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SUPPLEMENTAL INFORMATION: 

1.1. Study Sites 

1.1.1. Shell Iona-1  

The upper part of the Eagle Ford Group (Gr.) and lowermost Austin Chalk crop out along Sycamore Creek about 5 

18 km (11 miles) southeast of Del Rio near the Val Verde-Kinney County line, Texas (TX), USA. In January 2012, 

Shell International Exploration and Production Inc. drilled the research core Iona-1 (29º13.51’N, 100º44.49’W) 

approximately 600m behind the Sycamore Creek bluff.  From the surface, the core recovered the lower 40 m of 

the Austin Chalk, a 110 m long interval representing a nearly complete record of the Eagle Ford Gr. (Boquillas or 

Eagle Ford Formation, Fm.) and an upper part of the underlying Buda Limestone. A total of 180 meters of core 10 

were recovered spanning the lower Cenomanian to lower Coniacian (Eldrett et al. 2015). The underlying Buda 

Limestone and overlying Austin Chalk comprise extremely bioturbated limestones (ave. bed thickness ~49 cm) 

with thin marl beds (ave. thickness ~9 cm) and rare bentonites (ave. bed thickness ~2 cm), whereas the Eagle Ford 

Gr. is characterized by organic-rich marl beds (ave. thickness ~72 cm), thinner limestone beds (ave. thickness ~9 

cm) and numerous (~270) thin-bedded, bentonite beds (ave. thickness ~4 cm, range <1 to >60 cm).   15 

 

1.1.2. Shell Innes-1  

Cenomanian to Turonian strata are also exposed in road cuts along US Highway 90, northwest of Del Rio near the 

town of Langtry in Terrell County, TX (Pessagno, 1969; Jiang et al. 1989; Donovan and Staerker, 2010; Donovan 

et al. 2012; Lowery et al. 2014), approximately 160 km (100 miles) WNW of the Iona-1 core, and 50 km (35 miles) 20 

east of the Lozier Canyon outcrop. Shell International Exploration and Production Inc. drilled the research core 

Innes-1 (29º49.51’N, 101º37.34’W) immediately behind one of these exposures recovering the lower 20 m of the 

Austin Chalk, over 60m of the Eagle Ford Gr. (Boquillas Fm.) and underlying Buda Limestone.  

 

1.1.3. Well ‘X’  25 

Samples were also analysed from sedimentary rocks spanning part of the Eagle Ford Gr., that were recovered from 

the subsurface well ‘X’ core, located in the central part of the Maverick Basin, TX (Main text Fig. 1).  

 

1.1.4. Bouldin Creek outcrop section 



In addition to the detailed core analyses, an outcrop investigation of the Eagle Ford Gr. was conducted for 

comparison purposes along Bouldin Creek located parallel to the Missouri-Pacific railroad line and adjacent to the 

Daugherty Arts Center on Barton Spring Road in Austin, TX. The Eagle Ford Gr. exposures along the creek are 

locally assigned to the Pepper Shale, Cloice Shale and the Bouldin Flags Members, and the South Bosque Shale 

Fm. (Stenzel, 1953; Pessagno, 1969). The Pepper Shale Member (Mb.) of the Lake Waco Fm. in outcrop is a 5 

recessive, dark gray, argillaceous mudstone. It was originally defined along Bouldin Creek by Young (1977). 

Currently it is relatively thin (~14m thick; see Minisini et al. in review) and only partly exposed in outcrop, no 

samples were analysed for palynology. The Cloice Mb. is also only partly exposed and consists of argillaceous 

mudstones. The Bouldin Flags Mb. as measured at Bouldin Creek is approximately 4 m thick, comprising dark 

gray to black mudstones, bentonites (up to 15 cm thick) and interbedded limestones (~10-30 cm thick) that may 10 

be massive or cross bedded and may locally contain bivalve or oyster lags and large pieces of carbonized wood. 

The South Bosque Fm. is a homogenous, approximately 5 m thick deposit of calcareous marl with interbedded 

thin bentonites (less than 3 cm thick). Age assignments are based on this study and supplemented by previous 

foraminiferal, nannofossil and isotope analyses (Pessagno, 1969; Lundquist, 2000; Jiang, 1989; Lowery et al. 

2014). Palynological samples come from a 10.7m interval of a 22 m exposed creek section.  15 

 

1.1.5. USGS Portland-1 

Sedimentary rocks were also analysed for comparison from the USGS Portland-1 core (38º 22.36’N, 105º 01.18’ 

W) located in the central Cretaceous Western Interior Seaway (KWIS), near the base Turonian GSSP section 

(Kennedy et al. 2000, 2005) at Pueblo (Colorado, USA). The new data cover the Cenomanian equivalent interval 20 

spanning from oldest to youngest: the Dakota Sandstone, Graneros Shale, Lincoln Limestone, Harland Shale and 

lowermost part of the Bridge Creek Limestone. The new 13Corg isotope data collected was integrated with existing 

13Corg data from this core (Sageman et al. 2006; Duvivier et al. 2014; Joo and Sageman, 2014).  

 

1.1.6.  ODP Leg 207, Sites 1260 and 1261; Demerara Rise 25 

In order to understand the characteristics of a tethyan water-mass; samples were also analysed from Site 1261 

(Hole A: 9º 2.917’N, 54º 19.038’ W; Hole B: 9º 2.918’N, 54º 19.049’ W) and 1260 (9º 15.931’N, 54º 32.652’ W); 

both recovered during ODP Leg 270 to the Demerara Rise, offshore Suriname in the tropical Atlantic. Cenomanian 

to lower Turonian sediments on Demerara Rise are mainly expressed by distinctly laminated black shales with 

interbedded light-colored, laminated foraminiferal packstones and wackestones (Shipboard Scientific Party, 30 



 

2004a, 2004b). Detailed isotope stratigraphy provided by Erbacher et al. (2005); and supplemented by Meyers 

(2007); Forster et al. (2007) and Friedrich et al. (2008) was utilized in this study enabling isotope correlation 

between ODP Sites 260 and 1261 with those sections in the KWIS. 

 

1.1.7. ODP Leg 183, Site 1138, Kerguelen Plateau 5 

Palynological analyses was also conducted on eight sedimentary samples recovered from the part of the 

Cenomanian-Turonian sections (655-660m) from ODP Site 1138 (53º 33.1047’ S; 75º 58.4926’ E), Kerguelen 

Plateau.  The Cenomanian-Turonian sediments comprise organic rich claystones and inter-bedded nannofossil 

claystone and Chalk, overlying a glauconite bearing calcareous sandstone unit (Shipboard Scientific Party, 2000). 

The age model is based on integrated carbon isotope and bio-stratigraphy as presented in Dickson et al. (2016) and 10 

combined with previously published geochemical analyses (see Dickson et al. 2016). 

 

1.2. Methods 

1.2.1. Palynological methods 

Sample splits were sequentially dissolved in hydrochloric (30% HCl) and hydrofluoric (60% HF) acids. Post-HF 15 

oxidative treatment was necessary to liberate palynomorphs from the prominent translucent, fluffy amorphous 

organic matter (AOM). Subsequent treatment with an alkali solution was necessary to remove post-oxidation waste 

products. Previous work on Cenomanian – Turonian organic-rich shales has indicated that excessive post-HF 

treatment led to selective destruction of gonyaulacacean and areoligeracean dinocysts (Dodsworth, 1995, 1996, 

2004). Experiments with Eagle Ford post-HF residues indicated that “optimum oxidation” was achieved with 20 

extended maceration in cold nitric acid (HNO3). Samples containing prominent AOM were further subjected to 

maceration in warm HNO3 (heated to 50°C) and treated with Schulze’s Solution (70% nitric acid supersaturated 

with potassium chlorate and/or fuming nitric acid), followed by a single rinse in a detergent that contained a trace 

of ammonia. This produces fairly uniform fossil assemblages with greatly reduced AOM concentrations, although 

scanning over many remaining AOM fragments was necessary to achieve sufficient specimen counts. Single 25 

Lycopodium tablets were added to samples after laboratory oxidation for absolute quantification of palynomorphs 

(counts per gramme; Mertens et al. 2009). Previous experiments have shown that the oxidation required to liberate 

palynomorphs from AOM destroys a large proportion of Lycopodium spores if they are added prior to oxidation. 

