval (Fig. 4). The increasing abundance of smectite is consistent with a 363 

decrease in kaolinite observed at Lohali Point (Leckie et al., 1998) and Pueblo (This Study). This 364 



time interval is recognized as the time of eustatic rise to culminate in the highest sea levels of the 365 

Cretaceous period in the early Turonian (late in the Watinoceras or early Mammites Zones) (Elder 366 

and Kirkland, 1993; Sageman, 1996; Arthur and Sageman, 2005). In the Western Interior Basin, 367 

during the Cenomanian-Turonian eustatic rise (S. gracile ammonite zone) an important incursion of 368 

subtropical Pacific seawater entered in the seaway from the Gulf of Mexico (Fisher et al., 1994; 369 

Leckie et al., 1998; Corbett and Watkins, 2013; Elderbak and Leckie, 2016). This is supported by 370 

invasion of warm water molluscs, foraminifera, and calcareous nannofossils (Caldwell et al., 1993; 371 

Fisher et al., 1994; Corbett and Watkins, 2013), by positive excursion in ɛNd documented in marine 372 

sediments from Atlantic Sites (MacLeod et al., 2008; Martin et al., 2012), and by several Hg and 373 

Hg/TOC ratios enrichments in southern Western Interior Seaway and Demerara Rise sections 374 

(Scaife et al., 2017). This incursion of warm oxygenated water masses into seaway corresponds 375 

exactly to major change in clay mineralogical assemblage (Leckie et al., 1998; This Study). 376 

Variations in the kaolinite/smectite ratio may reflect sea-level changes (Adatte et al., 2002). During 377 

sea-level highstand, deposition of smectite can be attributed to sedimentary segregation of particles 378 

in more offshore setting. In addition, increased carbonate contents observed in the Bridge Creek 379 

Limestone in strong contrast to the Hartland Shales formation attests a more distant detrital source 380 

and thus deeper water conditions. This interpretation is supported by previous study, which suggests 381 

that clay mineralogy assemblages are likely influenced by circulation in the seaway (Leckie et al., 382 

1998). Consequently, sea-level changes and volcanic activity constitute the principal source of 383 

smectite found in the WIB sediments. 384 

 385 

5.5. Detrital kaolinite fraction at Hot Springs: implications for local palaeoclimatic reconstruction? 386 

 387 

In strong contrast, in the same stratigraphic interval (bentonite A-C), the smectitic-rich 388 

sediments (>80%) interval recorded at Pueblo, Lohali Point or Elm are not observed in the Hot 389 

Springs section situated 5° north of Pueblo. The clay mineral assemblages are also dominated by I-390 



S mixed layers (from 1 to 92%), but associated with a significant proportion of kaolinite (from 6 to 391 

45%) (Fig. 3). Particularly, the evolution of kaolinite abundances can be divided into three parts. (1) 392 

In the S. gracile ammonite zone, the kaolinite contents are high (up to 45%). (2) It is followed by a 393 

decreasing trend (from 45 to 6 %) in the S. gracile-N. juddii ammonite zones in the latest 394 

Cenomanian. (3) Finally, a long-term increasing trend from 6 to 31 % is observed from the latest 395 

Cenomanian to early Turonian (Fig. 6). The great abundance of detrital kaolinite (from 6 to 45%) at 396 

the northern Hot Springs site is probably due to a very different clay provenance in that part of the 397 

seaway. The clays accumulated are derived from the multiple rivers draining into the seaway 398 

probably from the eastern craton and Ouachita Mountain area (Leckie et al., 1991, 1998). There is 399 

probably a volcanogenic signal (smectite supply) that overprints the detrital influences (kaolinite 400 

supply). 401 

 One possible explanation is that the supply of kaolinite from rivers draining into the seaway 402 

reflects the high physical erosion of older rocks rich in kaolinite. Indeed, there could be a long time 403 

gap between clay mineral development in soils and their final deposition in the basin (Thiry, 2000; 404 

Dera et al., 2009). Strong erosion of Devonian or Carboniferous sedimentary rocks, considered to 405 

have significant amounts of kaolinite, could be a potential source area of kaolinite in the basin 406 

