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Abstract. The Cretaceous experienced marked climatic variability driven by large igneous province volcanism, monsoonal 

dynamics and changes in ocean circulation, which strongly influenced the expression of oceanic anoxic events and Cretaceous 

Oceanic Red Beds (CORBs). Here we integrate cyclostratigraphic analysis of magnetic susceptibility records from Ocean 25 

Drilling Program Site 1049 (western North Atlantic) to evaluate the timing and synchronicity of CORB deposition between 

the Tethyan and North Atlantic realms. Our results show that long-lived Aptian CORBs coincided with global cooling and 

enhanced thermohaline circulation, whereas Albian CORBs were shorter lived and orbitally paced, reflecting greenhouse 

conditions dominated by circulation driven primarily by mesoscale eddies. Astrochronological tuning further constrains two 

short geomagnetic polarity reversals within the Cretaceous Normal Polarity Superchron, dating the M–2r reversal to 110.76 Ma 30 

(duration ~150 kyr) and placing reversed-polarity subchron 3 between 111.45 and 111.53 Ma. These ages provide robust 

geochronological tie points for Aptian–Albian stratigraphic correlations. 
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1 Introduction 

The Aptian–Albian interval (121.4 - 100.5 Ma; Gale et al., 2020) was marked by climatic shifts and extremely warm climate 35 

(Savin, 1977; Weissert, 1989; Huber et al., 2018), which was much warmer than that of today (Friedrich et al., 2012; O’Brien 

et al., 2017). These significant paleoclimatic shifts driven by intense volcanism associated with the emplacement of large 

igneous provinces (LIPs) (Schlanger and Jenkyns, 1976;  Tarduno et al., 1991; Larson and Erba, 1999; Percival et al., 2024; 

Li et al., 2024), elevated production of ocean crust (Larson, 1991), enhanced monsoonal activity (Matsumoto et al., 2022), and 

changes in oceanic circulation (Weissert, 1981; Premoli Silva et al., 1989; Hay, 2008, 2009; Giorgioni et al., 2015; Bottini and 40 

Erba, 2018). These fluctuations played a crucial role in shaping the sedimentary record, contributing to both the deposition of 

organic-rich black shales which, with different definitions, are known in the literature as oceanic anoxic events (OAEs; 

Schlanger and Jenkyns, 1976, Leckie et al., 2002) and the formation of Cretaceous oceanic red beds (CORBs), which signal 

episodes of improved oceanic oxygenation (Premoli Silva et al., 1989; Erbacher et al., 2001; Wang et al., 2009; Li et al., 2011; 

Hu et al., 2012). 45 

CORBs are fine-grained sedimentary rocks exhibiting red, pink, or brown hues, which are deposited in oxygen-rich pelagic 

marine settings (Hu et al., 2005a,b; Wang et al., 2005; Li et al., 2011). Their coloration is primarily attributed to iron oxides 

such as hematite and goethite, formed via syn-depositional oxidation and influenced by early diagenetic processes (Channell 

et al., 1982; Eren and Kadir, 2001; Li et al., 2011). Based on XRD and diffuse reflectance spectrophotometry (DRS) analyses, 

Hu et al. (2006b) proposed that the red coloration of the ODP Site1049 sediments could be attributed to the presence of 50 

microscopic, finely dispersed hematite. The widespread presence of benthic foraminifera in CORBs suggests oligotrophic and 

oxic bottom-water conditions and shifts in their assemblages from dysoxic to oxic states further reflect stepwise improvements 

in ocean ventilation during their deposition (Erbacher et al., 2001; Wang et al., 2009; Kochhann et al., 2023).  

Whereas OAE deposition has been linked to an intensified hydrological cycle and reduced vertical mixing (Fischer and Arthur, 

1977; Sinninghe Damsté and Köster, 1998; Erbacher et al., 2001; Matsumoto et al., 2022), CORB formation reflects 55 

contrasting environmental conditions, characterized by increased aridity, enhanced input of iron-rich aeolian dust, and 

intensified vertical mixing and bottom-current activity that promoted water-column ventilation and oxygenation (Hu et al., 

2012; Giorgioni et al., 2017). Although the periodic influx of cooler deep waters is considered a key driver in CORB formation 

(Hu et al., 2005b), multiple factors may have contributed to the formation of CORBs (e.g., oxygen flux into pore waters, 

prolonged oxygen exposure, changes in sea level, basin geometry, organic matter content, and atmospheric dust fluxes; Hu et 60 

al., 2005a,b; Li et al., 2011; Hu et al., 2012), hence suggesting a complex and multifactorial origin for these deposits. 

Among the proposed mechanisms for CORB formation, the presence of oxygenated bottom waters is considered the primary 

prerequisite for organic matter oxidation and the associated early diagenetic processes that characterize CORBs (Wang et al.,  

2009; Jansa and Hu, 2009). In this context, thermohaline circulation is widely recognized as the dominant mechanism 

responsible for deep-ocean oxygenation (Yamamoto et al., 2015). A fundamental requirement for the establishment of such 65 
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circulation is the existence of strong latitudinal temperature gradients between cold polar regions and warm equatorial zones  

(Hay, 2008) – —a condition generally considered atypical for the Cretaceous. 

However, multiple lines of evidence indicate the occurrence of cooling events during the Aptian, despite the prevailing 

greenhouse climate, which may have enabled the development of a thermohaline circulation capable of modifying water-

column stratification and promoting the oxidation of iron-bearing sediments in the presence of more oxygenated bottom waters 70 

(Hu et al., 2005a,b; Tiraboschi et al., 2009; Erbacher et al., 2001; Li et al., 2011; McAnena et al., 2013;). Accordingly, a link 

between CORB deposition and thermohaline circulation can be proposed for the Aptian Cold Snap (McAnena et al., 2013). 

Nevertheless, CORB occurrence is not restricted to the late Aptian. In the Tethyan realm, CORBs span from the Aptian to the 

Albian (Premoli Silva et al., 1989; Coccioni et al., 2012; Gambacorta et al., 2016), encompassing both typical Cretaceous 

greenhouse conditions and cooler interludes. A similar pattern is observed in the North Atlantic, where CORBs occur over the 75 

same time interval (Erbacher et al., 2001; Trabucho Alexandre et al., 2011; Li et al., 2011). The geochemical characteristics 

of these red beds, together with the duration of oxidation events across contrasting thermal regimes, likely hold key insights 

into Aptian–Albian paleoclimate evolution and ocean circulation modes. 

In such context, the Ocean Drilling Program (ODP) Leg 171B, Site 1049, located at Blake Nose in the western North Atlantic, 

provides a unique opportunity to study short-term CORBs that appear to be orbitally-controlled (Ogg and Bardot, 2001). These 80 

CORB intervals are marked by distinctive sediment coloration and high magnetic susceptibility (MS) readings due to hematite 

presence (Li et al., 2011; Hu et al., 2012). Shipboard indications of two thin reversed-polarity zones in Holes from ODP Site 

1049 (Norris et al., 1998) were later confirmed by Ogg and Bardot (2001), providing well-dated geomagnetic reversals based 

on global bioevents (Huber et al., 2011). 

This study presents a magneto-cyclostratigraphic analysis based on spliced MS records from Holes A, B, and C of the ODP 85 

Site 1049 (Norris et al., 1998). The excellent preservation of planktonic foraminifera at this site (Erbacher et al., 2001) allows 

for precise dating of CORB intervals, as well as the estimation of sedimentation rates and durations. Astrochronological age 

models enable the temporal correlation of geological events across sedimentary basins, linking records from classical sections 

studied using different methodologies and deposited in distinct oceanic settings, such as ODP Site 1049 in the North Atlantic 

and the Poggio Le Guaine (PLG) section in the Tethyan realm. 90 

By integrating orbital-cycle tuning of the MS dataset, the ages of short geomagnetic polarity reversals were constrained and 

updated in accordance with the latest Aptian–Albian biochronologies (Gale et al., 2020) and the ages of the key features of the 

carbon isotope curves (Ramos et al., 2024a,b). These reversals were subsequently correlated with other known events recorded 

during the Cretaceous Normal Superchron (CNPS) in multiple global locations (Baksi, 1995; Tarduno, 1990; Gilder et al., 

2003; Zhang et al., 2021; Fauth et al., 2022; Ramos et al., 2024b). Our results provide new insights into the paleoclimate of 95 

the Aptian–Albian interval and offer a comprehensive review of the key mechanisms related to CORB formation under 

different circulation modes. 
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2 Geological setting 

The Blake Nose, located in the western North Atlantic (Fig. 1), resembles an appendage on the eastern margin of the Blake 

Plateau, a gently sloping ramp that reaches a maximum depth of about 2700 m (Norris et al., 1998; Li et al., 2011). The Upper 100 

Cretaceous and Cenozoic deposits on the Blake Nose lie upon a sequence of Jurassic and Lower Cretaceous limestone. ODP 

Leg 171B drilled five sites along the Blake Nose transect, and three holes were drilled at Site 1049, positioned at 23°N during 

the Cretaceous, above the calcite compensation depth (CCD). 