Lund University, Batch No. 1031 (2011) tablets were used. Each tablet contains 20,848 Lycopodium spores (± 

3,457). As not all processed rock material was dissolved in HCl and HF, estimates of palynomorph concentration 30 



 

are underestimates. However, values obtained are of the same order as the only previously published KWIS study 

of the Cenomanian – Turonian palynomorph concentration (Dodsworth, 2000), i.e. values generally between 100 

and 8000 specimens per gram. Due to the relative low recovery of palynomorphs from ODP Sites 1260 and 1261; 

Lycopodium spikes were not added preventing absolute abundance counting. 

 5 

The ratio between terrestrial (T) and marine (M) palynomorphs (T:M ratio) was used as a proxy for terrestrial 

input. Dinocyst based reconstruction of marine productivity is primarily based on the ratio of (proto-) peridinioid 

(P) versus gonyaulacoid (G) cysts of dinocyst assemblages with P-cysts associated with high nutrient input, 

dominating regions of upwelling, restricted marine or nearshore regions with high terrestrial nutrient input, or 

regions of sea-ice being associated with a heterotrophic lifestyle and feeding strategy (see review and references 10 

in Sluijs et al. 2005). Conversely, G-cysts are considered autotrophic inhabiting more oligotrophic and open marine 

environments (Sluijs et al. 2005). However, it has been recognized that not all living P-cysts are heterotrophic 

(Dale and Fjellså, 1994; Sluijs et al. 2005) and therefore doubt has been raised over the autecological affinity 

(heterotrophic or autotrophic) of fossil cysts and the use of the P/G cyst ratio in general for paleo-productivity 

reconstructions. Nevertheless, whereas the unknown autecological affinity of fossil dinocysts may complicate the 15 

interpretation of the P/G ratio, it has been shown that despite the inevitable inclusion of P-cysts with autotrophic 

feeding strategy in such a ratio, the paleoenvironmental signal has not been obscured (see Sluijs et al. 2005). 

Despite these drawbacks, the P/G cyst ratio has been applied to Cretaceous strata with the results being 

corroborated by other sedimentological, biological and geochemical proxy data (e.g., Pearce et al. 2009; Prauss, 

2012a, 2012b; van Helmond et al. 2014). However, the interpretation of the P/G dinocyst ratio may also be 20 

impacted by differential preservation of dinocysts due to bottom-water and pore water redox conditions. In 

Quaternary sediments, oxidation of organic matter has been shown to result in degradation and preferential 

removal of P-cysts from palynological assemblages (Reichart and Brinkhuis, 2003; Zonneveld et al. 2007). The 

opposite seems to have been the case in mid-Cretaceous strata from the KWIS, where Dodsworth (1995, 2000) 

demonstrated the preferential destruction and removal of G-cysts from the palynological assemblage. In 25 

unpublished experiments by P.D. on Paleocene and Eocene rocks it has been noted that some protoperidinioid P-

cysts, a group that do not extend back to mid-Cretaceous times, are significantly less oxidation resilient than other 

types of P-cyst, including longer-ranging genera such as Subtilisphaera.  In any case, it has generally been 

recognized that caution should be exercised in interpreting relative abundances and the ratio between P- and G-

cysts, whereas the absolute abundance concentration of P- and G-cysts should more accurately reflect sea surface 30 



 

productivity conditions (see Reichart and Brinkhuis, 2003). We therefore calculated the ratio of P:G dinocyst 

individuals, and absolute abundances as proxies for organic paleoproductivity and to asses organic matter 

oxidation potential. 

 

Separate kerogen and post-oxidation biostratigraphy slides were prepared. All preparations were sieved at 15 µm. 5 

The palynological counting technique used in this study involved making an initial count of 100 palynomorphs to 

estimate percentages of peridinioid, areoligeracean, ceratioid, dinogymnioidean and gonyaulacacean dinocysts, 

prasinophyte algae, acanthomorph and sphaeromorph acritarchs, foraminiferal test linings and terrigenous and 

fresh- / brackish-water palynomorphs. Counting of dinocysts was continued until a total of approximately 100 

specimens were reached. Remaining slide material was thoroughly scanned for additional rare palynomorph taxa. 10 

Relative abundances are described as rare (<1-2), frequent (3-9), common (10-24), abundant (25-49) or super-

abundant (50+). Full dinocyst names with authors can be found in Fensome and Williams (2004). 

 

 

1.2.2. Geochemical methods 15 

Samples were analysed for major elements and trace metals using Inductively-Coupled Plasma Mass Spectroscopy 

(ICP MS) and Optical Emission Spectroscopy (OES) at Chemostrat Ltd, UK. To evaluate the redox state, we 

determined the concentrations of redox sensitive trace metals (TMs), in particular, Molybdenum (Mo), Uranium 

(U), Vanadium (V) and Zinc (Zn), all of which have been widely used to infer paleo-redox conditions in modern 

and ancient sediments (Brumsack, 2006; Tribovillard et al. 2006; Algeo et al. 2012). These redox-sensitive TMs 20 

show variable solubility with redox state, resulting in authigenic enrichments in oxygen-depleted sedimentary 

environments. We calculated TM enrichment factors (TMEF) normalized to Zirconium (Zr) and average shale 

(Brumsack, 2006). Relevant trace metal elements and major oxides were also cross-correlated with Aluminium to 

determine detrital contributions and presented in Eldrett et al.., (2015b). All elemental data and associated 

measurement accuracy are provided in the supplementary datafile. 25 

 

Bulk organic carbon isotope analyses were also conducted on the organic fraction (13Corg). An aliquot of each 

powdered sample was reacted with ~50 mls of 10% HCl overnight to remove any carbonate present, the acid was 

decanted, and then the sample was rinsed 3-4 times with 250 ml of de-ionized water.  The samples were dried in 

a 60°C oven and analyzed using a MAT253 mass spectrometer at the Dept. of Earth Sciences Isotope Labs, 30 



Southern Methodist University, Dallas, TX.  Isotopic values are reported relative to Pee Dee Belemnite (PDB); 

analytical uncertainties based on replicate and standard analyses are <0.1‰. Carbonate and organic C 

concentrations were determined during the stable isotope analysis workflow. Total Organic Carbon (TOC) 

analyses were also performed on selected samples using a Leco C230 analyzer. Analytical uncertainties for both 

methods are <0.1wt%. 5 

 

1.3. Age models 

The age models for the studied sections are based on integrated biostratigraphy (palynology, foraminifera, 

nannofossils) and carbon isotopes combined with U-Pb dating of individual zircons from bentonites layers in both 

Iona and Innes cores (see Eldrett et al., 2015a, Minisini et al. in review) and astronomically calibrated (Eldrett et 10 

al. 2015a). Of note for this contribution is that the shape and amplitude of the Cenomanian-Turonian Oceanic 

Anoxic Event 2 carbon isotope excursion (C-T OAE-2 CIE) in all three TX cores is similar to other records in the 

KWIS (e.g. Bowman and Bralower, 2005; Sageman et al. 2006; Joo and Sageman, 2014) with the intra CIE peaks 

as identified by Pratt and Threlkeld (1984) being clearly resolved (main text Fig. 3). However, compared to the 

KWIS reference section (Joo and Sageman, 2014) our δ13Corg isotopic record shows several precursor isotope 15 

excursions of approximately ~1.5‰ in Iona-1 between 111.36 and 107.17 m, which immediately precede and 

ultimately build up to the C-T CIE. In Portland-1 core, two isotope shifts in the order of ~1‰ are recorded 

