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Abstract. The Aptian—Albian interval was marked by significant climatic changes driven by intense volcanism, monsoonal
activity, and shifts in ocean circulation, which influenced sedimentary expression of oceanic anoxic events (OAEs) and
Cretaceous oceanic red beds (CORBs). The formation of CORBs was primarily influenced by oxygen flux, sea-level changes,
and atmospheric dust, with thermohaline circulation playing a key role in deep-water oxygenation. This study combines
magneto-cyclostratigraphic analyses from Ocean Drilling Program (ODP) Site 1049 to assess the temporal synchrony of
CORB-related events between the Tethys and North Atlantic. The results provide new insights into CORB formation and
paleoclimatic conditions during the Aptian—Albian interval. The onset of long-term Aptian CORBs is linked to global cooling
and intensified thermohaline circulation, while Albian CORBs exhibit shorter, cyclic deposition influenced by orbital forcing.
Orbital tuning of short geomagnetic reversals at ODP Site 1049 reveals that the M-2r reversal occurred at 110.76 Ma with a
timespan of 150 kyr, and the reversed-polarity subchron "3" was between 111.45 and 111.53 Ma, which represent important

tie points for geochronological models of Aptian—Albian interval.
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1 Introduction

The Aptian—Albian interval (121.4 - 100.5 Ma; Ogg et al., 2020) was marked by climatic shifts and extremely warm climate
(Huber et al., 2018), which was much warmer than that of today (Friedrich et al., 2012; O’Brien et al., 2017; Huber et al.,
2018). These significant paleoclimatic shifts driven by intense volcanism associated with the emplacement of large igneous
provinces (LIPs) (Percival et al., 2024; Li et al., 2024), production of ocean crust, enhanced monsoonal activity, and changes
in oceanic circulation (Larson, 1991; Giorgioni et al., 2015; Bottini and Erba, 2018; Gale et al., 2020; Matsumoto et al., 2022;
Ramos et al., 2024a). 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; Arthur et al., 1990; Coccioni et al., 2012, 2014) and the formation of Cretaceous oceanic
red beds (CORBSs), which signal episodes of improved oceanic oxygenation (Erbacher et al., 2011; Wang et al., 2009; Li et al.,
2011; Hu et al., 2012).

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
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).

Thermohaline circulation is widely recognized as the primary mechanism for deep-sea oxygenation (Yamamoto et al., 2015).
While the deposition of OAEs has been linked to an intensified hydrological cycle and reduced vertical mixing in the water
column (Fisher and Arthur, 1977; Sinninghe Damsté and Kdster, 1998; Erbacher et al., 2001; Matsumoto et al., 2022), the
formation of CORBs appears to be associated with contrasting environmental conditions, such as periods of aridity, increased
delivery of aeolian iron-rich dust, and enhanced vertical mixing and ventilation of the water column (Hu et al., 2012). 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 al., 2005a,b; Li et al., 2011; Hu et al.,
2012), hence suggesting a complex and multifactorial origin for these deposits. Cooling events during the Aptian—despite an
overarching greenhouse climate—have been shown to affect water column stratification, enabling oxidation of iron-bearing
sediments in the presence of more oxygenated bottom waters (McAnena et al., 2013; Tiraboschi et al., 2009; Erbacher et al.,
2011; Hu et al., 2005a,b; Li et al., 2011).

However, the occurrence of CORBs during typical Cretaceous greenhouse conditions (Li et al., 2011; Ramos et al., 2024a)

implies that additional mechanisms may also have played a role. In the absence of widespread thermohaline circulation, other
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regional processes may facilitate oxygenation of bottom waters, including local ventilation (Ahmerkamp et al., 2017), turbulent
vertical mixing (Dossmann et al., 2017), episodic events like storms or cyclones (Rovelli et al., 2016), reduced biological
oxygen demand (Wang et al., 2020), and surface-water cooling (Fearon et al., 2020). These mechanisms tend to be spatially
constrained, indicating that orbitally forced CORBs might not be synchronous across all basins. Therefore, CORB deposition
over intervals longer than Milankovitch cycles can yield valuable insights into deep-sea ocean circulation and long-term
climatic stability.

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
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
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. 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 (CNS) 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 geochronology of the Aptian—Albian interval
to better understanding the CORBs.