(Hillier et al., 2006; Shaw, 2006). In such cases, this process may seriously alter the palaeoclimatic 407 

signal of kaolinite in sedimentary records (Thiry, 2000). 408 

 Another possibility is that the formation of kaolinite in alterations was contemporaneous 409 

with sedimentation and was mainly inherited from landmasses during highly hydrolytic weathering 410 

conditions (Chamley, 1989; Dera et al., 2009). The latest Cenomanian-earliest Turonian interval 411 

represents one of the warmest periods of the Phanerozoic eon, with high atmospheric pCO2 levels 412 

and the development of intensified greenhouse conditions (Huber et al., 2002; O’Brien et al., 2017). 413 

During this interval, the Western Interior Basin is situated in the tropical-subtropical setting, in the 414 

northern mid-latitude warm humid belt (am End, 1991; Chumakov et al., 1995; Skelton et al., 415 

2003). Kaolinite deposits in recent sediments near tropical region in wet climate zones are mainly 416 



linked to climatic conditions. Model simulations of Campanian indicate that a strong monsoonal 417 

existed due to the special configuration of the seaway (Fricke et al., 2010). Climate model 418 

simulations suggest also that monsoonal atmospheric circulation occurred earlier in Cretaceous 419 

(DeConto et al., 1999; Poulsen et al., 1999, 2007). Moreover, tropical storms were probably 420 

initiated in the central WIB toward the eastern margin (White et al., 2001). Other model results 421 

show that landmass distribution in the basin affect land sea air circulation, wind patterns, and 422 

precipitations (Glancy et al., 1993; Poulsen, 1999). Estimates of Cenomanian precipitation rates 423 

based upon the mass-balance modeling of the WIB is to ~3600 mm/year at ~45°N paleolatitude 424 

(Hot Springs section), which is significantly higher than today (3.6× present values) (Ufnar et al., 425 

2008). Furthermore, these authors suggest that the heat transferred to the atmosphere via latent heat 426 

of condensation was approximately 10.6 higher than the present at 50°N. In this specific case we 427 

suggest that the existence of intense evaporation rates, winds patterns and seasonal rainfall is 428 

consistent with tropical wet climatic zone and the abundance of kaolinite in the Hot Springs 429 

sediments. Consequently, the two large increases in kaolinite in the S. gracile ammonite zone 430 

(values up to 45%) and in the latest Cenomanian–early Turonian interval (from 6 to 31%) indicates 431 

a more humid climate that can be linked to a local acceleration of hydrologic cycle. Leckie et al. 432 

(1991) suggest also that regional climatic warming and increased weathering accompanying the 433 

northward advance of warm normal marine waters during the latest Cenomanian transgression. In 434 

this regards, the local intensification of monsoonal-driven precipitations due to the special 435 

configuration of the seaway contribute to the successive humid episodes during the late 436 

Cenomanian–early Turonian interval. 437 

 438 

5.6. Degree of correlation between kaolinite and other environmental variables: implications for 439 

oxygen isotope significance 440 

 441 

 Significant kaolinite enrichments at Hot Springs is probably related to climate change with 442 



high precipitation and runoff in tropical zone. The proportion of left-coiled M. delrioensis in the 443 

planktonic foraminiferal assemblages represents a new proxy for constraining SST (°C) variations 444 

(Desmares et al., 2016). At the opposite, in the WIB, the significance of the δ18Ocarb signal remains 445 

largely debated. Some authors attest that the low negative δ18Ocarb values at Pueblo have been 446 

diagenetically altered (Pratt et al., 1993). Keller et al. (2004) suggest that the fluctuations in the 447 

δ18Ocarb variations are the effects of mixing between marine incursion and fresh water influx. By 448 

contrast, statistically highly significant correlation between δ18Ocarb and sinistral proportions 449 

indicate that these two data sets have been influenced by the same environmental effects (Desmares 450 

et al., 2016). 451 

Short and long-term relationships are investigated between these environmental variables 452 