The Cretaceous sediments at this site consist mainly of nannofossil chalk and claystone, including clayey and organic-rich 

intervals, with red, white, green, and black beds (Norris et al., 1998). Abundant planktonic and benthic foraminifera with well-105 

preserved glassy tests indicate minimal diagenetic alteration (Erbacher et al., 2001; Li et al., 2011). The Cretaceous sediments 

at this site are primarily composed of nannofossil chalk, clayey nannofossil chalk, nannofossil clay, clay, and an organic-rich 

black shale (Norris et al., 1998). The glassy shells of planktonic and benthic foraminiferal species suggest minimal diagenetic 

alteration (Erbacher et al., 2001; Li et al., 2011). The sediments are clayey calcareous nannofossil-bearing chalk and claystone, 

rich in planktonic foraminiferal assemblages, with color variations in red, white, green, and black beds. Several intervals at 110 

different Holes 1049A, 1049B and 1049C display color and compositional oscillations that appear to reflect a spectrum of 

Milankovitch orbital climate cycles (Ogg and Bardot, 2001). The laminated black shale, associated with OAE 1b (Norris et 

al., 1998; Erbacher et al., 2001; Huber and Leckie, 2011), is located within the M. rischi planktonic foraminiferal zone and 

near the base of the Hayesites albiensis nannofossil zone, linking it to the Urbino/Paquier Level (Coccioni et al., 2012, 2014; 

Ramos et al., 2024a). 115 

The color of oceanic red beds, influenced by hematite and goethite, reflects syn-depositional oxidation and early diagenesis, 

with no evidence of late diagenetic alteration (Wang et al., 2009; Li et al., 2011). At ODP Site 1049, the formation of iron 

oxides under oxic bottom-water conditions is supported by the presence of a flourishing benthic community (Wang et al., 

2009; Norris et al., 1998; Kochhann et al., 2023). At ODP Site 1049, a consistent terrigenous input and a clay mineral 

assemblage typical of a dry, cold climate with low rainfall suggest that iron oxides formed under oxic bottom-water conditions 120 

(Wang et al., 2009). The presence of a flourishing benthic community (Norris et al., 1998; Kochhann et al., 2023) further 

supports this interpretation. These conditions were likely driven by low organic matter accumulation and high dissolved 

oxygen content in bottom waters (Li et al., 2011). 

The Poggio Le Guaine (PLG) core, drilled in the Umbria–Marche Basin of central Italy, includes some of the most complete 

Aptian and Albian sedimentary successions known from the Tethyan Realm and provides the basis for an accurate and precise 125 

calibration of the Paleogene time scale (Coccioni et al., 2012; Leandro et al., 2022; Ramos et al., 2026). The astrochronology 

performed on this core, based on magnetic susceptibility, provides the most detailed zonation of OAE 1b (and its sub-events), 

as well as the definition of the ages of the main features of the carbon-isotope curve associated with this anoxic event (Ramos 

et al., 2024a), sequenced using Greek letters (Fig. 3). These C-marks (prominent features of the stable δ¹³C curve, including 

excursions, peaks, troughs, and shifts in the long-term behavior of the carbon isotope records, as described in Ramos et al., 130 
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2024a)These c-marks, due to the global nature of the carbon-related isotopic anomalies (Weissert, 1989), incorporate 

chemostratigraphic tie-points that enable long-distance correlations between successions in different sedimentary basins 

(Ramos et al., 2024a). 

 

 135 
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Figure 1: Top: Early Albian paleogeographic reconstructions at 110 Ma with the location of the ODP Site 1049, PLG core and the 

other sites/outcrops used for the short geomagnetic reversed-polarity correlations. Sea Level +80 m, Mollweide Projection. Modified 

from CR Scotese, PALEOMAP Project. Bottom: a) The stratigraphic framework with age (Ma), planktonic foraminiferal and 

calcareous nannofossils zones (Huber and Leckie, 2011; Coccioni et al., 2012; Gale et al., 2020; Ramos et al., 2024a,b). b) 

Geomagnetic polarity and reversal identifications (Savian et al., 2016; Gale et al., 2020; Li et al., 2023; Ramos et al., 2024b, 2025). 140 
c) Tuoyun section (Gilder et al., 2003). d) Raajmahal Traps (Baksi, 1995). e) Sanbaoying, Liaoning Province (Shi et al., 2004). f) 

Jiaolai Basin (Li et al., 2023). g) DSDP Site 402A (Tarduno, 1990; Ramos et al., 2024b). h) DSDP Site 463 (Tarduno, 1990). i) SER-

3 core (Fauth et al., 2022). J) ODP Site 317A (Tarduno, 1990). l) ODP Site 1049 (Ogg and Bardot, 2001). 

3 Methods  

All data used in this study (i.e., the MS dataset and the spliced instructions for cores from Holes 1049A [Core 19X, 1-4], 145 

1049B [Core 11X, 1-2 and Core 12X, 1-5], and 1049C [Core 12X, 1-cc]) were obtained from the Laboratory Information 

Management System (LIMS) online repository of the International Ocean Discovery Program (available at 

https://web.iodp.tamu.edu/LORE/). Norris et al. (1998) provided a ODP Site 1049 spliced (Fig. 2d) ranging from 131.0 to 

151.3 mbsf based on the shipboard low-field magnetic susceptibility (MS) data (measured on whole-round core sections at 

each 2 cm) from Holes A, B and C (Figs. 2a to 2c, respectively), which was used for our cyclostratigraphic analyses. The ODP 150 

Site 1049 spliced comprises the upper section from Hole A (Cores 19X-1 to 19X-4), complemented by Hole B (Core 11X-1). 

From 138.28 mbsf to 146.03 mbsf, the Spliced Hole is constructed using Cores 12X-1 to 12X-6 from Hole C. Finally, the basal 

part of the Spliced Hole is composed using Cores 12X-1 to 12X-5 from Hole C (Fig. 2d). We constrained the 

magnetostratigraphic evaluation of Ogg and Bardot (2001) at the 144.0 – 160.5 mbsf interval from Hole 1049A, which 

exhibited the higher core recovery and comprises both the top Albian unconformity and the unconformity separating the 155 

Aptian-Albian intervals.  

 

3.1 Magnetostratigraphy 

 

As discussed above, a preliminary magnetostratigraphic framework for ODP Site 1049 was first presented by Norris et al. 160 

(1998) and subsequently reinterpreted through detailed paleomagnetic analyses of minicore suites using stepwise thermal 

demagnetization (Ogg and Bardot, 2001). These latter authors interpreted the upper Aptian reversed-polarity interval (~155 

mbsf; 171B-1049A-20X-1) as a diagenetic artifact related to post-Albian iron mobilization driven by redox contrasts near an 

organic-rich horizon. However, a normally magnetized sample (20X-2, 30–32 cm) occurs between the questioned reversed 

interval and the underlying black shale. This sample displays pronounced yellowish and greenish staining in the original 165 

sediments, suggesting preservation of the primary magnetization. 

Independent mineralogical and biostratigraphic evidence argues against significant late diagenetic overprinting at ODP Hole 

1049C. Clay mineral assemblages show no systematic depth-related trends; notably, illite and chlorite do not progressively 

replace smectite with increasing burial depth, indicating the absence of burial diagenesis (Li et al., 2011). In addition, 

planktonic and benthic foraminifera exhibit glassy tests with well-preserved surface ornamentation and no calcite infilling, 170 



7 

 

further supporting minimal diagenetic alteration (Erbacher et al., 2001; Li et al., 2011). The occurrence of goethite precisely 

at the level recording the older reversed geomagnetic field provides additional support that the magnetic mineralogy remained 

largely unmodified and did not overprint a younger reversed polarity signal (Li et al., 2011). Therefore, this reversal is retained 

as valid in our study. 

 175 

Within the broader magnetostratigraphic context, Ryan et al. (1978) documented seven short-duration geomagnetic reversals 

during the Aptian–Albian interval, excluding M0r. The earliest of these was termed M-1r, whereas the second Aptian reversal, 

although listed in their Table 6 (see Ryan et al., 1978), was left unnamed. A third reversal, occurring in the Albian, was 

designated M-2r, followed by another unnamed event. The antepenultimate Albian reversal was termed M-3r, while the final 

two reversals also remained unnamed. Although commonly treated as isolated events (e.g., Gale et al., 2020), short reversals 180 

within the CNPS are frequently organized into closely spaced reversal sets (Ryan et al., 1978; Tarduno et al ., 1992; Zhang et 

al., 2021; Ramos et al., 2025). 

Using biostratigraphic constraints and an estimated inter-event spacing of ~860 kyr, Ramos et al. (2024b) subdivided the 

reversal traditionally referred to as M-1r (sensu Gale et al., 2020) into two distinct Lower Aptian events, termed M-1r and 

reversal “2”. This pair of reversals has been identified both at DSDP Site 402A in the eastern North Atlantic and within the 185 

Brazilian Equatorial Margin, with comparable timespans and inter-event intervals (Ramos et al., 2024b, 2025). 