2 Geological setting

The Blake Nose, located in the western North Atlantic (Figure 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
Cretaceous and Cenozoic deposits on the Blake Nose lie upon a sequence of Jurassic and Lower Cretaceous limestone (Benson
et al., 1978). ODP Leg 171B drilled five holes along the Blake Nose transect, and three holes were drilled at Site 1049,
positioned at 23°N during the Cretaceous, above the carbonate compensation depth (CCD).

The Cretaceous sediments at this site are primarily composed of planktonic foraminifers, quartz, and clasts of limestone,
dolomite, chalk, chert, and schist. The glassy shells of planktonic and benthic foraminiferal species suggest minimal diagenetic
alteration (Norris et al., 1998; 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 different sites of the Sites 1049A, 1049B and 1049C display color and compositional oscillations that
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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), is located within the M. rischi planktonic foraminiferal zone and near the base
of the Hayesites albiensis nannofossil zone, linking it to the Urbino Level (Coccioni et al., 2012, 2014; Ramos et al., 2024a).

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). 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 (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).
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Figure 1: Top: Early Albian paleogeographic reconstructions at 110 Ma with the location of the ODP Site 1049 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 (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). ¢) 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) DSPD Site 463 (Tarduno, 1990). i) SER-3 core (Fauth et al., 2022). J) ODP Site 317A
(Tarduno, 1990). I) ODP Site 1049 (Ogg and Bardot, 2001).



120

125

130

135

140

145

150

https://doi.org/10.5194/egusphere-2025-3832
Preprint. Discussion started: 27 August 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

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],
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 (Figure 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 (Figures 2a to 2c, respectively), which was used for our cyclostratigraphic analyses. The
ODP 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 mbsfto 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 (Figure 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

Aptian-Albian intervals.
3.1 Magnetostratigraphy

As discussed previously, a preliminary magnetostratigraphy study from ODP Site 1049 was presented by Norris et al. (1998),
and the polarity intervals were later reinterpreted through paleomagnetic analyses of suites of minicores using stepwise thermal
demagnetization (Ogg and Bardot, 2001). These authors characterized the upper Aptian reversed-polarity interval (~155 mbsf,
171B-1049A-20X-1, 121-123 cm) as a diagenetic artifact resulting from post-Albian iron mobilization induced by redox
contrasts near this organic-rich interval. Nonetheless, a sample showing normal polarity (20X-2, 30-32, 202-30 cm) was found
between the questioned reversed sample and the organic-rich black shale. This sample exhibited an even more anomalous
yellowish and greenish staining in the original sediments, which preserved the initial magnetization. Therefore, this reversal
is retained as valid in our study. Since reversal “2” (Ramos et al., 2024b) was dated to the Aptian and stratigraphically
positioned beneath the reversal in question, we designate this new short reversal as “3” (Figure 2). The second zone of reversed
polarity, located at approximately 146.5 mbsf (171B-1049A-19X-2, 103—105cm), has been interpreted as the Albian subchron
M"-2r". This reversal is identified in two separate holes at ODP Site 1049 (Figure 2). The upper and lower boundaries of both
reversals were defined at the intervals where the line interpolating the sample inclinations intersects the 0° inclination axis.

Although often described as isolated reversal events (Gale et al., 2020), the short reversals within the SNC are frequently
interpreted as part of reversal sets (Ryan et al., 1978; Tarduno et al., 1992; Zhang et al., 2021). Ryan et al. (1978) documented
seven short reversals during the Aptian—Albian interval, excluding MOr. The earliest of these was designated M-1r. The second
Aptian reversal, though listed in Table 6, was not named. The third reversal, occurring in the Albian, was labeled M-2r,

followed by another unnamed event. The antepenultimate reversal of the Albian was termed M-3r, while the final two reversals
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remained unnamed. Based on biostratigraphic markers and an estimated time interval of approximately 860 kyr between
reversal events, Ramos et al. (2024b) subdivided the M-1r reversal (as defined by Gale et al., 2020) into two distinct events,
referred to as M-1r and “2”. Building on this framework, our study further subdivides the M-2r reversal (Gale et al., 2020),

155 identifying two separate events, with the younger reversal designated as “3” and the upper event retaining the original name,

M-2r.
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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

160 section (Norris et al., 1998). ¢) 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
magnetic polarity curve was derived from Hole A.