(Duvivier et al. 2014) but are not included in the KWIS reference curve of Joo and Sageman (2014).  These 

precursor shifts in Portland-1 may correspond to the precursor events in Iona-1, with the third and youngest missing 

in an unconformity at the base of the Bridge Creek Limestone (‘bone bed’). Similarly, in both Innes-1 and well 20 

‘X’; some of these precursor events are missing, which combined with sedimentological evidence such as firm-

grounds (i.e. 53m in Innes-1; see detailed discussion in Minisini et al. in review) indicate a hiatus at the base of 

the Cenomanian-Turonian CIE at these sites. Subsequently to Eldrett et al. (2014), the authors now believe that 

the onset of OAE-2 occurs at the first possible rise of the stable carbon isotope curve (112.45 m in Iona-1) including 

the precursor events and occurring below the Last Occurrence (LO) of the planktonic foraminiferan 25 

Thalmanninella greenhornensis as also reported in Europe (Jarvis et al. 2011). Therefore, the duration of the OAE-

2 interval is substantially longer (0.92 ± 0.17 Myrs) than other KWIS records and that previously reported from 

European sections (~0.45 Myrs; Voigt et al., 2008) and supports that these other sections are incomplete due to 

hiatal/omission surface at the base of the recorded CIE and indicates an earlier initiation of the OAE-2 than 

previously recognized (Eldrett et al. 2015).  30 



 

 

1.4. Palynological results 

1.4.1. Biostratigraphy 

The Dakota Sandstone in the Portland-1 core is the oldest sedimentary unit in the present study. It contains long-

ranging terrigenous palynomorphs in the lower part, 211.61m to 211.53m, and dinocyst taxa indicative of 5 

proximity to the Albian – Cenomanian boundary in the upper part, including Ovoidinium scabrosum and 

Senoniasphaera microreticulata, which have a (possibly reworked) range top just above the unconformity at the 

base of the overlying Graneros Shale at 204.39m, The lower part of the Graneros Shale, up to the Thatcher 

Limestone, contains dinocyst taxa including rare Ovoidinium verrucosum, and frequent Xiphophoridium alatum 

and Kiokansium unituberculatum from 184.53m, consistent with an early Cenomanian age and correlation with 10 

the Buda Fm. in Texas. 

 

The biostratigraphy of the Eagle Ford Gr., including that of organic-walled phytoplankton, is discussed in detail 

by Eldrett et al. (2015) and Dodsworth (2016) for Iona-1 and Lozier Canyon. As indicated in Table S1, the dinocyst 

and prasinophyte bioevents discussed in the publications can be correlated with those in the other Eagle Ford Gr. 15 

sections documented in the present paper, and with the Portland-1 core and Pueblo outcrop in Colorado.  

 

Most of the KWIS correlative bioevents are not recognised in the low diversity dinocyst assemblages at Demerara 

Rise ODP Sites 1260 and 1261. Arai et al. (2000) also reported relatively low diversity Cenomanian and Turonian 

dinocyst assemblages from marine deposits along the Brazilian margin of the proto-Atlantic and ascribed the low 20 

diversity to oceanic anoxia. The intra-upper Cenomanian cosmopolitan dinocyst marker events, top consistent and 

top common Litosphaeridium siphoniphorum are however present in Site 1260, at 426.87m and 427.84m (MCD) 

respectively; a short distance (i.e. the first samples analysed) below the OAE-2 CIE (main text Fig. 9). As noted 

in Section 1.4.2, a sharp decline in prasinophyte phycomata recorded in the KWIS below the OAE-2 interval (top 

of Influx 2 in Table S1) occurs at both Demerara Rise sites. 25 

 

At Kerguelen Plateau Site 1138, top consistent / frequent Litosphaeridium siphoniphorum (> 3 specimens per 

coverslip in this section) is recorded at 657.07m, a short distance (i.e. the first sample analysed) below the OAE-

2 CIE. It is noteworthy that this is coincident with the range top of the dinocyst Hapsocysta peridictya, as also 

recorded in other high latitude southern hemisphere sections in New Zealand (Hasegawa et al. 2013; Schiøler & 30 



 

Crampton, 2014). Cyclonephelium compactum-membraniphorum is present throughout the sampled section, 

including the basal sandstone at 659.80m. Its range base is used as a late Cenomanian age indicator in mid-latitudes 

but it has an older stratigraphic range base at high palaeo-latitudes (Eldrett et al. 2014; van Helmond et al. 2016). 

Its lowest common occurrence in the first sample analysed above top consistent / frequent L. siphoniphorum 

correlates with that in the northern hemisphere (e.g. Table S1 and Dodsworth, 2000; Fig. 12). The dinocyst 5 

Adnatosphaeridium tutulosum has an uppermost Cenomanian range top in the northern hemisphere (e.g. Marshall 

& Batten, 1988; Jarvis et al. 2011; Table S1). Its detailed range has not previously been published from the southern 

hemisphere. Its presence at Site 1138A from the shallowest sample analysed here, 655.10m, is above the OAE-2 

CIE and the range bases of Turonian calcareous nannofossil marker taxa Quadrum gartneri (655.75m) and 

Eprolithus eptapetalus (655.70m) (Dickson et al. 2016), indicating it ranges into the lower Turonian in this region. 10 

 



 

 

 

Table S1. Correlation panel of Cenomanian and Turonian dinocyst and prasinophyte bioevents between Texas (TX) and Colorado (CO).  

 

 5 



 

The bioevents discussed in Eldrett et al. (2015) and Dodsworth (2016) for Iona-1 and Lozier Canyon respectively 

can be correlated with the other Eagle Ford Gr. sections documented in the present paper, and with the Portland-1 

core and nearby Rock Canyon Anticline outcrop section, west of Pueblo (CO). Pueblo area lithostratigraphy is 

taken from Kauffman & Pratt (1985). The Pueblo outcrop is the formally ratified Global boundary Stratotype 

Section and Point (GSSP) for the base of the Turonian Stage / lower Turonian substage (Kennedy et al. 2005), and 5 

the proposed GSSP for the base of the middle Turonian substage (Bengtson et al. 1996; Kennedy et al. 2000). 

These are dated as approximately 94.1 Ma and 92.9 Ma respectively by Eldrett et al. (2015). Pueblo ammonite 

zones are given next to the bed numbers in which phytoplankton bioevents occur; these are, in ascending order; 

(upper Cenomanian) Sciponoceras gracile (S.g.), Neocardioceras juddii (N.j.); (lower Turonian) Watinoceras 

coloradoense (W.c.), Mammites nodosoides (M.n.); (middle Turonian) Collignoniceras woollgari (C.w.). Pueblo 10 

palynological data are taken from Dodsworth (2000, beds 63 – 108; unpublished data, beds 109 – 125). Notes. The 

position of the base of the Turonian Stage in Portland-1 core is taken from Sageman et al. (2006), correlating with 

the GSSP outcrop base of Bed 86. * Indicates the stratigraphically highest sample analysed in a section. ‘Low’ 

next to a bioevent indicates a stratigraphically low occurrence relative to the other sections: In Iona-1, an isolated 

occurrence of Adnatosphaeridium tutulosum at 104.18m is below the level of its Last Occurrence (LO) in the other 15 

sections; At Lozier Canyon, an influx of common Senoniasphaera rotundata at 44.18m within the Langtry 

Member of the upper Eagle Ford Gr. is below the First Occurrence (FO) of common S. rotundata in the Austin 

Chalk in Iona-1 and Innes-1; At Pueblo, FO Consistent and FO Common Senoniasphaera turonica within the 

upper part of the lower Turonian, occur just below the base of the inter-regionally correlative ‘Early-Middle 