The reverse-polarity event defined as M-2r was likewise initially recognized as a pair of closely spaced reversals (Ryan et al., 

1978; Tarduno et al., 1992), occurring within the Prediscosphaera cretacea or Prediscosphaera columnata biozones. Because 

reversal “2” of Ramos et al. (2024b) is constrained to the Aptian and stratigraphically underlies the reversed interval ident ified 

here, we designate this newly recognized short reversal as “3” (Fig. 2). A second reversed-polarity interval at ~146.5 mbsf 190 

(171B-1049A-19X-2, 103–105 cm) is interpreted as the Albian subchron M-2r and is recorded consistently in two holes at 

ODP Site 1049 (Fig. 2). For both reversals, upper and lower boundaries were defined at the intersections between the 

inclination-depth interpolation and the 0° inclination axis. 

On this basis, we further subdivide the reversal previously assigned to M-2r (sensu Gale et al., 2020) into two discrete events, 

retaining the name M-2r for the younger reversal and assigning the older event to reversal “3”. 195 

 

3.2 1 Cyclostratigraphy 

 

 

Magnetic susceptibility, CaCO₃ and other geochemical records from the Aptian/Albian intervals (Li et al., 2011; Hu et al., 200 

2022) show pronounced short-term cyclicity linked to Milankovitch forcing (Ogg and Bardot, 2001), reflecting alternations 

between phases of active water bottom circulation and episodes of water-column stagnation (Fig. 3). Cyclostratigraphic 

analysis of the ODP Site 1049 spliced was performed using version 2.4.1 of the Acycle software (Li et al., 2019). Due to the 
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evenly spaced acquisition of the MS data, interpolation was not required. A locally weighted scatterplot smoothing (‘lowess’) 

trend of 3.97 m window (equivalent to ~20% of the entire data length) was removed prior to spectral analysis. 205 

To investigate potential imprints of orbital forcing in the stratigraphy, spectral analyses were conducted using the multitaper 

method (MTM; Thompson, 1982) with two prolate tapers. Statistical significance was assessed by fitting a first-order 

autoregressive [AR(1)] red-noise null hypothesis and estimating confidence levels at 95% and 99%, following the robust 

background estimation procedure of Mann and Lees (1996). The transience and/or persistence of astronomical frequencies 

throughout the dataset was evaluated using Evolutive Harmonic Analysis (EHA; Meyers et al., 2001). Candidate orbital 210 

frequencies were then compared with those predicted by the La2004 astronomical solution for Aptian-Albian times (Laskar et 

al., 2004). Astronomical calibration was anchored on four tie points:  

- TP.1: an age of 111.88 Ma for the base of the H. albiensis calcareous nannofossil Zone at 142.4 mcd, anchored between 

the c-markers   and  (112.20 and 111.80 Ma, respectively) (Ramos et al., 2024a);  

- TP.2: an age of 111.52 Ma for marker o at 139.5 mcd;  215 

- TP.3: an age of 114.91 Ma for the first occurrence (FO) of the planktonic foraminifera Paraticinella rohri at 147.8 

mcd; and  

- TP.4: an age of 115.64 Ma for the FO of Hedbergella trocoidea at 153 mcd (Huber et al., 2011; Huber and Leckie, 

2011; Ramos et al., 20264a,b) (Fig. 3).  

 220 
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Figure 2: a) Magnetostratigraphy of ODP Site 1049 Hole A, showing planktonic foraminiferal zones (Huber et al., 2011), cores, core 

photographs, and geomagnetic polarity (Ogg and Bardot, 2001). b) Section of ODP Site 1049 Hole B used to compose the spliced 

section (Norris et al., 1998). c) Section of ODP Site 1049 Hole C. Planktonic foraminiferal and calcareous nannofossil zones from 

Huber et al. (2011). d) Spliced section of magnetic susceptibility data from Holes 1049A, 1049B, and 1049C (Norris et al., 1998). The 225 
magnetic polarity curve was derived from Hole A. 
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Figure 3: a) Magnetostratigraphy of ODP Site 1049 (spliced), showing planktonic foraminiferal zones (Huber et al., 2011), cores, 

core photographs, and geomagnetic polarity (Ogg and Bardot, 2001). Spliced section of magnetic susceptibility data from Holes 230 
1049A, 1049B, and 1049C (Norris et al., 1998). The magnetic polarity curve was derived from Hole A. TP = tie-points. b) Bulk 

carbonate samples from the upper Aptian–lower Albian interval of ODP Hole 1049C plotted alongside ages of the c-markers (Ramos 

et al., 2024a) and the CORBs levels. c) Correlated interval of the PLG core with stages, planktonic foraminiferal and calcareous 

nannofossil zones, bulk carbonate profile, c-markers, and CORBs numbers (Coccioni et al., 2012, 2014; Leandro et al., 2022). The 

shaded polygon represents the interval absent at ODP Site 1049. The grey square indicates the interval related to OAE 1b 235 
(Urbino/Paquier Level; Erbacher et al., 2001). d) Magnetic susceptibility and geochemical data (Li et al., 2011; Hu et al., 2012) from 

ODP Site 1049C, showing the cyclic variations between CORBs and non-CORBs intervals.   

 

 

 240 Formatado: Normal
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4 Results  

An unconformity separating the Aptian and Albian intervals at ODP Site 1049 was previously reported (Huber et al., 2011; 

Huber and Leckie, 2011; Hu et al., 2012). The identification of orbital imprints in the MS data was carried out independently  

for each interval. MTM spectral analyses of the MS records (Fig. 4a,d) revealed a broad spectral content, commonly exceeding 

the 95%–99% confidence thresholds (Fig. 4b,e). At the Aptian section, a sequence of spectral peaks compatible to the orbital 245 

imprint was identified with ratios of 256:83:62:23:14 cm = 18.3:5.9:4.4:1.6:1. These values closely align with the expected 

Milankovitch cyclicity for the Aptian (405:125:95:39:23 = 17.6:5.4:4.1:1.7:1; Waltham, 2015). Similarly, a set of spectral 

peaks for the Albian interval (357:128:97:34:18:15 cm) corresponds to a ratio of 23.8:8.5:6.5:2.3:1.2:1, which is in strong 

agreement with the predicted astronomical frequencies (405:125:95:39:23:18 = 22.5:6.9:5.3:2.2:1.3:1; Waltham, 2015). 

Such findings indicate that the correspondence between observed and theoretical periodicities for both intervals suggests that 250 

sedimentation at ODP Site 1049 during the Aptian–Albian was likely influenced by orbital forcing, supporting earlier 

interpretations by Ogg and Bardot (2001). Additionally, analysis of both the power spectra and EHA results (Fig. 4c,f) revealed 

a low wavelength range pattern compatible to the orbital imprint which is quite stable throughout the studied interval. For the 

Aptian interval, we associated the following spectral bands with eccentricity signals: 405-kyr and 125/95-kyr, corresponding 

to 0.1–0.5 and 0.7–1.8 cycles/m, respectively. Additionally, we attributed the spectral bands of 2.2–4.6 m and greater than 5.2 255 

cycles/m to the obliquity (∼51 to ∼29 kyr) and precession (∼23 to ∼14 kyr) signals, respectively (Fig. 4b,c). In the Albian 

interval, we related the following spectral bands with eccentricity signals: 405-kyr and 125/95-kyr, corresponding to 0.1–0.6 

and 0.8–3.0 cycles/m, respectively. Similarly, the obliquity (∼51 to ∼29 kyr) and precession (∼23 to ∼14 kyr) signals were 

linked to the spectral bands of 3.6–6.4 and greater than 6.8 cycles/m, respectively (Fig. 4e,f). 

The interpreted 405-kyr long-eccentricity sinusoidal component was extracted from the MS record of ODP Site 1049 through 260 

Gaussian filtering, following the methodology outlined by Li et al. (2019). In our analysis, we correlated the minimum 

eccentricity phases derived from astronomical models (Laskar et al., 2004) with the lowest MS values in the dataset (Fig. 5a). 

After anchoring the stratigraphic positions of the tie points—TP.1 at 111.88 Ma, TP.2 at 111.52 Ma (located in close proximity 

to the reversal-polarity event “3”), TP.3 at 114.91 Ma, and TP.4 at 115.64 Ma—we estimated sediment accumulation rates 

(SARs) ranging between 0.4 and 0.8 cm/kyr (Fig. 5b). 265 

Our astronomical tuning provided an age of ~ 111.45 Ma for the onset of reversal-polarity event “3”, located at a depth of 

139.5 mcd and spanning an estimated duration of ~80 kyr. Furthermore, an age of 110.61 Ma was assigned for the base of the 

M-2r reversed interval (~134 mcd) (Figs. 5c and 5d). We also constrained the age of the black shale interval—interpreted as a 

time equivalent of the Urbino Level (Coccioni et al., 2014; Ramos et al., 2024a)—to between 111.59 and 111.66 Ma. 