(Table 1) (Fig. S2 in supplementary material). For the high frequency variations between kaolinite 453 

and the δ18Ocarb and the abundance of sinistral M. delrioensis, the raw correlation is less than 0.25 454 

(r=0.25-0.05 and r=-0.23 and -0.13, respectively) and p-values are higher than 0.4, which indicate 455 

that the correlation between these environmental variables is not significant (Table 1). The weak 456 

correlation observed in high frequency variations may be explained by the delay between the short 457 

response of proxies to seawater temperature changes and the timing of clay mineral formation in 458 

soils and their erosion, transport, and subsequent deposition in marine sediments due to the intensity 459 

of continental weathering (Thiry, 2000). In contrast, for the long-term frequency variations the raw 460 

correlation is greater than 0.9 (0.91 and 0.96, respectively) and the p values are less than 0.05 (0.03 461 

and 0.01 respectively), which indicate the strong correlation between these data sets (Table 1). 462 

These results show the robustness of the long-term trends in the mineralogical and geochemical data 463 

sets for palaeoclimatic interpretation. The concordant evolution between kaolinite variations 464 

slightly affected by diagenetic influences and the environmental variables (δ18Ocarb and % sinistral 465 

form of M. delrioensis) support the interpretation of the δ18Ocarb variations in terms of temperature 466 

signal (Desmares et al., 2016) rather than the effects of mixing between marine incursion and fresh 467 

water influx. These two signals suggest that two cooling intervals in the upper part of the Hartland 468 



Shale (S1a) and in the lower part of the Bridge Creek Limestone (S1b) may have occurred in the 469 

WIB (Desmares et al., 2016) (Fig. 6). The S1b cooling event, interpreted as the expression of the 470 

Plenus Cold Event in the WIB (Desmares et al., 2016), has also been recognized in several Atlantic 471 

and European basins by TEX86 data (Forster et al., 2007; Sinninghe Damsté et al., 2010; van 472 

Helmond et al., 2014), temporary influx of Boreal fauna (Gale and Christensen, 1996), and positive 473 

δ18O excursion (Paul et al., 1999; Huber et al., 2002; Jenkyns et al., 2017; Kuhnt et al., 2017). The 474 

contemporaneity of this event in various basins at different latitudes suggest the existence of 475 

climatic cooling at the global scale, which is mainly explained by massive burial of organic carbon 476 

in sediments (Jarvis et al., 2011). In the WIB this global event was superimposed on the kaolinite 477 

supply expressed at the local scale due to the combination of the special configuration of seaway 478 

(sea-land distribution) and the tropical latitudinal position (northern mid-latitude humid belt). 479 

 480 

6. Conclusion 481 

 482 

New mineralogical data from the Pueblo, Hot Springs, Elm and Lohali Point sections were 483 

documented for the Western Interior Basin during the Cenomanian–Turonian boundary time 484 

interval, which includes the OAE2. It appears that the mineralogical trends reflect a primary signal.  485 

During the Cenomanian-Turonian eustatic rise the incursion of warm oxygenated water masses into 486 

seaway corresponds exactly to a major change in clay mineralogical assemblage with a significant 487 

rise in R0 I-S up to 90% and a decrease in kaolinite contents at Pueblo. In this interval the 488 

mineralogical distribution in the south-central region of the basin is mainly influenced by sea-level 489 

fluctuations. In the WIB the large distribution of bentonite horizons and volcanic ash layers in 490 

sediments indicates very important volcanic activity. In such context a significant proportion of I-S 491 

R0 (smectites) is volcanogenic and non-terrigenous. Consequently, we suggest that sea-level 492 

changes and volcanic activity constitute the two principal source of smectitic minerals found in this 493 

area. 494 



By contrast, in the same stratigraphic interval major kaolinite enrichments occur at Hot 495 

Springs, situated 5° north of Pueblo, in the S. gracile ammonite zone (up to 45%) and in the latest 496 

Cenomanian-Turonian interval (from 6 to 31%). The great abundance of detrital kaolinite at the 497 

northern site is probably due to a very different clay provenance in that part of the seaway. The 498 

special geographic configuration of the Western Interior Basin (arrangement of continent and the 499 

seaway) in the tropical-subtropical environment initiate and maintain seasonally reversing 500 

movements of air mass, high evaporation flux, atmospheric heat transport and precipitation. 501 