Turonian Event’ (EMTE) / ‘Pewsey’ carbon isotope feature, as picked here from the data of Pratt (1985; re-plotted 20 

in Kennedy et al. 2005, Fig. 10), between beds 118 and 121; in the TX sections Iona-1 and Innes-1, FO Consistent 

and FO Common S. turonica are stratigraphically higher, respectively within and above the ‘Middle Turonian 

Event’ (MTE) carbon isotope feature in Iona-1, as picked by Eldrett et al. (2015), from 61.14m – 59.17m. The LO 

of Adnatosphaeridium? chonetum in Iona-1 is stratigraphically higher (basal Turonian) than at Pueblo (intra-upper 

Cenomanian). 25 

 

1.4.2. Palynological assemblage results 

1.4.2.1. Southern KWIS (Texas) 

Palynological recovery in the Buda Limestone in the Iona-1 core is generally good with the limestone lithologies 

being characterized by low amorphous organic matter (AOM; ~20%) and associated higher recovery of 30 



 

palynomorphs (~30-50%) and phytoclasts (~20-40%). The palynomorph component is dominated by highly 

diverse marine dinocyst assemblages (Shannon-Weiner: >2.7; Simpson-Hunter: >0.9) with minor contribution 

from terrestrial pollen-spores (<6%; <63 counts per gram; c.p.g.).  The dinocyst assemblage consists primarily of 

gonyaulacioid (G-) cysts, including Spiniferites ramosus group, Pterodinium cingulatum cingulatum and 

representatives of the Dapsilidinium and Florentinia genera. The marlstones are characterized by increased relative 5 

abundance of AOM (60-90%), with the dinocyst assemblages showing slight increases in peridinioid (P-) cysts 

consisting of Palaeohystrichophora infusorioides and also the chorate dinocyst Cleistosphaeridium / 

Downiesphaeridium spp. Foraminiferal organic test linings are persistent throughout the Buda Limestone. 

 

The sediments of the lower Eagle Ford Gr. as recovered from Iona-1, Innes-1 and well ‘X’ cores record a shift in 10 

the kerogen composition compared to the underlying Buda Limestone, being characterized by high relative 

abundance of AOM and high relative and absolute abundances of green algal prasinophyte phycomata (see main 

text figures 4-6; and supplementary datafile). The dinocyst component of the assemblage records relatively low 

abundances with a high P:G ratio and a reduction in assemblage diversity (main text figures 4-6).  P-cysts include 

Palaeohystrichophora infusorioides; specimens comparable to taxa informally described from Tarfaya, Morocco 15 

which are referred to as “Peridinioid sp. 1 & 3” by Prauss (2012a) and Bosedinia sp. 1 & 3 by Prauss (2012b; see 

section 1.5, below); Subtilisphaera spp. and Subtilisphaera (Corculodinium) inaffectum sensu Harris and Tocher 

(2003). In both Innes-1 and Iona-1 the interval corresponding with the lower part of the isotopic excursion assigned 

to the Middle Cenomanian Event (MCE) records a decline in the P:G ratio. In general, land-derived (terrigenous) 

pollen and spores remains a minor constituent of the palynological assemblage with low relative (T:M ratio: 0.1) 20 

and absolute abundances (<600 c.p.g) comprised primarily of gymnosperm pollen (bisaccate pollen and 

Classopollis) and angiosperm Normapolles (Atlantopollis and Complexiopollis) and tricolpate pollen. 

 

In the middle part of the lower Eagle Ford Gr., a significant increase in the relative and absolute abundance of 

Bosedinia cf. sp 1 & 3 is recorded in all three cores and corresponds to a minima in dinocyst assemblage diversity 25 

(Shannon-Weiner: ~0.7; Simpson-Hunter: ~0.3). As Bosedinia cf. sp 1 & 3 abundances decrease in the upper part 

of the lower Eagle Ford Gr., dinocyst diversity recovers and the palynological assemblage is characterized by 

overall low dinocyst abundances (comprised mainly of P-cysts) and the return of prasinophyte phycomata 

dominated assemblages.  



 

Upper Eagle Ford Gr. sediments recovered from Iona-1, Innes-1 and well ‘X’ record a significant shift in 

palynological assemblages; notably the decline in prasinophyte phycomata and highly diverse (Shannon-Weiner: 

~3; Simpson-Hunter: ~0.9) but generally low absolute abundance of marine dinocysts comprised primarily of G- 

cyst forms such as Spiniferites ramosus group, Pterodinium cingulatum cingulatum, Florentinia spp. and 

Oligosphaeridium spp. The upper Eagle Ford Gr. interval also records the first sporadic occurrence of the 5 

Cyclonephelium compactum–membraniphorum morphological plexus (Innes-1:52.95m; Iona-1:105.96m; well 

‘X’: 1638.5m), which becomes consistent with frequent abundance at the first peak of the OAE-2 CIE (point ‘A’ 

of Pratt and Threkheld, 1984). The OAE-2 interval in all three cores is also marked by the increase in foraminiferal 

test linings and an increase in the ratio of terrigenous palynomorphs to marine palynomorphs (T:M). The absolute 

abundance of terrigenous material remains relatively constant in Iona-1 and only slightly increases in Innes-1 10 

(~400 c.p.g) and well ‘X’ (~100 c.p.g) comprising mostly gymnosperm pollen. In both Iona-1 and Innes-1, the 

Langtry Mb. is characterized by an increase in prasinophyte phycomata, with the basal boundary marked by a 

spike in terrigenous palynomorphs (max. 695 c.p.g; 71.15m), including pteridophyte spores.   There is no recorded 

increase in terrigenous palynomorphs at the upper Eagle Ford-Austin Chalk contact in either Iona-1 or Innes-1. 

The Austin Chalk interval is characterized by a reduction in AOM and an increase in foraminiferal test linings and 15 

highly diverse dinocyst assemblages dominated by G-cysts including Spiniferites ramosus group and Pterodinium 

cingulatum cingulatum. 

 

The Bouldin Creek outcrop section (main text figure 7) shows similar trends to those described above.  The 

analysed part of the Cloice Shale Mb. of the lower Eagle Ford Gr. is dominated by AOM (~90%); whilst the 20 

recovered dinocyst assemblage is primarily comprised of low diversity P-cyst forms including high abundance of 

Bosedinia cf. sp 1 & 3 (10.1m – 13.3m). Prasinophyte phycomata are relatively rare, although increase in 

abundance near the top towards the contact with the overlying Bouldin Flags Mb. Terrigenous palynomorphs 

abundances (400 – 1000 c.p.g) and foraminiferal test linings (~100 c.p.g) are consistent in the Cloice Shale Mb. 

The Bouldin Flags interval is represented by a single sample analysed for palynology.  This sample records a 25 

reduction in AOM quantity (~70%), but with a relatively diverse dinocyst assemblage (Shannon-Weiner: >3.4; 

Simpson-Hunter: >0.9) characterized by an increased contribution by G-cyst forms (P:G ratio = 0.7). The South 

Bosque Formation records similar diversity and dinocyst assemblages to the underlying Bouldin Flags; although 

prasinophyte phycomata abundances start to increase up-section.   

 30 



 

1.4.2.2. Central KWIS (Colorado) 

The palynological assemblages recovered in the basal section of the USGS Portland-1 core (main text figure 8) 

encompassing the Dakota Sandstone (213.36m – 208.97m) are characterized by high relative and absolute 

abundance of terrigenous palynomorphs (ave. T:M ratio = 0.7; 15,600 c.p.g;) with dominant pteridophyte spores 

and frequent freshwater algae. The high terrigenous values decrease in the uppermost part of the Dakota Sandstone 5 

as marine dinocysts and prasinophyte phycomata increase in abundance. Dinocysts remain relatively abundant and 

diverse throughout the lower part of the Graneros Shale (207.31m - 186.75 m), with persistent albeit low absolute 

abundance occurrences of foraminiferal test linings (ave. ~100 c.p.g) and prasinophyte phycomata (ave. 280 c.p.g). 