3.2 Cyclostratigraphy

165
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 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.
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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
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 n and e (112.20 and 111.80 Ma, respectively);
- TP.2: an age of 111.52 Ma for marker o at 139.5 mcd;
- 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., 2024a,b) (Figure 3).
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Figure 3: Left: 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
1049A, 1049B, and 1049C (Norris et al., 1998). The magnetic polarity curve was derived from Hole A. TP = tiepoints. Middle: Bulk
carbonate samples from the upper Aptian—lower Albian interval of ODP Hole 1049C plotted alongside ages of the c-markers (Ramos
et al.,, 2024b) and the CORBs levels. Right: 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; Ramos
et al., 2024). The shaded polygon represents the interval eroded at ODP Site 1049. The grey square indicates the interval related to
OAE 1b.

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
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for each interval. MTM spectral analyses of the MS records (Figure 4a,d) revealed a broad spectral content, commonly
exceeding the 95%—-99% confidence thresholds (Figure 4b,e). At the Aptian section, a sequence of spectral peaks compatible
to the orbital 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 at 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
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 (Figure 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 and
greater than 5.2 cycles/m to the obliquity (~51 to ~29 kyr) and precession (~23 to ~14 kyr) signals, respectively (Figure
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 (Figure 4e,f).

The interpreted 405-kyr long-eccentricity sinusoidal component was extracted from the MS record of ODP Site 1049 through
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 (Figure
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 (Figure 5b).

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) (Figures 3¢ and 3d). 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

2.56 million years.
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the CNPS resulting from the tuning are highlighted in green.

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., 2025) (Figure 6).

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

The basal section of the Albian stage, which was also affected by the unconformity (absence of 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 lasting interval following the first occurrence (FO)
of the H. 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 (Figure 6). CORB B starts at 115.50 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 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 (Figure 6).
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265 Figure 6: a) Aptian interval from ODP Site 1049, highlighting the time spans of the CORBs layers. b) Aptian interval from the PLG
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(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 Coccioni et
al. (2012).

270 5 Discussions

5.1 Diachronism between the Tethys and North Atlantic Oceans

One of the most notable characteristics of CORBs deposition is their association with low sedimentation rates at pelagic, deep
water in 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 and

275  Globigerinelloides algerianus zones (Li et al., 2011). Additional estimates using paleomagnetic data and astronomical tuning
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have inferred sedimentation rates of 0.4 cm/kyr during the late Aptian and up to 1 cm/kyr in the early 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 cr/kyr for the Albian section at ODP Site 1049 (Figure 5). Notably, these 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).

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 (FOs) 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., 2025), while its duration in the North Atlantic is slightly shorter, at 0.61 Myr (115.75 to 115.14 Ma, ODP
Site 1049; this study).

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; Figure 6). Given the small age and duration differences, this event can be considered
effectively synchronous between the Tethyan and North Atlantic domains. The FO of the nannofossil H. albiensis marks the
base of the NC8B subzone (Bralower et al., 1993, 1995) and shows a temporal offset of only 40 kyr between basins (Huber et
al., 2011; Ramos et al., 2025).

The astrochronological tuning applied in this study yields an error margin of approximately 405 kyr over a 250 Myr timespan,
or roughly ~1.6%o (Laskar, 2020). Both the ~100 kyr difference 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 suggests a north-to-south migration pattern of H. trocoidea from the North Atlantic into the Tethyan

Ocean.

5.2 Synchronism and origin of CORBs

The relationship between the origin of CORBs and episodes of cold deep-water formation (Hu et al., 2005; Li et al., 2011) is
one of the most compelling aspects of their paleoenvironmental significance, as it positions these red layers as critical
paleoclimatic archives. Early hypotheses suggested that black shales served as sources of ferrous iron, which diffused upward
into slowly accumulating oxygenated clays, promoting hematite formation (Arthur, 1979). However, large intervals of
CORBs—such as the Aptian section at ODP Site 1049—are not associated with any underlying black shales, challenging this
model.