Additionally, the stratigraphic gap (Huber et al., 2011) represented by the unconformity was estimated to span approximately 270 

2.56 million years. 
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Figure 4: MS dataset prior and after Lowess detrending from the Albian (a) and Aptian (d) interval ODP Site 1049. Gray line: 275 

original MS values. black line: detrended MS data. red line: 405‐kyr long eccentricity component. (b, e) Multitaper spectral 

estimator‐based spectral analysis showing the interpreted cycles and the respective bands (colored rectangles). (c, f) evolutionary 

spectral analysis of series. E: long‐eccentricity; e: short‐eccentricity; Obliq: obliquity; Prec: precession index. 



13 

 

 

Figure 5: (a) Spliced MS (dashed grey line) and Lowess detrended MS (black line) and 405‐kyr component (red line) of ODP Site 280 

1049, presenting the stages, planktonic foraminifera and calcareous nannofossils zones, and geomagnetic polarity. TP.=tiepoint. b) 

SAR resulting from the tuning. c) Eccentricity signal from the La2004 astronomical solution (Laskar et al., 2004) Long-eccentricity: 

red line; short-eccentricity: blue line) and its 405‐kyr sinusoidal filtered component (red line). (d) Tuned Spliced MS (black line) and 

405‐kyr component (red line) of ODP Site 1049 and its associated 405‐kyr component (red line). The ages of rapid reversals within 

the CNPS resulting from the tuning are highlighted in green. 285 

 

The cyclostratigraphic evaluation of the MS record from ODP Site 1049 supports the conclusion that sedimentation during the 

analyzed interval was modulated by orbital forcing, with a clear imprint of both long- and short-eccentricity cycles. Based on 

the age model derived from the tuning process, it was also possible to evaluate the SAR, to date the CORB intervals and to 

correlate them with those identified in the PLG core (Coccioni et al., 2012; Ramos et al., 20252026) (Fig. 6).  290 

In the Aptian, CORB A showed a strong correlation with CORB 1 from the PLG core (Coccioni et al., 2012). Both intervals, 

with durations exceeding 1 Myr, can be classified as long-term CORBs (Hu et al., 2012). Although there were smaller, darker 
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layers (short-term CORBs; Hu et al., 2012) within CORB A, with durations corresponding to Milankovitch cycles, almost all 

the Aptian sedimentation at ODP Site 1049 between 115.8 and 114.5 Ma consists of reddened sediments. In addition to the 

short-term CORBs, which reflect orbital forcing, there were other distinctly reddish intervals with durations of ~350 and ~210 295 

kyr. These intervals have durations that do not correspond to any known orbital cycle (Fig. 6, left). 

The basal section of the Albian stage, which was also affected by the unconformity (absence of the Microhedbergella renilaevis 

planktonic foraminifera Zone), is characterized by the absence of CORBs.  The CORB 3, associated with the Monte Nerone 

level, is also absent. 

Similarly to the PLG core, but with distinct durations, the ~400-kyr-long interval following the first occurrence (FO) of the H. 300 

albiensis nannofossil Zone is composed of sediments predominantly green in color. The onset of the black shale, corresponding 

to the Urbino Level, is marked by a shift from yellow-greenish to black coloration. This event begins at 111.66 Ma and lasts 

for approximately 70 kyr (Fig. 6). CORB B starts at 111.50 Ma in the ODP 1049 section and consists of at least eight main 

levels of reddish-brown coloration, with durations consistent with Milankovitch cycles. The high concentration of hematite in 

this interval (Hu et al., 2006a,b) results in a significantly larger MS amplitude compared to the rest of the studied section. After 305 

the termination of CORB B (~110.97 Ma), an interval with alternating yellowish and greenish hues predominates until the 

onset of CORB C at ~110.84 Ma. The onset of CORB C is gradual, allowing for a potential correlation with CORB 4. However, 

despite the possible correlation between the onsets of CORB C (ODP Site 1049) and CORB 4 (PLG core), the latter exhibits 

a shorter duration (Fig. 6). 

The eight main CORB levels composing CORB B (Fig. 6) have the following thicknesses and estimated durations (from oldest 310 

to youngest): ~55 cm / 125 kyr; 12 cm / 39 kyr; 7 cm / 23 kyr; 34 cm / 95 kyr; 12 cm / 39 kyr; 5 cm / 18 kyr; 6 cm / 22 kyr; 

and 5 cm / 18 kyr. For CORB C, from oldest to youngest, the values are: ~12 cm / 39 kyr; 5 cm / 18 kyr; 5 cm / 18 kyr; 5 cm 

/ 18 kyr; 5 cm / 18 kyr; 7 cm / 23 kyr; 12 cm / 39 kyr; 7 cm / 23 kyr; 34 cm / 95 kyr; and 12 cm / 39 kyr. It should be noted 

that these values are approximate, as some red beds appear (and disappear) abruptly, whereas others show more gradational 

boundaries. 315 

The cyclic patterns are consistent with enhanced variability in bottom-water ventilation and primary productivity, in agreement 

with previous observations of orbitally paced changes in Early Cretaceous deep-ocean oxygenation (Herbet et al., 1986; 

Leandro et al., 2022; Gambacorta et al., 2016). In contrast, Aptian proxies display more uniform behavior, with low-amplitude 

CaCO₃ variations and the absence of clear productivity cycles (Fig. 3). This suggests a more stable paleoceanographic regime 

during the Aptian, likely maintained by restricted oceanic connectivity prior to the full opening of the Equatorial Atlantic 320 

Gateway (EAG; Duarte et al., 2025; Ramos et al., 2025) and by the persistence of the Cold Snap climatic state. Orbital pacing, 

however, is still recorded in Aptian MS fluctuations, indicating sensitivity to insolation forcing even under comparatively 

steady circulation. 

 

 325 
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Figure 6: a) Aptian interval from ODP Site 1049, highlighting the time spans of the CORBs layers. b) Aptian interval from the PLG 

core. c) Albian interval from ODP Site 1049, illustrating the time spans corresponding to the CORBs layers and the Urbino/Paquier 

Level (indicated by the grey rectangle). d) Albian interval from the PLG core, depicting the durations associated with the CORBs 

and the Urbino Level (represented by the black rectangle). Age models and CORBs boundaries follow Ramos et al. (2024a) and 330 

Coccioni et al. (2012). 

 

 

 

 335 

5 Discussions  
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5.1 Aptian–Albian paleoclimatic reorganization of ocean circulation  

A major paleoclimatic transition across the Aptian–Albian boundary is recorded by long-term fluctuations in the carbon isotope 

record, reflecting changes in the global carbon cycle linked to ocean circulation and productivity (Weissert, 1989). At ODP 340 

Site 1049, δ¹³C values shift abruptly from ~4‰ to ~2‰ VPDB, providing clear evidence for a fundamental climatic 

reorganization (Huber et al., 2011). Independent proxies, including floral and faunal turnover, plant fossils indicating cooler 

conditions, glendonites, ice-rafted debris, and intensified hydrological cycling associated with the late Aptian Equatorial 

Humid Belt, corroborate this transition (Hochuli, 1981; Krassilov, 1973; Leckie, 1989; Kemper, 1987; Herrle et al., 2015; 

Santos et al., 2022; Ramos et al., 2025). Tethyan records further indicate reduced siliciclastic input, turnover within the G. 345 

algerianus Zone, and a pronounced global sea-level fall (Weissert and Lini, 1991). 

This cooling, often termed the Aptian “Cold Snap” (McAnena et al., 2013), is commonly attributed to declining atmospheric 

CO₂ levels, likely driven by enhanced burial of organic carbon and pyrite, which slowed carbon cycling and promoted polar 

ice growth (Weissert and Lini, 1991; Leandro et al., 2022). Large Igneous Province (LIP) emplacement, particularly the 

Kerguelen Plateau, may have contributed to this climate shift by perturbing the carbon cycle and triggering episodic cooling 350 

(Coffin and Eldholm, 1994; Percival et al., 2024). Geochemical proxies, including benthic and planktonic δ¹⁸O, indicate that 

Aptian bottom waters were up to ~10°C cooler than those of the Albian, highlighting a rapid warming of both surface and deep 

waters across the boundary (Huber et al., 2011; Kochhann et al., 2023). 

Under typical Cretaceous greenhouse conditions, high-latitude regions were unlikely to generate dense, oxygenated deep 

waters, leading to sluggish deep-ocean ventilation (Schlanger and Jenkyns, 1976; Hay, 2008, 2009). The Aptian Cold Snap 355 

temporarily disrupted this mode, enhancing thermohaline circulation through increased oxygen solubility in colder waters and 

possibly the presence of polar ice. This circulation regime promoted deep-water renewal and organic matter oxidation, 

processes that facilitated CORB formation, as evidenced by widespread hardgrounds, intensified bottom currents, and a basin-

wide shift from grey-green to red-brown sediments (Premoli Silva et al., 1989; Weissert and Lini, 1991). 