The Thatcher Limestone interval through to the lower part of the MCE interval (186.75m – 181.48m) records re-

occurrence of abundant terrigenous palynomorphs comprising mostly gymnosperm pollen with subordinate but 10 

diverse occurrence of pteridophyte spores. This interval also records a slight increase in Bosedinia cf. sp 1 & 3 

(ave. 150 c.p.g) although the dinocyst assemblages remain diverse (Shannon-Weiner: ~2; Simpson-Hunter: >0.9) 

with variable contributions from G- and P-cysts (P:G ratio ranging from 0.3-0.7) such as Spiniferites ramosus 

group and Palaeohystrichophora infusorioides respectively. Samples from the Lincoln Shale interval (173.76m-

163.03m) record increased relative abundance of AOM (ave. 70%) and an increase in the abundance of 15 

prasinophyte phycomata and a less diverse dinocyst assemblage comprising a greater proportion of P-cysts (P:G 

ratio ~0.8). Absolute abundance of Bosedinia cf. sp 1 & 3 increases slightly but are still relatively low (ave. 370 

c.p.g), while foraminiferal test lining and terrigenous palynomorph abundance decreases and remain low (100 and 

500 c.p.g., respectively).  The Hartland Shale interval (160.07m- 149.45m) is characterized by maxima in relative 

AOM abundance (93%) and absolute abundances of prasinophyte phycomata (~3,100 c.p.g) and relatively low 20 

diversity dinocyst assemblages comprised mainly of P-cysts such as Bosedinia cf. sp 1 & 3 (~2,300 c.p.g).  As 

absolute abundance of Bosedinia cf. sp 1 & 3 decreases near the top of the Hartland Shale, the relative abundance 

of prasinophyte phycomata in the palynological assemblage increases. Foraminiferal test linings are only recorded 

outside the count in the Hartland Shale, with low abundances of terrigenous palynomorphs (T:M ratio = 0.1). In 

contrast, the studied section of the Bridge Creek Mb. (147-90m-145.24m) records a decrease in AOM (ave. 54%) 25 

and prasinophyte phycomata (ave. 170 c.p.g), with an increase in the occurrence of foraminiferal test linings and 

diverse dinocyst assemblages (Shannon-Weiner: >2; Simpson-Hunter: >0.9) comprising mostly G-cysts (P:G 

ratio: <0.5) such as Pterodinium cingulatum cingulatum and representatives of the Spiniferites ramosus group. It 

is noted that the base consistent occurrence of the Cyclonephelium compactum–membraniphorum morphological 

plexus is recorded at 147.22m. 30 



 

 

1.4.2.3. Demerara Rise 

Palynological recovery from ODP Sites 1260 and 1261 (main text figures 9-10) was generally low due to the high 

abundance of AOM (~>90%). In order to obtain adequate concentrations of palynomorphs for counting 

Lycopodium tablets were not added, however this precluded the calculation of absolute abundances. The resultant 5 

palynomorph concentrations were sufficient for paleoenvironmental reconstructions and are reported as relative 

percentage abundances below. 

 

At Site 1260 in the lower part of the studied interval (445.19 and 466.5 m.c.d; main text figure 9) the palynological 

assemblage is primarily comprised of relatively low diversity marine dinocysts (60%; Shannon-Weiner: 1.3; 10 

Simpson-Hunter: 0.6). P-cysts domimate (P:G ratio: ave. 0.9) with Bosedinia cf. sp 1 & 3 comprising a significant 

proportion (~30%).  Above this interval (corresponding with the isotopic excursion assigned to the MCE) there is 

a relative abundance increase of prasinophyte phycomata (~30%) as the dinocyst assemblages become more 

diverse, but with a continued contribution from Bosedinia cf. sp 1 & 3.  Throughout the studied interval there is a 

greater contribution from terrigeneous palynomorphs (T:M ratio: ave. 0.3), whilst foraminiferal test linings are 15 

persistent but low relative abundance. During the OAE-2 CIE interval there is a recorded relative abundance 

decrease in prasinophyte phycomata and a slight increase in foraminiferal test linings. A drop in the abundance of 

AOM (60%) is recorded from a single sample at 423.1m. There is also an increased contribution from dinocysts 

(65%) with Bosedinia cf. sp 1 & 3 remaining a significant component (up to 55% of the dinocyst assemblages).  

 20 

A similar trend is also recorded at ODP Site 1261 with the pre-OAE-2 interval (467.995-637.585 m.c.d; main text 

figure 10) comprising of high relative abundances of prasinophyte phycomata (ave. 30%), low diversity of 

dinocyst assemblages and low relative abundance of foraminiferal test linings (~5%). The change in palynological 

assemblages in the OAE-2 interval is sharp, with a significant drop in relative abundance of prasinophyte 

phycomata (<10%) and a large increase in foraminiferal test linings (~25% of palynomorphs). The dinocyst 25 

assemblages record a slight increase in diversity (Shannon-Weiner: ~2; Simpson-Hunter: ~0.8), but with a 

continued contribution of Bosedinia cf. sp 1 & 3 (~16%).  

 

 

 30 



 

1.4.2.4. Kerguelen Plateau 

A diverse dinocyst assemblage (Shannon-Weiner: ~3.2; Simpson-Hunter: >0.9) was recovered from Site 1138 

(main text figure 11) The deepest sample analysed (659.80m) records low recovery due to the dominant sandstone 

lithology, but contains representatives of Spiniferites and notably the first sporadic occurrence of the 

Cyclonephelium compactum–membraniphorum morphological plexus.  G-cysts are abundant throughout the 5 

studied section, with Pterodinium cingulatum and Spiniferites ramosus group becoming more abundant up-section. 

Cyclonephelium compactum–membraniphorum morphological plexus also occurs throughout the studied interval, 

with a significant increase in abundance above 656.49m. Terrigenous pollen and spores comprise a minor 

component of the palynological assemblage (T:M ratio = <0.1). 

 10 

1.5. Notes on dinocyst genus Bosedinia  

1.5.1 Taxonomic comments 

Genus Bosedinia (He,1984) Chen et al.1988 emend. Prauss, 2012c 

In Cenomanian to Conician marine deposits at Tarfaya, Prauss (2012a, 2012b, 2012c) discriminated relatively 

simple spheroidal-shaped peridinioid dinocysts from algal leiospheres, based mainly on the presence of omphali 15 

(bio-polymeric ‘accumulation bodies’ of Evitt, 1985) inside and, in occasional rare specimens, a regular operculum 

outline which allows attribution to the genus Bosedinia. He reported that specimens often occur in dense clusters, 

probably reflecting phytoplankton blooms. 

 

As first noted by Eldrett et al. (2015) then Dodsworth (2016), Bosedinia is also present in the Cenomanian to 20 

Conician marine deposits in the KWIS (Texas and Colorado). Smaller laevigate specimens (20-40 μm) with sub-

spheroidal shape, lack of cavation, and when present a combination intercalary-apical archaeopyle with fused 

paraplate operculum, are comparable to the Tarfaya specimens of ‘Perdinioid sp.1’ / ‘Bosedinia sp.1’, informally 

described by Prauss (2012a, 2012b). Larger laevigate specimens (>40 μm) are comparable to his ‘Perdinioid sp.3’ 

/ ‘Bosedinia sp.3’. The KWIS and Demerara Rise specimens contain fewer omphali (usually one or none) and are 25 

referred to as Bosedinia cf. sp 1 & 3 in this report. Bosedinia specimens ornamented with verrucae (Bosedinia sp. 

2 [20-40 μm] and Bosedinia sp. 4 [>40 μm] of Prauss 2012b) have not been observed from the KWIS, although 

occasional specimens with grana have been noted, but verrucate specimens are consistently present at the 

Demerara Rise sites. Rare examples of individual intercalary plates were noted and photographed (Plate 1) on 

some Demerara Rise specimens of Bosedinia. Palynomorph swelling due to laboratory oxidation possibly 30 



 

contributed to intercalary plates breaking up on occasional specimens of Bosedinia (they are usually fused 

together), rather than indicating assignment to another peridinioid genus (cf. Schrank, 1988). 

