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ABSTRACT 

The age assigned to the boundary of the Barremian and Aptian stages remains one of the 

most poorly constrained post-Pangean stratigraphic boundaries. The lack of a Global 

Boundary Stratotype Section and Point (GSSP) for the stage boundary has hampered efforts 

to calibrate the absolute age of the Cretaceous period in the geologica l time scale. The 

Barremian–Aptian boundary also approximates the onset of magnetic polarity chron M0r; the 

end of this chron denotes the start of the Cretaceous Normal polarity Superchron that is of 

fundamental importance for plate reconstructions. Currently, there is up to 5% discrepancy in 

the age estimates of the Barremian–Aptian boundary (ca. 126–121 Ma) and the start of the 

Cretaceous Normal Superchron. Here, we review available geochronological information 

from the late Barremian and early Aptian stages collected from the Pacific Ocean, China, 

California, the Ontong Java Nui large igneous province and the High Arctic large igneous 

province. By utilizing only robust geochronological data including U-Pb and recalibrated 

40Ar/39Ar ages from sites with magnetic polarity information and/or paleontological 

constraints, we calculate a best estimate of between 123.8 and 121.8 Ma for the Barremian–

Aptian boundary and the onset of chron M0r at 2σ confidence. Using estimates of the 

duration of chron M0r (0.49 ± 0.10 Myr, 2σ), we conservatively compute the start of the 

Cretaceous Normal Superchron to between 123.4 and 121.2 Ma (2σ). Using an age of 83.07 ± 

0.15 Ma (2σ) for the end of the Cretaceous Normal Superchron, the duration of the 

superchron is also constrained to between 38.0 and 40.5 Myr (2σ). These age ranges for the 

Barremian–Aptian boundary, the onset of the Cretaceous Normal Superchron and the 

duration of the superchron currently provide the best estimates until a GSSP is formally 

ratified. 

Keywords: Chron M0r; Chron C34; Cretaceous Quiet Zone; 40Ar/39Ar geochronology; 

GSSP; Geological time scale  
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1 INTRODUCTION 

The age of the Barremian–Aptian chronostratigraphic stage boundary remains one of 

the most poorly constrained stratigraphic boundaries since the breakup of Pangea (Cohen et 

al., 2013). The Barremian–Aptian stage boundary is somewhat unusual in that it is only just 

above the base of the reversely-polarized magnetic chron M0r (Frau et al., 2018), which 

immediately predates the Cretaceous Normal Superchron. Despite numerous proposals 

(Channell et al., 2000; Erba et al., 1996), the lack of a Global Boundary Stratotype Section 

and Point (GSSP) has significantly hampered efforts to pinpoint the stage boundary (e.g., 

Frau et al., 2018). However, even without a GSSP, the range of proposed ages that is 

currently used is abnormally large for any post-Pangean stage boundary (i.e., post-Triassic). 

The International Commission on Stratigraphy has currently placed the Barremian–Aptian 

boundary in the geological time scale (v2018/8) at ~125 Ma (Cohen et al., 2013). However, 

previous studies have placed the Barremian–Aptian Boundary (chron M0r; Channell et al., 

1995) at 113.7 Ma (Fiet et al., 2006), 121.0 ± 1.4 (Gradstein et al., 1994; Opdyke and 

Channell, 1996), 121.2 ± 0.5 Ma (He et al., 2008), 121.5 ± 1.0 (Malinverno et al., 2012), 

~121–122 Ma (Midtkandal et al., 2016), 124.6 ± 0.3 Ma (Ogg and Smith, 2004) or 126.3 ± 

0.4 Ma (all uncertainties are at 2σ; Gradstein et al., 2012; Ogg, 2012). With the exception of 

the ca. 114 Ma age from Fiet et al. (2006), all these proposed ages for the chronostratigraphic 

boundary are still used in studies for various applications at the present day (Erba et al., 2015; 

Huang, 2018; Müller et al., 2016; Young et al., 2018), leaving investigators with a range of 

options based on individual preferences. The wide variation in the age of the Barremian–