During the Albian, renewed greenhouse conditions suppressed deep-water formation by reducing latitudinal thermal gradients, 360 

with ocean heat transport dominated by mesoscale eddies and low-latitude sinking of warm, saline waters (Hay, 2008, 2009; 

Gambacorta et al., 2016). This shift is reflected in clay-mineral assemblages and geochemical proxies: Aptian Ca-rich CORBs 

formed under drier conditions with limited terrigenous input, whereas Albian Al-rich CORBs indicate more humid climates, 

greater paleoceanographic variability, and orbitally paced alternations in ventilation (Li et al., 2011; Hu et al., 2012). 

The slightly higher illite concentrations in the Aptian CORBs—reflecting moderate to weak weathering under relatively dry 365 

conditions—suggest that the atypical conditions of the Aptian Cold Snap interlude were characterized by lower terrigenous 

input than that experienced during the Albian (Fig. 3). Although the CaCO₃ content of the white layers interbedded with the 

red beds is similar in the Aptian and Albian intervals, the markedly low CaCO₃ values in the Albian CORBs are noteworthy 

(Li et al., 2011). This observation indicates substantial paleoceanographic variability (instability) during the Albian compared 

to the Aptian stage. Low CaCO₃ content may be related to: (a) reduced primary productivity, (b) higher dissolved CO₂ 370 
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concentrations, (c) increased terrigenous input, and (d) water-column stagnation with the absence of younger waters. Because 

terrigenous input at ODP Site 1049 remained stable throughout the Albian (Cheng, 2008), we propose that alternation between 

intervals of active water bottom oxygenation and intervals of ocean stagnation (white and green beds) provides a more plausible 

explanation. Variations in the Ba/Al ratio and in SiO₂ and Al₂O₃ concentrations between the Albian red and white beds (Fig. 

3) further support the presence of cyclical changes in productivity (Hu et al., 2012). In contrast, the absence of such abrupt 375 

CaCO₃ variability during the Aptian suggests more stable paleoceanographic conditions, with limited fluctuations in 

paleoproductivity and ocean circulation. 

5.2 1 Circulation regimes and CORB formation 

CORBs serve as key archives of mid-Cretaceous climate and circulation dynamics (Premoli Silva et al., 1989; Hu et al., 2005; 

Li et al., 2011; Giorgioni et al., 2017; Gambacorta et al., 2016). Their formation is linked to episodes of cold, oxygenated deep-380 

water formation rather than elevated productivity, as LIP-derived nutrients would have promoted organic carbon burial 

incompatible with oxidized conditions (Leckie et al., 2002; Browning and Watkins, 2008; Wang et al., 2009). Enhanced burial 

of organic carbon during OAEs, combined with LIP-induced perturbations, reduced atmospheric CO₂ and promoted global 

cooling, increasing the oxidizing capacity of deep waters during the Aptian Cold Snap (Arthur et al., 1988; Weissert, 198 9; 

Hu et al., 2012). 385 

Aptian CORBs are long-lived, regionally correlatable, and reflect sustained thermohaline circulation over ~2 Myr, supported 

by isotopic evidence for well-oxygenated, cooler, and low-productivity deep waters (Erbacher et al., 2001; Premoli Silva et 

al., 1989; Leandro et al., 2022). Enhanced vertical mixing driven by current–topography interactions may have further 

facilitated oxygenation (Ahmerkamp et al., 2017). 

In contrast, Albian CORBs are shorter, orbitally paced, and reflect transient ventilation interspersed with stratification and 390 

episodic black shale deposition (Paquier/Urbino Level; Erbacher et al., 2001). Color, facies, and geochemical variability among 

Albian CORBs indicate localized differences in paleogeography and oceanography, with obliquity and short-eccentricity 

cycles controlling sedimentation (Li et al., 2011; Trabucho Alexandre et al., 2011). Aptian CORBs display more uniformity, 

consistent with sustained circulation and restricted oceanic connectivity prior to full opening of the Equatorial Atlantic 

Gateway (Dummann et al., 2023; Ramos et al., 2025). 395 

One of the most frequently mentioned characteristics of CORB deposition is its association with low sedimentation rates in 

pelagic deep waters of oceanic basins (Wang et al., 2009; Hu et al., 2012). Previous studies have estimated sedimentation rates 

in the Aptian section of ODP Hole 1049C to range between 0.25 and 0.35 cm/kyr, based on the Paraticinella eubejaouaensis 

(Paraticinella rohri) and Globigerinelloides algerianus zones (Li et al., 2011). Additional estimates using paleomagnetic data 

and astronomical tuning have inferred sedimentation rates of 0.4 cm/kyr during the late Aptian and up to 1 cm/kyr in the early 400 

Albian (Ogg and Bardot, 2001; Ogg et al., 1999). In contrast, our study provides sedimentation rates ranging from 0.5 to 0.9 

cm/kyr for the Aptian section and from 0.6 to 0.8 cm/kyr for the Albian section at ODP Site 1049 (Fig. 5). Notably, these 
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values do not indicate significant variations that would support the hypothesis of extremely slow sediment accumulation as a 

primary control on CORB formation, as previously proposed (Wang et al., 2009). 

5.3 2 Geological synchrony between the Tethyan and North Atlantic oceans  405 

Correlations between CORBs at ODP Site 1049 and those identified in the PLG core provide insight into the temporal 

synchrony of these deposits and the paleoceanographic conditions under which they formed. Using first occurrences (FO) of 

key planktonic foraminiferal biozones—recognized as more reliable markers for diachronism studies (Berggren and Van 

Couvering, 1974)—our analysis shows that the H. trocoidea zone spans 0.73 Myr in the Tethys (115.64 to 114.91 Ma, PLG 

core; Ramos et al., 20252026), while its duration in the North Atlantic is slightly shorter, at 0.61 Myr (115.75 to 115.14 Ma, 410 

ODP Site 1049; this study). The FO of the nannofossil H. albiensis marks the base of the NC8B subzone (Bralower et al., 

1993) and shows a temporal offset of only 40 kyr between basins (Huber et al., 2011; Ramos et al., 20252026). 

For the OAE 1b-related black shale in ODP Hole 1049C, Erbacher et al. (2001) estimated a duration of approximately 46 kyr. 

Our results, however, indicate a slightly longer duration of 70 kyr and a central age of 111.63 Ma. This interval correlates with 

the Urbino Level (111.74 to 111.65 Ma; Fig. 6). Even with marked differences in oxidation levels observed through the 415 

correlation (in geological time) between the Albian interval of ODP Site 1049 and the PLG core—differences dependent on 

palaeogeographic and depositional settings (Trabucho Alexandre et al., 2011)—the small age and duration offsets indicate that 

this event can be considered effectively synchronous between the Tethyan and North Atlantic domains. This observation 

suggests that the widespread anoxia associated with this particular OAE 1b sub-event transcends local physiographic barriers, 

supporting its interpretation as at least a Central Atlantic–western Tethys phenomenon.This observation suggests that the 420 

widespread anoxia associated with this particular OAE 1b sub-event transcends local physiographic barriers, supporting its 

interpretation as a truly global phenomenon.  

 

The astrochronological tuning applied in this study yields a maximum error of ~200 kyr (half of the long -eccentricity cycle 

period of 405 kyr used in the tuning) over a 250 Myr timespan, or roughly ~1.6‰ (Laskar, 2020). Both the ~100 kyr difference 425 

in the duration of the H. trocoidea zone and the discrepancies in FO and LO ages fall within this error range, preventing a 

conclusive assessment of dispersal mechanisms (Petrizzo, 2003; Lam et al., 2022). However, the strong synchrony observed 

for both the Urbino Level and the FO of H. albiensis across the two oceanic regions was expected due to the relatively short 

distance between the North Atlantic and the Tethyan Ocean, which, together with the presence of persistent easterly equatoria l 

winds (Hay, 2008), favored rapid dispersal. 430 
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5.4  3  Milankovitch-band orbital forcing of CORB deposition 

High-frequency Milankovitch-scale cyclicity is widely recorded in Lower Cretaceous pelagic successions and is expressed in 

variations of CaCO₃ and SiO₂ contents (Herbert et al., 1986), carbon isotopes, and magnetic susceptibility (Leandro et al., 

2022). These cycles are superimposed on a long-term perturbation of the global carbon cycle (Weissert, 1989), characterized 

by reduced carbon turnover and multi-million-year cold interludes (Leandro et al., 2022), potentially associated with polar ice-435 

sheet growth (Trabucho Alexandre et al., 2011) and eustatic sea-level fall (Weissert and Lini, 1991). 

Orbital-scale variability in ocean circulation reflects the interplay between seasonal contrast, hydrological balance, and water-

column stratification. Humid climates with strong seasonality favor stratification and are typically associated with non-CORB 

intervals, whereas reduced seasonality under more arid conditions promotes weaker stratification and CORB deposition 

(Giorgioni et al., 2017). Variations in runoff, evaporation, saline exchange between basins, and temperature-dependent oxygen 440 

solubility further modulate surface-water density gradients and deep-water formation (Ryan and Cita, 1977; Weissert et al., 

1985; MacLeod et al., 2001; Steinig et al., 2024). Episodic saline incursions and astronomically paced bottom currents may 

have intermittently enhanced deep-water renewal and seafloor reoxygenation without requiring major reorganization of global 

circulation (Friedrich et al., 2008; Gambacorta et al., 2016). 