 

1.5.2 Broader geographic and stratigraphic distribution 

Dinocysts with relatively simple morphology assigned to Bosedinia were first described from lacustrine deposits 5 

of Oligocene – Neogene age in the South China Sea (He, 1984; Cole, 1992) where they are associated with 

common occurrences of the fresh- / brackish water algae Pediastrum and Botryococcus, and an absence of 

microfauna. In addition to the marine records of Bosedinia from Tarfaya, KWIS and Demerara Rise discussed in 

the main paper, our unpublished work on the elsewhere (i.e. Oil Shale in Jordon) recorded abundant occurrences 

of Bosedinia cf. sp 1, 2, 3 & 4 in some samples, in association with Campanian – Maastrichtian ‘Malloy suite’ 10 

marker P-cysts (see section 1.6, below) and an absence of fresh- / brackish-water algae. The assemblages are 

presumed reworked into Eocene deposits, based on nannofossil evidence (Alqudah et al. 2014). Makled et al. 

(2014) suggested nutrient upwelling from the tethyan Levant upwelling system as a mechanism for stimulating 

palaeoproductivity of P-cysts during deposition of the Jordon Oil Shale and contiguous organic-rich deposits in 

Egypt. Boltenhagen (1977) illustrated possible Bosedinia specimens in Upper Cretaceous material from Gabon; 15 

single specimens were recorded as Leiosphaeridia sp. A, and clusters as Acritarcha subgroup Incertae. The 

prominent omphali present on his illustrated specimens supports their re-assignment to Bosedinia. It is likely that 

other authors have attributed Bosedinia to algal leiospheres or acritarchs; in the central KWIS, Harris & Tocher 

(2003) assigned clusters of specimens with omphali to the acritarch taxon Eyrea nebulosa Cookson & Eisenack 

1970 but these may be Bosedinia as they do not appear to have kalypta typical of E. nebulosa (corresponding 20 

photographic illustrations are found in the unpublished Ph.D. thesis of A.J. Harris, 1996 [Plate 43], University of 

Wales, Aberystwyth). Illustrations of candidate Bosedinia specimens have not been found by us in arctic/boreal 

KWIS or European literature, suggesting their abundant occurrence may be mainly confined to middle and in 

particular lower latitude regions during the Late Cretaceous. They are notably absent from the high latitude 

southern hemisphere Kerguelen Plateau Site 1138 samples reported in this paper. The occurrence of Bosedinia in 25 

the lacustrine and marine deposits reviewed here, including the marine organic-rich shales in low latitude tethyan 

realm sites that contain few or no fresh-water algae, are consistent with a broad range of salinity and oxygen 

tolerance. 



 

 

Plate 1. Peridinioid dinocysts (P-cysts) from ODP Leg 207, Sites 1260 & 1261A, Demerara Rise, and Bouldin 

Creek outcrop (AU-2), near Austin, Texas. Measured composite depths (MCD) are given for core samples while 

heights above base of sampled section are given for outcrop samples. England Finder references for specimen 

positions on microscope slides are also given. All figures are to the same scale (see 50 μm scale bar).Tethyan 5 

Realm P-cysts, tentative archaeopyle / operculum interpretations are given for individual specimens:  



 

Figs. 1, 3-8 and 10-14, Bosedinia cf. sp 1 & 3 of Prauss (2012b) (laevigate), 1. 1260, 444.19 m, M47/3: Suture at 

junction of tA & tI plates, operculum attached (?1a intercalary plate free). 3. 1260, 427.84 m, D41/1: Intercalary 

archaeopyle (separated 1a+2a+3a plates attached). 4. 1260, 425.48 m, U43/3: Intercalary archaeopyle (2a+3a plate 

attached with sutures between them, 1a plate free). 5. 1260, 445.19 m, W41/4: Suture at junction tAtI plates, one 

plate intercalary archaeopyle (3a plate free). 6. 1260, 426.33 m, X35/1: Intercalary archaeopyle (1a+2a plates 5 

attached, 3a plate free). 7. 1260, 425.17 m, O42/0: Intercalary archaeopyle (2a plate attached with suture but 1a+3a 

plates free). 8. 1260, 450.82 m, U37/3: Intercalary(?) archaeopyle suture. 10. 1261A, 629.64 m, W28/0: Cluster 

of specimens. 11. 1260, 450.82 m, L48/4: Suture at junction of tAtI plates, intercalary archaeopyle, detail 

uncertain. 12. 1260, 450.82 m, R46/2: Archaeopyle tAtI, operculum free. 13. 1260, 450.82 m, M46/0: Archaeopyle 

tAtI, operculum free. 14. 1261A, 636.60 m, L45/4: Archaeopyle tI, all three intercalary plates free.Figs. 2 & 9, 10 

Bosedinia cf. sp 2 & 4 of Prauss (2012b) (verrucate), 2. 1260, 425.4 8m, V39/0: Intercalary archaeopyle (2a+3a 

plates attached with sutures between them, 1a plate free). 9. 1260, 422.02 m, P33/0: Cluster of specimens. Note 

that the very rare examples of individual intercalary plates photographed here on some Demerara Rise specimens 

may have been caused by palynomorph swelling due to laboratory oxidation, resulting in intercalary plates 

breaking up on occasional specimens of Bosedinia (they are usually fused together), rather than assignment to 15 

another peridinioid genus (cf. Schrank, 1988). Boreal Realm P-cysts: Fig. 15. Eurydinium glomeratum, AU-2, 660 

cm, O39/3; Fig. 16. Isabelidinium magnum, AU-2, 950 cm, R14/2. Note that both specimens are morphologically 

closely comparable to the type material illustrated from Saskatchewan, Canada by Davey (1970).  

 

 20 

1.6. Peridinioid dinocyst and ammonite provincialism 

Lentin and Williams (1980) distinguished three Upper Cretaceous peridinioid dinocyst (P-cyst) provincial ‘suites’ 

based on their paleogeographic (mainly paleolatitudinal) distribution during the Campanian, derived largely from 

datasets in North and South America; the McIntyre suite which is arctic-boreal in distribution; the Williams suite 

in warm temperate areas and the Malloy suite, restricted to the tropical-subtropical paleolatitudinal belt. Costa and 25 

Davey (1992) recognised the former two suites in Europe from upper Cenomanian to Campanian deposits. 

McIntyre assemblages characterised by Laciniadinium and large species of Chatangiella and Isabelidinium 

roughly coincide with the siliciclastic Shetland Group in the northerly North Sea and Norwegian Sea. Williams 

suite assemblages characterised by species of Alterbidium, Spinidinium, Trithyrodinium and smaller species of 

Chatangiella and Isabelidinium roughly coincide with the limestone Chalk Group in the central and southern North 30 

Sea and onshore England and France. The Cenomanian and Turonian pre-dates the inception of Lentin and 

Williams’ (1980) tropical-subtropical species of Andalusiella, Cerodinium, Lejeunecysta and Senegalinium. The 

presence of elater-bearing pollen at the Demerara Rise sites analysed here is consistent with the tropical-

subtropical location (see below). As noted by van Helmond et al. (2016; Figure 1), other high resolution 

Cenomanian-Turonian stratigraphic dinocyst studies have not yet been published for low paleolatitudes in the 35 



 

proto-Atlantic. This probably mainly reflects widespread proximal depositional facies on African and South 

American margins during opening of the proto-Atlantic; papers that cover dinocysts from the interval are broad 

sample resolution (e.g. Arai et al. 2000; ODP, including Site 364; Morgan, 1978) or deal mainly with taxonomy 

(e.g. Jain and Millepied, 1973). The continuous presence of Bosedinia at the Demerara Rise sections investigated 

here compares well with other marine tethyan Realm sites in northern-western Africa (Tarfaya and possibly 5 

Gabon; Section 1.5). 