The onset of widespread CORB deposition following the OAE la (Wang et al., 2009) supports a potential link with the

emplacement of LIPs, including the Southern Kerguelen Plateau, Nauru—Mariana Plateau, and Ontong Java Plateau (Eldholm
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and Coffin, 2000; Matsumoto et al., 2021, 2022; Percival et al., 2024). Micronutrients released during these LIP events may
have stimulated surface ocean productivity (Browning and Watkins, 2008; Leckie et al., 2002), initiating brief productivity
pulses prior to CORB 1 in the PLG core (Coccioni et al., 2012; Sabatino et al., 2018) and CORB A at ODP Site 1049 (this
study). However, the elevated productivity and increased organic matter flux associated with these pulses are inconsistent with
the high-oxygen-demand conditions required for CORB formation (MacLeod et al., 2001; Wang et al., 2009; Hu et al., 2012).
More plausibly, the emplacement of LIPs contributed to the initiation of the Aptian “Cold Snap” period (McAnena et al.,
2013), a significant cooling episode that altered ocean circulation patterns. Wang et al. (2011) proposed that CORBs may
represent a consequence of global climatic cooling and deep-ocean ventilation following OAEs. Enhanced organic carbon and
pyrite burial during OAEs would have reduced atmospheric pCO., triggering global cooling and increasing the oxidizing
potential of deep waters (Hu et al., 2012; Arthur et al., 1988). This model provides a partial explanation for the origin of long-
term CORBs.

The global reach and persistence of cold, oxygenated bottom waters during the Cold Snap are supported by the observed
synchrony between CORB 1 (Tethys) and CORB A (North Atlantic) (Figure 4). Although internally modulated by orbital-
scale forcing (Hu et al., 2012), the absence of greenish sediment layers throughout much of the late Aptian further supports
the hypothesis of globally pervasive oxic conditions. Thus, the most likely mechanism behind the formation of the Aptian
long-term CORBs is a sustained and effective thermohaline circulation, intensified during the prolonged (~2 Myr) Cold Snap
(Hu et al., 2012; McAnena et al., 2013; Leandro et al., 2022). Vertical mixing driven by current-topography interactions (e.g.,
seamounts, ridges) may also have transported oxygen to deeper waters, enhancing bottom-water ventilation (Ahmerkamp et
al., 2017). Isotopic evidence from ODP Site 1049 supports this interpretation. Data from the upper Aptian interval show a
well-mixed, ventilated water column, characterized by cold temperatures and low productivity (Erbacher et al., 2001). These
conditions were followed by slightly warmer, less saline surface waters that promoted water column stratification and the
deposition of a black shale horizon, identified in this study as the Urbino Level. In contrast, the Albian interval marks a return
to ventilated, oxygenated conditions, indicative of a breakdown in ocean stagnation (Figure 6).

Compared to Aptian, the Albian CORBs are shorter in duration, suggesting more heterogeneous paleoceanographic conditions.
Based on sediment thickness and accumulation rates, Li et al. (2011) estimated the duration of Albian CORB cycles to
correspond to Milankovitch-band periodicities, specifically obliquity (~53.6 kyr) and short eccentricity (85—140 kyr). Our
study confirms that the durations of the reddish/brown layers align well with these orbital cycles (Waltham, 2015; Laskar,
2020), suggesting a strong orbital control over Albian CORB deposition.

Additionally, transient climate events—such as cyclones, intense storms, and forced upwelling—may have intermittently
oxygenated bottom waters through enhanced vertical mixing (Rovelli et al., 2016). Variations in continental runoff and
precipitation could have also modulated deep-water convection and oxygenation (Bice et al., 1997). These mechanisms are
thought to have triggered some of the Albian OAEs, including the black shale at ODP Site 1049, interpreted here as the Urbino
Level (Erbacher et al., 2001; Matsumoto et al., 2022). However, the expression of the Urbino Level in the Umbria-Marche
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Basin appears to be unrelated to continental detrital input—indicated by low Fe and Ti content—and is instead linked to a
major transgressive event (Ramos et al., 2024b).

In summary, while both Aptian and Albian CORBs reflect the influence of multiple climate drivers, their duration and
geographic extent differ significantly. The Aptian long-term CORBs were likely shaped by sustained thermohaline circulation
and global cooling during the Cold Snap, whereas the Albian CORBs were more sensitive to orbital forcing and regional

climatic variability, resulting in shorter, cyclic red bed intervals.