At ODP Site 1049, the Albian interval displays pronounced orbital-scale cyclicity in CaCO₃, Ba/Al, SiO₂, Al₂O₃, and magnetic 445 

susceptibility (Li et al., 2021; Hu et al., 2022), consistent with repeated alternations between enhanced ventilation and stratified 

conditions (Figs. 3 and 4). The Albian cyclic patterns are consistent with enhanced variability in bottom-water ventilation and 

primary productivity, in agreement with previous observations of orbitally paced changes in Early Cretaceous deep-ocean 

oxygenation (Herbet et al., 1986; Leandro et al., 2022; Gambacorta et al., 2016; Leandro et al., 2022). In contrast, Aptian 

proxies display more uniform behavior, with low-amplitude CaCO₃ variations and the absence of clear productivity cycles 450 

(Fig. 3). This suggests a more stable paleoceanographic regime during the Aptian, likely maintained by restricted oceanic 

connectivity prior to the full opening of the Equatorial Atlantic Gateway (EAG; Duarte et al., 2025; Ramos et al., 2025) and 

by the persistence of the Cold Snap climatic state. Orbital pacing, however, is still recorded in Aptian MS fluctuations, 

indicating sensitivity to insolation forcing even under comparatively steady circulation. 

Albian CORBs are best explained by the combined effects of evaporation-driven deep-water formation—through episodic 455 

saline flooding—and orbitally regulated bottom-current activity that transiently reoxygenated the seafloor, enabling cyclic 

early diagenesis. In contrast, the Aptian interval shows more uniform proxy behavior, limited CaCO₃ variability, and weaker 

productivity signals, pointing to a comparatively stable circulation regime. Although orbital forcing is still expressed in 

magnetic susceptibility, its impact was muted, consistent with sustained deep-water ventilation during the Aptian cold snap 

and restricted oceanic connectivity prior to the full opening of the Equatorial Atlantic Gateway. 460 



20 

 

5.5 4 Long-cycle-related unconformity 

The unconformity observed at ODP Site 1049 is consistent with the local geological setting of the Blake Escarpment, a 

continental-slope environment characterized by persistent bottom-current activity and high erosional potential (Benson et al., 

1978; Li et al., 2011). Along continental margins in both the Tethyan Ocean and the North Atlantic, buried contourite drifts 

and stratigraphic gaps are common features and are widely attributed to variations in bottom-current strength and 465 

reorganizations of deep-water circulation, frequently linked to OAEs and major paleoceanographic transitions (Gambacorta et 

al., 2016; Liu et al., 2023). 

However, hiatuses of comparable duration have been documented at multiple sites, including DSDP Sites 511, 545, 763B, and 

392A (Huber and Leckie, 2011), as well as at DSDP Site 545 off Morocco and ODP Site 1276 in the Newfoundland Basin 

(Trabucho Alexandre et al., 2011). The recurrence of similarly timed unconformities across different ocean basins indicates 470 

that the discontinuity at Site 1049 reflects a regional  to global paleoceanographic signal rather than a purely local phenomenon. 

Incomplete stratigraphic records near the Aptian–Albian boundary—commonly associated with OAE 1b (Ramos et al., 

2024b)—are therefore not unusual; several drill sites, including DSDP Sites 390, 392A, and 511, show partial or complete 

removal of upper Aptian and lower Albian successions (Huber et al., 2011). 

Independent support for an erosional surface at ODP Site 1049 is provided by abrupt shifts in δ¹⁸O, δ¹³C, and ⁸⁷Sr/⁸⁶Sr ratios, 475 

coincident with the major planktic foraminiferal extinction at the Aptian–Albian boundary and expressed lithologically as a 

sharp contact. In addition, the CaCO₃ record shows a pronounced decrease indicative of dissolution and/or sediment removal 

(Li et al., 2011), further supporting the presence of a depositional hiatus. While initial estimates placed the duration of this gap 

at ~0.8–1.4 Myr (Huber et al., 2011), astrochronological constraints indicate that the absence of the Microhedbergella 

renilaevis and M. miniglobularis zones corresponds to ~0.76–0.84 Myr (Ramos et al., 2024). Because the overlying M. rischi 480 

zone may also be incomplete at Site 1049, the total duration of the unconformity likely exceeded 2 Myr. 

This extended depositional gap has contributed to discrepancies in the estimated amplitude and duration of OAE 1b (Ramos 

et al., 2024b) and complicates global correlations based on carbon-isotope excursions or the nomenclature of organic-rich sub-

events. In the Vocontian Basin, up to four organic-rich horizons—Jacob, Kilian, Paquier, and Leenhardt (Bréhéret, 1994)—

have been attributed to OAE 1b, whereas other studies recognize fewer levels (Herrle et al., 2004; Trabucho Alexandre et al., 485 

2011). Consequently, the expression of OAE 1b in complete Tethyan sections (Coccioni et al., 2012, 2014) cannot be 

straightforwardly correlated with the incomplete records of the North and South Atlantic basins, including ODP Site 1049 and 

DSDP Site 511. 

Multiple processes likely contributed to the development of the Aptian–Albian unconformity. Paleoclimatic reconstructions 

indicate cooler temperatures and reduced humidity during this transition, coincident with high-latitude cooling and a global 490 

sea-level fall, consistent with the buildup of polar ice caps (Weissert and Lini, 1991). Carbon-cycle perturbations during the 

Aptian closely track eustatic variations (Haq et al., 1987), and the pronounced negative δ¹³C excursion at the base of the Albian 

(C-mark v; Ramos et al., 2024) coincides with a lowstand. We therefore propose that eustatic sea-level fall was a primary 
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control on sediment removal at ODP Site 1049, while bottom-current activity acted as an amplifying mechanism rather than 

the initial driver of erosion. 495 

Although the progressive opening of the Equatorial Atlantic Gateway during the Albian may have strengthened contour 

currents along continental slopes (Duarte et al., 2025), the presence of a comparable unconformity at DSDP Site 511 in the 

southern South Atlantic suggests that intensified bottom currents were a response to global sea-level change rather than a 

purely gateway-driven process. Transient bottom currents, potentially modulated by orbital forcing, may have further promoted 

episodic seafloor erosion and reoxygenation (Gambacorta et al., 2016). The estimated duration of ~2.56 Myr for the 500 

unconformity at ODP Site 1049 is compatible with long-period (~2.4 Myr) eccentricity modulation, supporting recent 

suggestions that grand orbital cycles exerted a first-order control on global deep-water circulation and sediment preservation 

prior to 70 Ma (Dutkiewicz et al., 2024). 

Overall, the long duration and widespread expression of the Aptian–Albian unconformity likely reflect the superposition of 

eustatic, climatic, and circulation-driven processes operating under distinct mid-Cretaceous boundary conditions. 505 

5.6 5 Short geomagnetic reversed-polarity subchrons 

As discussed above, a preliminary magnetostratigraphic framework for ODP Site 1049 was first proposed by Norris et al. 

(1998) and later re-evaluated through detailed paleomagnetic analyses of minicore suites using stepwise thermal 

demagnetization (Ogg and Bardot, 2001). These authors interpreted the upper Aptian reversed-polarity interval (~155 mbsf; 

171B-1049A-20X-1) as a diagenetic artifact related to post-Albian iron mobilization driven by redox contrasts near an organic-510 

rich horizon. However, a normally magnetized sample (20X-2, 30–32 cm) occurs stratigraphically between this reversed 

interval and the underlying black shale and exhibits pronounced yellowish to greenish staining, suggesting preservation of 

primary magnetization. 

Independent mineralogical and biostratigraphic evidence further argues against significant late diagenetic overprinting at ODP 

Hole 1049C. Clay mineral assemblages show no systematic burial-related trends, with no progressive replacement of smectite 515 

by illite or chlorite, indicating the absence of burial diagenesis (Li et al., 2011). In addition, planktonic and benthic foraminifera 

display glassy tests with well-preserved ornamentation and no calcite infilling, supporting minimal diagenetic alteration 

(Erbacher et al., 2001; Li et al., 2011). The occurrence of goethite precisely at the level recording the older reversed 

geomagnetic field further supports the preservation of the primary magnetic mineralogy (Li et al., 2011). Accordingly, this 

reversal is retained as primary in our interpretation. 520 

Within a broader context, Ryan et al. (1978) documented seven short-duration geomagnetic reversals during the Aptian–Albian 

interval, excluding M0r, and introduced a partial nomenclature from M-1r to M-3r. Several of these reversals were left 

unnamed and have often been treated as isolated events (e.g., Gale et al., 2020), despite evidence that short reversals within 

the CNPS commonly occur as closely spaced sets (Ryan et al., 1978; Tarduno et al., 1992; Zhang et al., 2021; Ramos et al., 