 

The upper Eagle Ford Gr. (Texas) and Lower Bridge Creek Limestone Mb. (Colorado) dinocyst assemblages 

reported here are broadly comparable to those from western European Chalk Group facies as summarised by Costa 

and Davey (1992), including diversified G-cysts and prominent Williams suite type P-cyst assemblages. From 10 

published North American and European data, along with data presented here, it is apparent that some P-cysts 

which are present in high abundances in the boreal region are found in lower numbers further south in more 

temperate zones and are absent from the tropical-subtropical zone at Demerara Rise. In deposits assigned to a late 

Cenomanian to middle Turonian age in Alberta and Saskatchewan, western Canada, i.e. the uppermost Belle 

Fourche Formation and Second White Specks Formation, Bloch et al. (1999) noted the first appearance and 15 

subsequent dominance in dinocyst assemblages of two large species of P-cyst, Isabelidinium magnum and 

Eurydinium glomeratum. Our unpublished data from two samples in the coeval Favel Formation in Manitoba, 

western Canada, confirms superabundant Eurydinium glomeratum and frequent Isabelidinium magnum around the 

same latitude. I magnum has a comparable stratigraphic range further south in the KWIS but it occurs in lower 

numbers. It is rare to frequent throughout the upper Cenomanian to middle Turonian strata at Pueblo, Colorado, 20 

with an abundant influx there in higher parts of the lower Turonian (M. nodosoides Ammonite Zone; Dodsworth, 

2000). It is also rare to frequent in occurrence in the upper Eagle Ford Gr. in Texas (see below) but is not recorded 

from Demerara Rise, Sites 1260 and 1261 (this paper). In Europe, an upper Turonian influx of I. magnum occurs 

in the northerly Shetland Group (Costa & Davey, 1992), at a higher level than the influx at Pueblo, while the taxon 

is generally rare or absent in the southerly Chalk Group. E. glomeratum has a comparable stratigraphic distribution 25 

to I magnum in Alberta and Saskatchewan (Bloch et al. 1999) but first occurs at higher stratigraphic level, around 

the lower Turonian W. coloradoense – M. nodosoides Ammonite Zone boundary, at Pueblo, Colorado and Bunker 

Hill, Kansas (Harris & Tocher, 2003). It is common in the upper part of the M. nodosoides Zone, from Bed 112, 

and in the overlying middle Turonian interval at Pueblo (C. woollgari Ammonite Zone; Table S1). In the upper 

Eagle Ford Gr. in Texas, it is present in outcrop at Bouldin Creek (this paper) and is rare and sporadic, restricted 30 



 

to the lower-middle Turonian interval in Iona-1. E. glomeratum was not recorded at Demerara Rise, Sites 1260 

and 1261 (this paper).  

 

Occurrences of boreal P-cysts in Colorado and Texas support the case presented by Eldrett et al. (2014) and van 

Helmond et al. (2016) for the G-cyst Cyclonephelium compactum-membraniphorum plexus (Ccm) migrating 5 

southwards with an incursion of cooler seawater from the north during the Plenus Cold Event (PCE). Persistent 

occurrences of Isabelidinium magnum in the upper part of the Hartland Shale Mb. (from 154.18m in the Portland-

1 core; this paper) and overlying Lower and Middle Bridge Limestone Creek Mbs. (Dodsworth, 2000) at Pueblo, 

Colorado; and from around the base of the upper Eagle Ford Gr. in Iona-1 and Innes-1, Texas (108.77m and 

52.43m respectively; Table S1) are consistent with a cooling trend. However, I. magnum is also sporadically 10 

recorded from the lower Eagle Ford Gr. in Iona-1 and Lozier Canyon. Its migration southward seems to pre-date 

that of Ccm and may have occurred during onset cooling prior to that culminating in the PCE. 

 

The main southward migration of boreal P-cysts at Pueblo, i.e. the influx of abundant Isabelidinium magnum and 

the persistently common occurrence of Eurydinium glomeratum in the higher part of the lower Turonian and the 15 

middle Turonian, post-dates the PCE and probably occurred after subsequent global warming close to the 

Cenomanian-Turonian boundary (e.g. Huber et al. 2002), the “early Turonian thermal maximum” of Pearce et al. 

(2009) and Jarvis et al. (2011). In the Eagle Ford Gr. cores, there is no obvious correlative influx of boreal P-cysts 

around the lower-middle Turonian boundary, although as noted above E. glomeratum is relatively persistent 

around that level in Iona-1 (88.87 to 70.45m). The apparent southward reduction in numbers of I. magnum and E. 20 

glomeratum between western Canada, Colorado and Texas mirrors that of I. magnum between the Shetland Group 

and Chalk Group in Europe and probably reflects increased sea surface temperature in warmer temperate 

paleolatitudes. Cobban (1984) also reported Cenomanian-Turonian boreal ammonite genera such as 

Dunveganoceras and Scaphites having a typically northern KWIS distribution while genera such as Vascoceras, 

Nigericeras, Romaniceras and Thomasites that are of value for correlation with tethyan sequences, are mostly 25 

confined to the southernmost part of the KWIS. However, the continuous albeit mainly rare presence of boreal P-

cysts in upper Cenomanian and Turonian strata at least as far south as Texas, along with associated high diversity 

G-cyst assemblages, is support for our interpretation of unrestricted/open marine oxygenated water-mass from a 

northerly source. Kennedy et al. (1987) also noted the presence of boreal ammonite faunas as far south as west 

Texas in intra-lower Turonian strata (Pseudaspidoceras flexuosum Ammonite Zone). It is also noteworthy that I. 30 



 

magnum is at its highest relative abundance in Iona-1 in the Austin Chalk (frequent in occurrence from 18.70m to 

7.91m), supporting our interpretation of re-introduction of cooler waters of northerly origin during the deposition 

of that limestone facies in west Texas.  

 

1.7. Pollen provincialism 5 

Herngreen and Chlonova (1981), Herngreen et al. (1996) and Traverse (2007) summarised pollen provincialism 

during the Late Cretaceous; an arctic-boreal Aquilapollenites province extending southwards to mid-continent 

North America and westward to eastern Asia; conversely a Normapolles province also mid-continent North 

America but extending eastward to Europe and western Asia. Samples analysed in this study from the Eagle Ford 

Gr. in Texas, and by Christopher (1982) and Dodsworth (2016), recovered Normapolle pollen genera 10 

Complexiopollis and Atlanopollis; rare specimens of these taxa were also reported from Pueblo, Colorado 

(Dodsworth, 2000). Significantly, triprojectate Aquilapolle pollen are only occasionally recorded from these 

localities, possibly due to relatively southerly positions within the KWIS and/or pre-dating of establishment of 

corresponding floras within the KWIS which Nichols and Sweet (1993) indicated as occurring during Santonian 

time, later than Turonian time suggested by Herngreen and Chlonova (1981). In Europe, Costa and Davey (1992) 15 

reported the southerly limit of triprojectate pollen approximately coinciding with the distribution of dinocyst 

associations of arctic-boreal affinities in the siliciclastic Shetland Group while Dodsworth (1996, 2000) reported 

rare Normapolles pollen (mainly Complexiopollis), from the eastern and southern England Chalk Group and an 

offshore southern North Sea oil well (UK 47/10-1). Normapolles pollen are a common component of palynological 

assemblages further south in Europe (e.g. Spain; Peyrot, 2011, 2012; Romania; Ion et al. 2004). The pollen records 20 

from Texas and Colorado indicate assignment of the sections investigated here to the Normapolles province. 