Aptian boundary is mainly due to a lack of direct drill hole age constraints on both the 

seafloor and on land, and variable interpretation of previous geochronological, magnetic, 

paleontological and cyclostratigraphic data.  
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Establishing a more accurate numerical age for the Barremian–Aptian boundary – and 

the base of chron M0r – is of fundamental importance for several applications in the 

geosciences. First, linking the biostratigraphic and magnetostratigraphic record with 

numerical ages provides a reference for correlating the fossil record and magnetic reversals 

across the world (e.g., Karpuk et al., 2018). Although this is generally important for all stage 

boundaries that lack a GSSP, the Barremian–Aptian boundary remains one of the most poorly 

constrained stage boundaries after the breakup of Pangea. Second, the early Aptian is 

associated with major climatic and biotic crises. It records oceanic anoxia event 1a (OAE1a), 

a major crisis in Cretaceous oceanography (e.g., Erba, 2004; Erba et al., 2015; Leckie et al., 

2002; Midtkandal et al., 2016) and is associated with a greenhouse pulse (Larson and Erba, 

1999) before long-term hothouse conditions in the Late Cretaceous were established (Forster 

et al., 2007; Jenkyns, 2010; Jenkyns et al., 2002). Thus, understanding intrinsic and extrinsic 

causes for these major crises requires an accurate absolute age for the Barremian–Aptian 

boundary. Third, the Early Cretaceous is associated with emplacement of multiple large 

igneous provinces, including the two largest in the Phanerozoic – Kerguelen (Coffin et al., 

2002; Frey et al., 2000; Olierook et al., 2019c; Olierook et al., 2017; Olierook et al., 2015) 

and Ontong Java Nui (Hoernle et al., 2010; Larson and Olson, 1991; Neal et al., 2008; 

Taylor, 2006; Tejada et al., 2002; Timm et al., 2011). The emplacement of several large 

igneous provinces in a relatively short temporal window have often been attributed to mantle 

plume production from slab graveyards caused from circum-Pangean subduction zones 

(Burke et al., 2008; Kendall and Silver, 1996; Steinberger, 2000). A lack of accurate ages 

hampers linking plume–plate processes and magmatic–biotic processes (Santosh, 2010). 

Fourth, the Barremian–Aptian boundary also corresponds to the start of reversely-polarized 

chron M0r. The end of chron M0r denotes the start of normally-polarized chron C34 – the 

Cretaceous Normal Superchron or Cretaceous Quiet Zone – the longest period of no 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

significant magnetic reversals since the breakup of Pangea (Granot et al., 2012; Helsley and 

Steiner, 1968; Larson and Olson, 1991). Lasting ~40 Myr from ~125–120 Ma to ~83 Ma, the 

ages at which the Cretaceous Normal Superchron starts (chron M0y) and ceases (chron C34y) 

are of paramount importance for yielding accurate plate reconstructions. Fifth, the age range 

of the Cretaceous Normal Superchron also comprises one of only two global plate 

reorganization events (Matthews et al., 2012; Müller et al., 2016). Understanding how plate 

velocities have varied during plate reorganizations and whether these impacted the climatic or 

biotic record requires accurate ages for the onset and end of the Cretaceous Normal 

Superchron. With the current uncertainty in onset age of the Cretaceous Normal Superchron 

(~125–120 Ma), current plate reconstructions have an additional uncertainty of ~14% on 

spreading velocities during this time. Lastly, links have also been proposed between the 

Earth’s dynamo, activities in the lower mantle and superchrons (Glatzmaier et al., 1999; 

Jacobs, 2001; Larson and Olson, 1991; Olson et al., 2012). Whether superchrons are related 

to external consequences such as the impingement of a subducted slab with the core–mantle 

boundary (Courtillot and Olson, 2007; Larson and Olson, 1991) or whether these are intrinsic 

to the Earth’s magnetic field as predicted by dynamo theory (Hide, 2000; Olson et al., 2012) 

requires accurate age constraint to test theories. Therefore, accurate and more precise ages for 

the Barremian–Aptian boundary and onset of the Cretaceous Normal Superchron are 

paramount in order to begin to understand the drivers for all these applications.  