2025). 525 
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Using biostratigraphic constraints and an estimated inter-event spacing of ~860 kyr, Ramos et al. (2024b) subdivided the 

reversal traditionally referred to as M-1r into two distinct Lower Aptian events, termed M-1r and reversal “2”. This reversal 

pair has been identified both at DSDP Site 402A and along the Brazilian Equatorial Margin, with comparable durations and 

spacing (Ramos et al., 2024b, 2025). Because reversal “2” is constrained to the Aptian and stratigraphically underlies the 

reversed interval documented here, we designate this newly identified short reversal as “3” (Fig. 2). 530 

A second reversed-polarity interval at ~146.5 mbsf (171B-1049A-19X-2, 103–105 cm) is interpreted as the Albian subchron 

M-2r and is consistently recorded in two holes at ODP Site 1049 (Fig. 2). For both reversal “3” and M-2r, boundaries were 

defined at the intersections between the inclination–depth interpolation and the 0° inclination axis. On this basis, the reversal 

previously assigned to M-2r (sensu Gale et al., 2020) is subdivided into two discrete events, retaining the name M-2r for the 

younger reversal and assigning the older event to reversal “3”. 535 

The M0r Chron (120.32–119.89 Ma; Ramos et al., 2026) marks the base of both the Aptian and the CNPS (Savian et al., 2016) 

and is widely regarded as a marker for the Barremian–Aptian boundary (Helsley and Steiner, 1968; Erba et al. 1996; Gale et 

al., 2020; Zhang et al., 2021). The first Aptian short reversed-polarity subchron following M0r, M-1r (or ISEA; VandenBerg 

et al., 1978), occurs within the Globigerinelloides algerianus planktonic foraminiferal Zone and has an estimated age of 117.03 

± 0.14 Ma, with a duration of ~20 kyr (Tarduno, 1990; Ramos et al., 2024a). The subsequent reversal “2” is dated at 116.17 ± 540 

0.14 Ma and lasted approximately 10 kyr (Ramos et al., 2024a). 

A second pair of short reversals occurs ~5 Myr later within the CNPS (Ryan et al., 1978). Although ⁴⁰Ar/³⁹Ar ages of basalt 

flows from the Tuoyun section (113.3 ± 1.6 Ma; Gilder et al., 2003) have been interpreted as indicating an additional upper 

Aptian reversal, our cyclostratigraphic results place this event in the lower Albian, consistent with Ryan et al. (1978). The 

stratigraphically youngest reversal of this pair, reversal “3”, spans approximately 111.45–111.53 Ma. Given the low temporal 545 

resolution of earlier paleomagnetic data (Ogg and Bardot, 2001), its estimated duration of ~80 kyr may represent an upper 

bound. 

Reversal “3” corresponds to reversal number 6 of Zhang et al. (2021) and occurs within the Microhedbergella rischi planktonic 

foraminiferal Zone, near the first occurrence of Hayesites albiensis (Fig. 5). The excellent preservation of planktonic and 

benthic foraminifera, together with the absence of stable isotope homogenization, argues against a diagenetic origin (Erbacher 550 

et al., 2001). Although minor recording artifacts cannot be entirely excluded, these biostratigraphic and sedimentological 

constraints strongly support the authenticity of this reversal. Future high-resolution paleomagnetic and cyclostratigraphic 

studies should further refine its duration. 

The M-2r reversal was originally recognized as a composite interval of two reversed events within the lower Albian, associated 

with the Biticinella breggiensis planktonic foraminiferal Zone and the Prediscosphaera cretacea nannofossil Zone (Ryan et 555 

al., 1978). Subsequent work in the Contessa Valley section described this interval as a complex reversal set comprising multiple 

reversed events (Tarduno et al., 1992). Despite suggestions that seafloor oxidation may have influenced parts of the signal, M-

2r has been consistently recorded in both marine sections and sedimentary basins, including the Vientiane Basin (Zhang et al. , 

2021).  
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Our data indicate that M-2r began at ~110.76 Ma and lasted approximately 150 kyr. Similar to the spacing between M-1r and 560 

reversal “2”, reversals “3” and M-2r are separated by ~800 kyr, supporting their interpretation as distinct subchrons (Fig. 7). 

The cyclostratigraphic framework developed here allows correlation of reversal “3” with the Tuoyun basalt age (Gilder et al., 

2003), providing a robust tie point for future Aptian–Albian correlations. 

Since Ryan et al. (1978) introduced a nomenclature from M-1r to M-3r for the series of brief reversed-polarity subchrons 

within the Aptian–Albian, geomagnetic reversals during the CNPS have been reported and dated worldwide (Shi et al., 2004; 565 

Tarduno, 1990; Zhang et al., 2021; Ramos et al., 2024b). The M0r Chron (120.29 to 119.70 Ma; Li et al., 2023) marks the base 

of the Aptian and the CNPS (Savian et al., 2016; Leandro et al., 2022). This reverse chron is a proposed marker for the 

Barremian–Aptian boundary (Helsley and Steiner, 1968; Gale et al., 2020; Zhang et al., 2021), and its age and duration are 

crucial factors for constraining past oceanic, tectonic, and geodynamic behavior (Li et al., 2023). The base of this chron is 

dated at ~120.2 Ma by astrochronology (Leandro et al., 2022) and 120.29 ± 0.09 Ma by integration of U–Pb and ⁴⁰Ar/³⁹Ar ages 570 

(Li et al., 2023). The M-1r reversal, or ISEA (VandenBerg et al., 1978), represents the first Aptian short geomagnetic reversed-

polarity subchron after the M0r Chron. Positioned within the planktonic foraminiferal zone of G. algerianus (Tarduno, 1990; 

Ramos et al., 2024a), this reversal has an estimated age of 117.03 ± 0.14 Ma, with a timespan of approximately 20 kyr. The 

next reversal event, referred to as "2" (Ramos et al., 2024a), has an estimated age of 116.17 ± 0.14 Ma and a timespan of 

approximately 10 kyr. 575 

The first pair of reversals above the M0r Chron is within the upper Aptian (Ryan et al., 1978; Zhang et al., 2021; Ramos et al., 

2024b). Approximately 5 Myr younger, another pair of reversals is observed within the CNPS (Ryan et al., 1978). Despite the 

absolute dating range via 40Ar/39Ar of basalt flows dated at 113.3 ± 1.6 Ma from the Tuoyun section (China), which suggests 

an additional reversal in the upper Aptian (Gilder et al., 2003), our study indicates that this reversal occurred during the lower 

Albian (Fig. 7), as proposed by Ryan et al. (1978). The stratigraphically youngest reversal of the second pair, referred to here 580 

as "3," spans between 111.45 and 111.53 Ma. Due to the low temporal resolution of the paleomagnetic data obtained by Ogg 

and Bardot (2001), the timespan of ~ 80 kyr may be overestimated.  

The short reversed-polarity subchron "3" corresponds to reversal number 6 described by Zhang et al. (2021) and is located 

within the M. rischi planktonic foraminiferal Zone and near the FO of the H. albiensis calcareous nannofossil Zone (Fig. 5). 

These biostratigraphic markers may be useful in future studies. Although the possibility that this reversal represents a recording 585 

artifact cannot be entirely excluded, the exceptional preservation of both planktonic and benthic foraminifera—characterized 

by glassy shells and the absence of infilling calcite—strongly supports its authenticity (Erbacher et al., 2001). Additionally, 

the lack of homogenization in stable isotopic ratios further indicates that diagenetic overprinting is unlikely (Erbacher et al., 

2001). Future high-resolution paleomagnetic investigations, in conjunction with cyclostratigraphic analyses, are expected to 

provide a more precise constraint on the duration of this reversal. Notably, a sample showing normal polarity (20X-2, 30–32) 590 

is located between the debated reversed-polarity sample and the overlying organic-rich black shale. This intervening sample 

displays even more pronounced yellowish to greenish staining in the original sediment, suggesting the preservation of its 

primary magnetization signal. 
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The M-2r reversal was initially identified in the 1970s as two distinct reversed events within the lower Albian, corresponding 

to the Biticinella breggiensis planktonic foraminiferal Zone of and the calcareous nannofossil zone of Prediscosphaera 595 

cretacea (Ryan et al., 1978). Later, in the Contessa valley section (Italy), Tarduno et al. (1992) described this interval as a 

complex and composite zone comprising two longer-lasting reversals (VC-R3 and VC-R7), accompanied by five shorter and 

less prominent reversed events (VC-R1, 2, 4, 5, and 6). Although there is a possibility that the reversed magnetizations could 

have resulted from intense seafloor oxidation processes (Tarduno et al., 1992), the M-2r event has also been recorded in 

association with the B. breggiensis and P. cretacea biozones.  600 

The M-2r reversal set is also present in the Vientiane Basin (Ban Phonngam section; Zhang et al., 2021) as a pair of reversals 

at an approximate depth of 550 m, described as R4 and R5 (Zhang et al., 2021). Our study indicates that M-2r begins at 110.76 

Ma, with a timespan of 150 kyr. Although this reverse event may be more complex (Tarduno et al., 1992), the available 

paleomagnetic data from ODP Site 1049 allow us to only infer a central age for this event. Similar to the interval observed 

between the ISEA and reversal "2" (Ramos et al., 2024a), our study shows that reversals "3" and M-2r are separated by ~800 605 

kyr, supporting their interpretation as two distinct subchrons (Fig. 7). The cyclostratigraphic analysis performed in this study 

enables the correlation of reversal "3" with the age of the reversal proposed through 40Ar/39Ar dating of basalt flows at 113.3 

± 1.6 Ma from the Tuoyun section (Gilder et al., 2003), making it an important tie point for future studies. 