Herngreen and Chlonova (1981) distinguished a third low-latitude Palmae province which is delineated by the 

distribution of elater-bearing gymnosperm pollen and the genus Afropollis, and a fourth, higher latitude southern 

hemisphere (austral) Nothofagidites province. Elater-bearing pollen were only recorded from Demerara Rise Sites 

1260 and 1261 in the present study, and they were also noted in the underling Albian interval from Site 1260 by 25 

Krauspenhar et al. (2014), confirming assignment of the sections to the tropical-subtropical Palmae province. 

 

The occurrence of mainly pteridophyte/bryophyte spores in the terrigenous palynological assemblage of the 

Kerguelen Plateau Site 1138 samples analysed here relates to the palaeogeographic setting, i.e. the relatively cool 

temperate high latitude (antarctic) floral province of the Kerguelen Plateau during mid-Cretaceous times (cf. Mohr 30 



 

 

et al. 2002). Mohr et al. noted a dominance of pteridophyte/bryophyte spores over gymnosperm pollen (mainly 

Classopollis [Corollina]) throughout the Albian, Cenomanian, Turonian and Coniacian interval at Site 1138. 

 

1.8. Sequence Stratigraphic interpretations 

The Eagle Ford Gr. represents a 3rd-order transgressive-regressive cycle, termed Eagle Fordian by Pessagno (1969) 5 

and equivalent to the Greenhorn Cycle in the central KWIS (after Kauffman, 1984). The Eagle Ford sequence 

stratigraphic framework was further characterized at the ca. 58-m-thick Lozier Canyon outcrop in Terrell County, 

west Texas (see Donovan & Staerker 2010; Donovan et al. (2012) with the definition of four fourth order 

depositional sequences: K63 (Lozier Canyon Member), K64 (Antonio Creek Member), K65 (Scott Ranch 

Member) and K70 (Langtry Member). In general, each fourth-order sequence consists of a lower portion 10 

dominated by organic-rich carbonate mudstones and an upper portion consisting of carbonate mudstones with 

limestone interbeds, which are interpreted respectively as transgressive and highstand deposits reflecting variations 

in relative sea-level (Donovan & Staerker 2010; Donovan et al. 2012). However, subsequent foraminiferal 

(Lowery et al. 2014) and palynological (Dodsworth, 2016) studies on the Lozier Canyon section have not fully 

corroborated the sequence stratigraphic interpretation. In particular, in the Eagle Ford Gr., Lowery et al. (2014) 15 

found no microfossil evidence for sequence boundaries between i) the Lozier Canyon Member (K63) and the 

Antonio Creek Member (K64) and ii) the Antonio Creek Member (K64)–Scott Ranch Member (K65). 

Furthermore, the palynological data does not show any shifts in the ratio between terrestrial and marine 

palynomorphs across these proposed sequence boundaries that may indicate marked sea level change. An interval 

of prominent prasinophyte phycomata (>75% of the palynological assemblage) in the Antonio Creek Member 20 

(K64) at Lozier Canyon is also present at the same stratigraphic level in the Iona-1 and Innes-1 cores (Influx 2 in 

Table S1) and may reflect oxygen-deficient waters in the photic zone (see Prauss, 2007), resulting from lower sea 

levels relative to immediately underlying strata, as suggested by Dodsworth (2016). However, in this contribution 

the increase in prasinophyte phycomata is interpreted to more likely reflect the northward migration of an 

equatorial Atlantic tethyan water-mass into the KWIS during a period of overall sea level rise (see main text 25 

discussion). The sequence stratigraphic interpretation presented in this paper is different from that presented by 

Donovan & Staerker (2010) and Donovan et al. (2012) as discussed below and presented in Figure S1.  

 

The contact between the Buda Limestone and Eagle Ford Gr. is erosional and unconformable. Based on the 

biostratigraphic data, the hiatus between the two formations is constrained to the early Cenomanian, and a linear 30 



 

extrapolation between geochronological events and the astronomical age model for Iona-1 core indicate duration 

of ~0.41 Myr with resumption of deposition marking the base of the Eagle Ford Gr. occurring at 97.05 ± 0.12 Ma 

(see Eldrett et al. 2015a). This contact defines a regional sequence boundary overlying the high-stand systems tract 

of the Buda Limestone. The lowermost Eagle Ford Gr., is characterized by sigmoidal-cross stratification which is 

later substituted by hummocky cross stratification and transitions to limestone-marlstone couplets indicative of 5 

transgressive systems tract (see Minisini et al. in review for details). These rhythmical lithological alternations 

between limestone and marlstone have been demonstrated to reflect climate-driven cycles related to Earth–Sun 

dynamics without the need to invoke significant sea-level variations (Eldrett et al. 2015b). The palynological data 

presented here, combined with foraminiferal assemblages and sedimentological descriptions in both cores and 

outcrops (see Minisini et al., in review) provide no evidence for sea-level variations and provides no support for 10 

the placement of a sequence boundary within the lower Eagle Ford Fm. (equivalent to the K63-K64 boundary of 

Donovan et al. 2012). As such the palynological assemblage data reflects oceanographic and climatic variations 

that support the microfossil evidence (Lowery et al. 2014) and are entirely consistent with a Greenhouse Earth 

System characterizing the Cenomanian-Turonian stages, in which the magnitude and rate of sea level change 

would have been significantly reduced (<10–20m over periods of 10–400kyr; see review in Haq, 2014; Sames et 15 

al. 2016) compared to Icehouse conditions of the Late Cenozoic. The maximum flooding surface is picked in the 

lower part of the upper Eagle Ford based on peak abundances of planktonic foraminifera (unpublished) and 

dinocysts (this study) and thickening sedimentological cycles (Minisini et al. in review).  The overlying strata are 

interpreted as representing a high-stand systems tract, marked by a regional unconformity at the base of the Langtry 

Member.  In Iona-1 the duration of this hiatal interval is estimated ~180 ka (Eldrett et al. 2015a); whereas in both 20 

Innes-1 and Lozier Canyon (see Lowery et al. 2014) the top of the OAE-2 interval is missing in this unconformity 

(ca. 2 Ma). The Langtry Mb. of the Eagle Ford Gr., is interpreted to represent a transgressive systems tract 

culminating in a maximum flooding surface in the Austin.  However, even though the Eagle Ford-Austin contact 

is interpreted as conformable in the Innes and Iona cores, the increase in bivalves, shell fragments, echinoids and 

sediments recording symmetric ripples and some chaotic units may represent a regressive episode near the top of 25 

the Eagle Ford Gr. (see Minisini et al. in review), or be related to increase current activity independent of sea-

level.  A hiatal surface at the Eagle Ford-Austin contact is apparent in the Lozier Canyon section (Lowery et al. 

2014), in the subsurface in the Maverick Basin, Texas (unpublished data); and further to the north in the central 

KWIS (e.g. Hattin, 1975; Kauffman and Caldwell, 1993), and thus may reflect a regional sequence boundary. 



 

Further investigations into the nature of the Eagle Ford- Austin Chalk contact is recommended to determine its 

origin and extent. 

 

Figure S1. Sequence stratigraphic interpretation for the Innes and Iona cores. Correlation ties based on bio-events: 

nannofossils (blue); foraminifera (purple), dinocysts (green), regional bentonites (orange; labelled in bold). 5 

Transgressive-Regressive (T-R) cycle column following interpretation of Donovan et al. (2012; through 

correlation with Lozier outcrop section); nomenclature: SB = sequence boundary; MFS = Maximum Flooding 

Surface; MRS = Maximum Regressive Surface; colours: green= transgressive systems tract; yellow= highstand 

systems tract; orange = lowstand systems tract. K sequences after Donovan & Staerker (2010) and Donovan et al. 

(2012). However, sequence stratigraphic interpretations of Donovan & Staerker (2010) and Donovan et al. (2012) 10 

not supported here; alternative sequence stratigraphic interpretation presented: System tracts column; 

nomenclature: HST = highstand systems tract; TST = transgressive systems tract 
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