Significant kaolinite enrichment at Hot Springs is probably related to local humid conditions 502 

developed during monsoonal air mass movements. The concordant evolution between kaolinite 503 

variations slightly affected by diagenetic influences and the environmental variables (δ18Ocarb and % 504 

sinistral form of M. delrioensis) support the interpretation of the δ18Ocarb variations, measured at 505 

both Pueblo and Hot Springs, in terms of temperature signal. In the WIB, the global expression of 506 

the Plenus Cold Event is surimposed to the local input of kaolinite due to the special configuration 507 

of seaway in the tropical setting. 508 
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 858 

Figure captions 859 

 860 

Fig. 1: Palaeoceanographic map of the Western Interior Basin showing the circulation pattern in the 861 

basin with the incursion of southern Tethyan water masses and possible local source of clay 862 

minerals (modified from Leckie et al., 1998). Metal abundance anomalies have been reported 863 

according to the study of Orth et al. (1993). 864 

 865 

Fig. 2: Distribution of the percentage of sinistral M. delrioensis, and δ18Ocarb records (Desmares et 866 

al., 2016) compared with the changes in the clay mineral assemblage in the Cenomanian-Turonian 867 

interval of Pueblo (Colorado). 868 

 869 

Fig. 3: Distribution of the percentage of sinistral M. delrioensis, and δ18Ocarb records (Desmares et 870 

al., 2016) compared with the changes in the clay mineral assemblage in the Cenomanian-Turonian 871 

interval of Hot Springs (South Dakota). 872 

 873 

Fig. 4: Distribution of the changes in the clay mineral assemblages in the Cenomanian-Turonian 874 

interval of Lohali Point (Arizona) and Elm (Kansas). 875 

 876 

Fig. 5: Scanning electron microscope examinations of the internal content of foraminiferal test at 877 

Hot Springs, A) and B) HS3 (S. gracile ammonite zone, kaolinite content: 36%), C) and D) HS5 (S. 878 

gracile ammonite zone, kaolinite content: 46%), E) and F) HS9 (S. gracile ammonite zone, 879 

kaolinite content: 32%), G) and H) HS26 (N. juddii ammonite zone, kaolinite content: 7%), I) and J) 880 

HS62 (P. flexuosum ammonite zone, kaolinite content: 29%). 881 

 882 

Fig. 6: Distribution of kaolinite and R0 I-S contents compared with the changes in the percentage of 883 



sinistral M. delrioensis and δ18Ocarb records in the section at Pueblo and Hot Springs (Desmares et 884 

al., 2016). The age model, in regard to the beginning of the marker bed 63, is based on the 885 

cyclostratigraphic approach of Sageman et al. (2006) and Meyers et al. (2012). The stratigraphic 886 

framework is given by ammonite biozonation (Leckie, 1985; Kennedy and Cobban, 1991) and by 887 

the position of the bentonite marker beds A, B, C, and D. The blue dashed lines indicate the periods 888 

that are described in the discussion. 889 

 890 

Table 1: Correlations between kaolinite and environmental variables (δ18Ocarb and % sinistral form 891 

of M. delrioensis) for Hot Springs sections. Short and long term relationships are investigated 892 

thanks to non-overlapping moving average. Window corresponds to the number of values taken to 893 

calculate each average. Cor: Pearson correlation coefficient; pvalue: pvalue of cor.test using 894 

Pearson correlation; I: number of times differences have been computed to remove autocorrelation; 895 

n: number of values used for each correlation. Pvalues under 0.1 are highlighted in bold. 896 
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cor pvalue I n cor pvalue I n

kaolinite 1 0.05 0.82 1 27 -­‐0.13 0.53 1 27

2 0.21 0.50 1 13 -­‐0.23 0.45 1 13

3 0.71 0.03 0 9 0.37 0.33 0 9

4 0.74 0.06 0 7 0.49 0.26 0 7

5 0.91 0.03 0 5 0.96 0.01 0 5
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