 

 610 

5.16 Aptian–Albian paleoclimatic reorganization of ocean circulation  

A major paleoclimatic transition across the Aptian–Albian boundary is recorded by long-term fluctuations in the carbon isotope 

record, reflecting changes in the global carbon cycle linked to ocean circulation and productivity (Weissert, 1989). At ODP 

Site 1049, δ¹³C values shift abruptly from ~4‰ to ~2‰ VPDB, providing clear evidence for a fundamental climatic 

reorganization (Huber et al., 2011). Independent proxies, including floral and faunal turnover, plant fossils indicating cooler 615 

conditions, glendonites, ice-rafted debris, and intensified hydrological cycling associated with the late Aptian Equatorial 

Humid Belt, corroborate this transition (Hochuli, 1981; Krassilov, 1973; Leckie, 1989; Kemper, 1987; Herrle et al., 2015; 

Santos et al., 2022; Ramos et al., 2025). Tethyan records further indicate reduced siliciclastic input, turnover within the G. 

algerianus Zone, and a pronounced global sea-level fall (Weissert and Lini, 1991). 

This cooling, often termed the Aptian “Cold Snap” (McAnena et al., 2013), is commonly attributed to declining atmospheric 620 

CO₂ levels, likely driven by enhanced burial of organic carbon and pyrite, which slowed carbon cycling and promoted polar 

ice growth (Weissert and Lini, 1991; Leandro et al., 2022). Large Igneous Province (LIP) emplacement during the Early 

Cretaceous, particularly the development of the Kerguelen Plateau, is widely regarded as a major driver of carbon-cycle 

perturbations and climatic variability (Coffin and Eldholm, 1994; Percival et al., 2024). Extensive volcanic degassing initially 

promoted greenhouse conditions and widespread oceanic anoxia during the early Aptian (Weissert and Lini, 1991; Jenkyns, 625 
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2003). In contrast, enhanced silicate weathering of newly emplaced basalts and increased organic carbon burial likely led to a 

drawdown of atmospheric CO₂, facilitating episodic to transient cooling during the late Aptian (Weissert et al., 1998; Jenkyns 

et al., 2012).Large Igneous Province (LIP) emplacement, particularly the Kerguelen Plateau, may have contributed to this 

climate shift by perturbing the carbon cycle and triggering episodic cooling (Coffin and Eldholm, 1994; Percival et al., 2024).  

Geochemical proxies, including benthic and planktonic δ¹⁸O, indicate that Aptian bottom waters were up to ~10°C cooler than 630 

those of the Albian, highlighting a rapid warming of both surface and deep waters across the boundary (Huber et al., 2011; 

Kochhann et al., 2023).  

Under typical Cretaceous greenhouse conditions, high-latitude regions were unlikely to generate dense, oxygenated deep 

waters, leading to sluggish deep-ocean ventilation (Schlanger and Jenkyns, 1976; Hay, 2008, 2009). The Aptian Cold Snap 

temporarily disrupted this mode, enhancing thermohaline circulation through increased oxygen solubility in colder waters and 635 

possibly the presence of polar ice. This circulation regime promoted deep-water renewal and organic matter oxidation, 

processes that facilitated CORB formation, as evidenced by widespread hardgrounds, intensified bottom currents, and a basin-

wide shift from grey-green to red-brown sediments (Premoli Silva et al., 1989; Weissert and Lini, 1991). 

During the Albian, renewed greenhouse conditions suppressed deep-water formation by reducing latitudinal thermal gradients, 

with ocean heat transport dominated by mesoscale eddies and low-latitude sinking of warm, saline waters (Hay, 2008, 2009; 640 

Gambacorta et al., 2016). This shift is reflected in clay-mineral assemblages and geochemical proxies: Aptian Ca-rich CORBs 

formed under drier conditions with limited terrigenous input, whereas Albian Al-rich CORBs indicate more humid climates, 

greater paleoceanographic variability, and orbitally paced alternations in ventilation (Li et al., 2011; Hu et al., 2012). 

The slightly higher illite concentrations in the Aptian CORBs—reflecting moderate to weak weathering under relatively dry 

conditions—suggest that the atypical conditions of the Aptian Cold Snap interlude were characterized by lower terrigenous 645 

input than that experienced during the Albian (Fig. 3). Although the CaCO₃ content of the white layers interbedded with the 

red beds is similar in the Aptian and Albian intervals, the markedly low CaCO₃ values in the Albian CORBs are noteworthy 

(Li et al., 2011). This observation indicates substantial paleoceanographic variability (instability) during the Albian compared 

to the Aptian stage. Low CaCO₃ content may be related to: (a) reduced primary productivity, (b) higher dissolved CO₂ 

concentrations, (c) increased terrigenous input, and (d) water-column stagnation with the absence of younger waters. Because 650 

terrigenous input at ODP Site 1049 remained stable throughout the Albian (Cheng, 2008), we propose that alternation between 

intervals of active water bottom oxygenation and intervals of ocean stagnation (white and green beds) provides a more plausib le 

explanation. Variations in the Ba/Al ratio and in SiO₂ and Al₂O₃ concentrations between the Albian red and white beds (Fig. 

3) further support the presence of cyclical changes in productivity (Hu et al., 2012). In contrast, the absence of such abrupt 

CaCO₃ variability during the Aptian suggests more stable paleoceanographic conditions, with limited fluctuations in 655 

paleoproductivity and ocean circulation. 
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 660 

 

 

Figure 7: (Left) The stratigraphic framework with age (Ma) from the Aptian to the Cenomanian (this study), showing the ages of 

planktonic foraminiferal and calcareous nannofossil bioevents together with the geomagnetic polarity time scale (Pol.), including 

magnetic polarity reversals between 121 and 100 Ma and their corresponding reversal identifiers (Rev. ID). Ages are modified from 665 

GTS2020 and are consistent with the most recent age constraints of Leandro et al. (2022), Li et al. (2023, 2024), and Ramos et al. 

(2024a, 2024b). (Center) The stratigraphic framework with age showing the sets of reversals occurring during the Cretaceous 

Normal Superchron (CNPS) as originally proposed by Ryan et al. (1978). At that time, the first pair of reversals (M-1r) following 

the onset of the CNPS, defined by the M0r reversal, was correlated with the Hedbergella trochoidea bioevent. The second pair (M-

2r), of Albian age, was correlated with the bioevents Bitticinella breggiensis and Prediscosphaera cretacea, and the third set of 670 

reversals with the bioevents Planomalina buxtorfi and Eiffellithus turriseiffeli. (Right) The stratigraphic framework proposed for 

Tarduno et al. (1992), updating definition of the reversal set that characterizes M-3r (Tarduno et al., 1992), occurring within the 

Ticinella primula / Bitticinella breggiensis and Prediscosphaera cretacea biozones. Note the close proximity of this reversal set to the 

first occurrence (FO) of the Eiffellithus turriseiffeli zone. 
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 680 

6. Conclusions 

Contrary to earlier hypotheses that associated CORBs with very low sedimentation rates, this study reveals that accumulation 

rates at ODP Site 1049 possibly ranged from 0.5 to 0.9 cm/kyr during Aptian-Albian times. These values demonstrate that 

CORBs can form under moderately low but not necessarily exceptionally slow sedimentation conditions, suggesting that other 

environmental or climatic factors also played a significant role in their deposition. Temporal synchrony exists between Aptian 685 

CORB-related events in the Tethys and North Atlantic, reflecting their response to global cooling and sustained thermohaline 

circulation. The onset of long-term Aptian CORBs, such as CORB 1 in the Tethys and CORB A in the North Atlantic, is best 

explained by global climatic cooling that promoted thermohaline circulation during the Aptian “Cold Snap.” This cooling 

episode, likely initiated by the emplacement of LIPs and subsequent organic carbon burial during OAEs, promoted oxygenation 

of deep waters. These sustained oxic conditions, rather than high productivity, facilitated the widespread formation of red beds. 690 

Unlike the longer-lasting Aptian CORBs, the Albian red beds are shorter in duration and exhibit clear orbital pacing. This 

suggests that Albian CORB deposition was more sensitive to high-frequency climatic oscillations and regional variability, 

reflecting a shift in the dominant environmental controls on red bed formation during this interval. Near the Aptian–Albian 

boundary, incomplete stratigraphic records linked to the OAE 1b event are common, complicating global correlations of this 

interval. Our astrochronological findings support recent evidence that ~2.4 Myr grand cycles also produced global hiatuses at 695 

the Aptian–Albian boundary, potentially biasing correlations of deep-water sections spanning ~114.5 to 111.9 Ma. 
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