5.3 Long-cycle-related unconformity

Climatic precession is modulated by short eccentricity, which in turn is controlled by long eccentricity (Laskar et al., 2004).
The 2.4-Myr longer-period cycle (defined by gs+—g3, related to the precession of the perihelion) not only modulate the 405-kyr
eccentricity (Olsen et al., 2019) but has been also reported as exerting significant influence on climate (Kocken et al., 2019;
Boulila, 2019) and ocean circulation patterns (Dutkiewicz et al., 2024).

Incomplete stratigraphic records near the Aptian—Albian boundary (associated with the OAE 1b event; Ramos et al., 2024b)
are not uncommon. In addition to ODP Site 1049, other drill sites, such as DSDP Sites 390, 392A, and 511 (among others),
also show the absence of upper Aptian and lower Albian sections (see Huber et al., 2011). Dutkiewicz et al. (2024) presented
a comprehensive synthesis of data from scientific deep-sea drilling sites, suggesting that these observed hiatus cycles are linked
to orbitally driven increases in deep-water circulation intensity and enhanced erosive activity by bottom currents.

This depositional gap has led to discrepancies in the characterization of the amplitude and duration of OAE 1b (Ramos et al.,
2024b). Efforts to correlate OAE 1b on a global scale using carbon isotope excursions and the nomenclature of organic-rich
levels (or OAE 1b sub-events) have resulted in misunderstandings regarding its significance and extent (e.g., Herrle et al.,
2004, 2010, 2015; Trabucho-Alexandre et al., 2011; Kennedy et al., 2014; Coccioni et al., 2014). In the Vocontian Basin, four
organic-rich levels—Jacob, Kilian, Paquier, and Leenhardt (Bréhéret, 1994)—have been considered representative of OAE
1b, although some studies recognize only Jacob, Kilian, and Paquier (Trabucho-Alexandre et al., 2011), or just Paquier (Herrle
et al., 2004). The expression of OAE 1b in complete Tethyan Ocean sections (Coccioni et al., 2012, 2014) cannot be directly
correlated with the incomplete records of the North (ODP Site 1049; Huber and Leckie, 2011) and South (DSDP Site 511)
Atlantic regions.

Interestingly, our findings indicate a timespan of ~2.56 Myr associated with the unconformity at ODP Site 1049 (Figures 5c
and 5d), which is also compatible with a recent suggestion (e.g., Dutkiewicz et al., 2024) that ~2.4-Myr grand cycles may have
caused global hiatuses prior to 70 Ma. Correlations of deep-water records spanning the interval from approximately 114.5 to

111.9 Ma may be biased due to this erosive event.
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5.4 Short geomagnetic reversed-polarity subchrons

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 CNS have been reported and dated worldwide (Shi et al., 2004;
Tarduno, 1990; Zhang et al., 2021; Ramos et al., 2024b). The MOr Chron (120.29 to 119.70 Ma; Li et al., 2023) marks the base
of the Aptian and the CNS (Savian et al., 2016; Leandro et al., 2022). The M-1r reversal, or ISEA (VandenBerg et al., 1978),
represents the first Aptian short geomagnetic reversed-polarity subchron after the MOr 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.

The first pair of reversals above the MOr 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 CNS (Ryan et al., 1978). Despite the
absolute dating range via “*Ar/*°Ar 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 (Figure 7), as proposed by Ryan et al. (1978). The stratigraphically youngest reversal of the second pair, referred to
here 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 (Figure 5).
These biostratigraphic markers may be useful in future studies. Although the possibility that this reversal represents a recording
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., 2011). Additionally,
the lack of homogenization in stable isotopic ratios further indicates that diagenetic overprinting is unlikely (Erbacher et al.,
2011). 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,
202-30 cm) 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.

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
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
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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.

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
kyr, supporting their interpretation as two distinct subchrons (Figure 7). The cyclostratigraphic analysis performed in this study
enables the correlation of reversal "3" with the age of the reversal proposed through “°Ar/*°Ar 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.
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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 the Aptian-Albian times. These values demonstrate that
CORBs can form under moderately low but not exceptionally slow sedimentation conditions, suggesting that other
environmental or climatic factors played a more significant role in their deposition. Temporal synchrony exists between
CORB-related events in the Tethys and North Atlantic. Aptian CORBs reflect a 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 and intensified 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
deposition of red beds. 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 the Aptian—Albian boundary, potentially biasing correlations of deep-water sections spanning ~114.5 to

111.9 Ma.
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