In this contribution, we review all available geochronological data in combination 

with stratigraphic sections for sites that have reliable paleontological and/or 

magnetostratigraphic constraints (Fig. 1). Using strict criteria (see below), the age of the both 

the Barremian–Aptian boundary and, subsequently, the onset of the Cretaceous Normal 

Superchron is constrained to a 2.0 and 2.2 Myr window at 2σ uncertainty, respectively. 
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Ultimately, these refined ages and their uncertainties provide a better numerical estimates that 

can be used for testing fundamental questions in the Earth sciences. 

 

2 ASSESSMENT CRITERIA FOR AGE DATA 

In order to constrain the Barremian–Aptian boundary, studies have used a variety of 

geochronological and other numerical dating techniques including U-Pb (Midtkandal et al., 

2016), 40Ar/39Ar (He et al., 2008), K-Ar (Armstrong, 1978), Rb-Sr (Armstrong, 1978) and 

cyclostratigraphic techniques (Huang et al., 2010). These different techniques have their 

benefits and limitations, and these limitations need to be assessed for robustness. For all 

geochronological data, multiple data points from the same sample should not be able to reject 

the null hypothesis such that a weighted mean of individual analyses should have a 

probability of ≥0.05  (Baksi, 2006; York, 1966; York, 1969). This first order requirement 

necessitates that multiple grains, plateau steps or aliquots are analyzed to yield a statistically-

valid weighted mean age for a single sample. 

For U-Pb data, it is important that only data that are concordant are used (i.e., 

206Pb/238U and 207Pb/235U dates overlap with the concordia curve at 2σ). Chemical abrasion 

prior to isotope dilution thermal ionization mass spectrometry (CA-ID-TIMS; Mattinson, 

2005) can aid in reducing discordance such that all robust analyses should be concordant. 

Here, zircon is the preferred mineral because it is a ubiquitous trace mineral in felsic and, to a 

lesser extent, intermediate and mafic rocks (Corfu et al., 2003; Speer, 1980). Its success in 

geochronology stems from its physical and chemical properties, including its relative 

durability hardness (Mohs scale = 7.5), chemical inertness, incorporation of trace amounts of 

U and Th during crystallization (Bea, 1996), rejection of Pb incorporation during 

crystallization (i.e., negligible common-Pb; Harley and Kelly, 2007; Watson et al., 1997) and 

extreme closure temperature to Pb (>900 °C; Cherniak and Watson, 2001; Lee et al., 1997). 
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Other U-bearing and common-Pb resistant minerals such as monazite and baddeleyite are 

also useful geochronometers but are less commonly employed (Piechocka et al., 2017; 

Wingate and Giddings, 2000). Minerals such as titanite or apatite that usually incorporate 

significant quantities of common-Pb can be less robust than common-Pb resistant minerals 

due to the lack of concordance (Kirkland et al., 2017; Olierook et al., 2019a; Olierook et al., 

2019d). In situ U-Pb techniques such as laser ablation inductively-coupled plasma mass 

spectrometry (LA-ICP-MS) or secondary ion mass spectrometry (SIMS) are also effective 

techniques of obtaining reliable U-Pb ages (e.g., Olierook et al., 2019b; Olierook et al., 2018; 

Spencer et al., 2016) but these do not have the resolution of TIMS data (<0.5% uncertainty at 

2σ). Nevertheless, in situ techniques can still yield robust ages and any acquired data are 

considered in this review. 

For 40Ar/39Ar data, only step-heated data is considered as total fusion analyses lack 

multiple analyses necessary to test the null hypothesis (Baksi, 2006). At least 50% 

(preferably 70%) of all 39Ar released should be distributed over a minimum of three 

consecutive steps agreeing at 2σ (Baksi, 2007). Furthermore, age data need to be recalculated 

to 40K decay constants and standards that have been calibrated against U-Pb data. We utilize 

the model of Renne et al. (2010), updated in Renne et al. (2011), which is favoured over 

Kuiper et al. (2008) because the former study is the only one that directly calibrates U-Pb 

ages with robust 40Ar/39Ar ages. Moreover, the study of Kuiper et al. (2008) does not 

explicitly recommend new 40K decay constants but rather used the decay constants proposed 

by Min et al. (2000), which was a preliminary version of Renne et al. (2010) and Renne et al. 

(2011). The material that was analyzed for 40Ar/39Ar geochronology is also critiqued. 

Groundmass and whole-rock data can have cryptic alteration that cannot be visually assessed 

during hand-picking, whereas mineral separates (particularly colorless minerals like 

plagioclase) circumvent many of the alteration issues (Baksi, 2007; Hofmann et al., 2000; 
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Merle et al., 2009; Verati and Jourdan, 2014). Therefore, mineral separates are preferred as 

any alteration in groundmass or whole-rock may produce younger ages that record 

(hydrothermal) alteration rather than crystallization (Merle et al., 2018; Merle et al., 2019). 

Rb–Sr and K–Ar data both have significant limitations that prevents them from being 

useful for the more accurate and precise determination of the Barremian–Aptian boundary. 

Rb–Sr data can be effective from a single sample if multiple minerals (e.g., biotite, 

muscovite, K–feldspar) yield a statistically-reliable isochron (Davidson et al., 2005). 

However, as a robust and precise ages requires multiple minerals to yield sufficient spread in 

the isochron, there are usually not more than three or four data clusters that allow for an age 

calculation (Davidson et al., 2005). K–Ar is equally problematic because it cannot 

unambiguously demonstrate that a sample is free of alteration nor contains excess or inherited 

40Ar (Kelley, 2002; Verati and Jourdan, 2014). Moreover, the step-heating approach of 

40Ar/39Ar yields multiple plateau steps that can be rigorously assessed for statistical robust via 

the null hypothesis. Most studies rarely report more than two analyses from the same sample, 

so that the null hypothesis cannot be adequately tested (McDougall et al., 1999). Finally, K–

Ar also requires that any sample is split into two, with one part analyzed for K and the other 

for Ar, and sample equivalence cannot be conclusively demonstrated. On the basis of these 

technique limitations, Rb–Sr and K–Ar data are not used to constrain the age of the 

Barremian–Aptian boundary. 

Orbitally-tuned cyclostratigraphic constraints are useful for short time intervals as 

they are usually more precise than geochronological constraints (Huang, 2018). Moreover, 

sedimentary sections to which cyclostratigraphic principles can be applied to are more 

common than horizons that can be dated via U-Pb (e.g., ash falls) or 40Ar/39Ar (basaltic lava 

flows). Astronomically-constrained ~405 Kyr orbital eccentricity cycles tend to be the most 

robust of cyclostratigraphic constraints, and have been shown to be reliable as far back as the 
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Triassic (Kent et al., 2018). However, the interpretation of cyclostratigraphic data is not 

always straightforward. Across particularly large gaps without geochronological constraints, 

over- or under-identification of eccentricity cycles can lead to significant errors. 

For all geochronological data, all uncertainties quoted in this paper are at 2σ and 

include all sources of error [including decay constants in square brackets] unless otherwise 

noted. 

 

3 BRIEF HISTORICAL ACCOUNT OF THE NUMERICAL AGE FOR THE 

BARREMIAN–APTIAN BOUNDARY 

The assignment of the Barremian–Aptian boundary is an ongoing process (Ogg et al., 

2012). The Aptian sequence was originally named after the village of Apt in the Vaucluse 

province of southeastern France (Orbigny, 1840). The majority of work leading up to the 

mid-1990s focussed primarily on biostratigraphic correlations of ammonites (cf. review by 

Moullade et al., 2011). The French Aptian sections are relatively poor in ammonites and, 

consequently, the classical marker for the base of the Aptian was the lowest occurrence of the 

deshayesitid ammonite Prodeshayesites in northwestern Europe (Hoedemaker et al., 2003; 

Moullade et al., 1998a; Moullade et al., 1998b; Rawson, 1983). However, the earliest Aptian 

is also associated with a major transgression so that virtually no ammonoid-bearing section 

spans across the Barremian–Aptian boundary. Based on revisions of all available 

biostratigraphic data – and coupled with a host of other physical stratigraphic data – Erba et 

al. (1996) proposed that the base of chron M0r should be utilized as the base of the Aptian. 

Although acknowledging that the ammonite biostratigraphic and magnetostratigraphic are not 

exactly equivalent with the base of chron M0r situated within the uppermost Barremian (Frau 

et al., 2018; Wissler et al., 2002), this discrepancy is far smaller than the current uncertainty 

on the numerical age of the Barremian–Aptian boundary. An alternative concept was 
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proposed by Moullade et al. (2011) to use the base of the Dufrenoyia furcata ammonite zone 

but this was swiftly rejected by the Lower Cretaceous ammonite working group (Reboulet et 

al., 2011). Thus, the use of the base of chron M0r still represents the best approximation for 

the Barremian–Aptian boundary. 

The first major effort in using geochronological data (K–Ar, Rb–Sr and U-Pb ages) to 

calibrate the Barremian–Aptian boundary, amongst other stages, was done by Armstrong 

(1978). However, the use of many of these radiometric ages would fail modern statistical and 

other reliability criteria (see section 2). Continued calibration in the 1980s and early 1990s of 

the Barremian–Aptian boundary in the context of Mesozoic time scales similarly relied on 

often dubious geochronological data when assessed by modern standards (Cowie and Bassett, 

1989; Haq et al., 1987; Harland et al., 1990; Odin, 1990; Palmer, 1983). In the mid-1990s, 

whole-rock 40Ar/39Ar data from ODP drilling MIT Guyot in the western Pacific (Pringle and 

Duncan, 1995; Pringle et al., 1994), whole-rock 40Ar/39Ar data from the Ontong Java Plateau 

(Mahoney et al., 1993) and zircon U-Pb data reported in a conference abstract from the Great 

Valley Group in California (Coleman and Bralower, 1993) led several workers to refine the 

Barremian–Aptian boundary to 121.0 ± 1.4 Ma (Channell et al., 1995; Gradstein et al., 1994; 

Opdyke and Channell, 1996). Each of these sites is discussed in more detail in the ensuing 

sections in this paper. This age of ca. 121 Ma for the Barremian–Aptian boundary, ‘re-

affirmed’ by Gee and Kent (2007) on the basis of magnetostratigraphy, is still favoured in 

many plate reconstructions (Müller et al., 2016; Seton et al., 2012; Young et al., 2018) over 

more recent revisions to the age of the Barremian-Aptian boundary. Older ages (e.g. ≥125 

Ma) for M0r result in lower seafloor spreading rates in the mid-Cretaceous and diminish 

temporal correlations between pulses of seafloor production (fast spreading rates) and sea 

level high-stands (Seton et al., 2009). 
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In the 2000s and 2010s, the age of the Barremian–Aptian boundary adopted in the 

geological timescale became progressively older. The jump in age from 121.0 ± 1.4 in the 

1990s (Channell et al., 1995; Gradstein et al., 1994; Opdyke and Channell, 1996) to 124.6 ± 

0.3 Ma in the 2000s (Ogg and Smith, 2004; Pringle et al., 2003) in the geological time scale 

is primarily a result of the treatment of age data and interpretation of magnetic and 

biostratigraphy from the MIT Guyot in the western Pacific Ocean (see section 3.1 and Pringle 

et al., 2003). 

Further updates of the geological time scale in 2012 pushed back the age of the 

Barremian–Aptian boundary to ca. 126.3 Ma (Ogg, 2012; Ogg et al., 2012) principally on the 

basis of cyclostratigraphy (Huang et al., 2010), with additional geochronological data 

(discussed in subsequent section) and recalibration of 40Ar/39Ar ages to U-Pb calibrated 40K 

decay constants (Renne et al., 2011; Renne et al., 2010). The principal issue here is the use of 

cyclostratigraphy. The Aptian cyclostratigraphy in Huang et al. (2010) is tied only to the 

Albian–Cenomian boundary at 100.62 Ma without further radiometric age ties. Across 

particularly large gaps such as the gap between the base Aptian and base Cenomanian, over- 

or under-identification of eccentricity cycles (>60 in Huang et al., 2010) can lead to 

significant errors. The use of a significantly older Barremian–Aptian boundary of ca. 126.3 

Ma leads to problems further back in the Early Cretaceous (Aguirre-Urreta et al., 2015; Ogg 

et al., 2016b; Vennari et al., 2014), which suggest that the geological time scale may need to 

be shifted “~2 Myr younger” (Huang, 2018). Clearly, there is a strong need to revisit the 

available radioisotopic data in light of these geological time scale issues. 

Currently, the Barremian–Aptian boundary is ca. 125 Ma in the geological time scale 

(Cohen et al., 2013). This age is is in between what was used in the 2004 (Gradstein et al., 

2004), and the 2012 and 2016 geological time scales (Gradstein et al., 2012; Ogg et al., 

2016a). However, the rationale for this age is not clearly justified. Ultimately, the lack of a 
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consensus in the scientific community calls for a reassessment of the geochronological data 

in the context of magnetostratigraphy, biostratigraphy and cyclostratigraphy to assess 

whether a refinement of the Barremian–Aptian boundary is possible. 

 

 

4 SITES WITH AGES FOR THE BARREMIAN–APTIAN BOUNDARY AND 

CHRON M0R 

4.1 MIT Guyot, western Pacific Ocean 

Drilling of the MIT Guyot during Ocean Drilling Program Leg 144 at site 878 in 1993 

revealed three separate volcanic episodes with different whole-rock major and trace element, 

and Sr–Nd–Pb isotopic compositions, separated by weathering horizons (Fig. 2b; Koppers et 

al., 1995; Koppers et al., 1998). Pringle and Duncan (1995) reported whole-rock 40Ar/39Ar 

isochron weighted mean ages of 122.9 ± 1.8 Ma (n = 3 of 3 samples), 121.7 ± 3.2 Ma (n = 1 

of 1 sample) and 119.6 ± 1.4 Ma (n = 3 of 3 samples) for the lower alkali basalt, middle 

basanite and upper trachybasalt lava flows, respectively (Fig. 2b).  

The lower alkali basalt flow is situated on the magnetic transition between a 

reversely- and normally-polarized chron, whereas the middle basanite and upper trachybasalt 

flows reside exclusively within a normally-polarized chron (Fig. 2b; Gee and Nakanishi, 

1995). These were originally interpreted to represent chron M1r and M1n (Pringle and 

Duncan, 1995).  Pringle et al. (2003) question whether the reversely- and normally-polarized 

chrons may instead be M0r to C34n (i.e., the Cretaceous Normal Superchron). This 

interpretation, together with new cyclostratigraphic interpretations of Huang et al. (2010),  

was a major factor in revising the ages to ~124.6 Ma (Ogg and Smith, 2004) and 126.3 Ma 

(Ogg, 2012) for the Barremian–Aptian boundary. The primary basis for choosing M0r and 

C34n is a suggestion that the Aptian nannoconid crisis (Erba, 1994; Erba, 2004; Larson and 
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Erba, 1999) may not have been present in the western Pacific Ocean (Pringle et al., 2003). 

However, there is now strong evidence that the nannoconid crisis did occur in the western 

Pacific, potentially triggered by the eruption of the Ontong Java Nui large igneous province 

(Erba et al., 2015 and references therein). Given the close spatial association of the Ontong 

Java Nui large igneous province and the MIT Guyot (Fig. 1), it would be very unlikely that 

the nannoconid crisis is not recorded at the MIT Guyot. Pringle et al. (2003) also offer an 

alternative explanation, that the originally-reported age for the upper lava flows (119.6 ± 1.4 

Ma) is too young because cryptic alteration cannot be visually detected with whole-rock (or 

groundmass) samples. Whole-rock (or groundmass) ages could be up to 10% younger than 

their equivalent mineral separates in samples that yield statistically-valid 40Ar/39Ar plateaus 

(Baksi, 2007; Hofmann et al., 2000; Merle et al., 2018). Even if whole-rock alteration did not 

affect MIT Guyot samples, at the very least the original ages reported by Pringle and Duncan 

(1995) were calculated using the now outdated 40K decay constants of Steiger and Jäger 

(1977). The 40K decay constants have since been revised in 2000 (Min et al., 2000) and again 

in 2010 (Renne et al., 2011; Renne et al., 2010), which makes all previous 40Ar/39Ar ages 

older by ~1%. In addition, using up-to-date standard intercalibration values (F-values; 

Jourdan and Renne, 2007; Renne et al., 1998) can also commonly increase a given age by a 

further 1–2 %, depending on the original reference standard. By recalculation of the ages to 

the correct decay constants and standard ages, we show below that the earlier interpretation 

of the M1n and M1r magnetic polarity zones drilled in the MIT Guyot is more plausible with 

the magneto- and biostratigraphic record (Gee and Nakanishi, 1995; Pringle and Duncan, 

1995). 

To compute the correct age closest to Barremian–Aptian boundary at the MIT Guyot, 

we use only samples from the upper flow (i.e., assumed to be closest to the Barremian–

Aptian boundary, chron M0r) and those that yielded plateaus at 2σ confidence (i.e., >70% of 
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total 39Ar released) with a p value >0.05 and are defined by more than three consecutive 

heating steps. Mini-plateaus (i.e., between 50 and 70% of the total 39Ar released) are 

considered only if they support an existing plateau age which is indistinguishable within 

uncertainties. Pringle and Duncan (1995) reported two plateau ages, recalculated at 121.1 ± 

1.4 Ma (91% of 39Ar released; recalculated MSWD = 0.11, p = 0.95) and 119.9 ± 2.6 Ma 

(71% of 39Ar released; recalculated MSWD = 1.2, p = 0.31) that satisfy these criteria, 

supported by a mini-plateau age of 119.9 ± 1.6 Ma (59% of 39Ar released; recalculated 

MSWD = 0.59, p = 0.67). Note, as Pringle and Duncan (1995) only presented their 40Ar/39Ar 

data in graphical form and did not report MSWD or p values, we have calculated these from 

redrawing and recomputing their figures and so the MSWD and p values may be slightly in 

error. There is no evidence for excess argon, with all measured 40Ar/36Ar ratios (335 ± 90,  

379 ± 139 and 295 ± 52, respectively) overlapping within 2σ error of the atmospheric 

40Ar/36Ar ratio of 298.56 ± 0.31 (Lee et al., 2006). Using these three individual ages, we 

calculate a weighted mean age of 123.5 ± 1.0 [1.3] Ma (MSWD = 0.89, p = 0.41, Table 1, 

Fig. 2c). Note that the uncertainty might be slightly underestimated if the three aliquots have 

the same J-values in their calculation as this would potentially create small correlated 

uncertainties (cf. discussion in Jourdan et al., 2007). As these samples were probably from 

chron M1n (Gee and Nakanishi, 1995; Pringle and Duncan, 1995), this age represents a strict 

maximum age as this unit as it is below the Barremian–Aptian boundary. Alternatively, if this 

sample is from chron C34n (Pringle et al., 2003), then this age is a strict minimum age. 

Summary. Limitations: Whole-rock analyses, uncertain magnetostratigraphy, 

graphical form data only in Pringle and Duncan (1995). Best age estimate: 123.5 ± 1.0 [1.3] 

Ma for chron M1r (uppermost Barremian). 

 

4.2 Liaoning Province, China 
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Several radioisotopic age data are available for the Liaoning Province in China from 

the upper Barremian and lower Aptian sequences (Fig. 3a,b). Geochronological constraints 

from the Yixian Formation, the conformably-overlying Jiufotang Formation and 

unconformably underlying Tuchengzi Formation constrain the age of the Yixian Formation to 

ca. 131–122 Ma (Fig. 3b). There are some discrepancies in age data with respect to the 

stratigraphic succession of the Yixian Formation, particularly with respect to some of the 

ages recalculated from Chang et al. (2009), which tend to be slightly older than ages from all 

other studies (Fig. 3b). Another obstacle that the Yixian Formation presents is that its 

biostratigraphy is not well tied to global correlations (Wang et al., 2016b), so that 

biostratigraphically pinpointing the Barremian–Aptian boundary is difficult within the Yixian 

Formation (Fig. 3b). 

As an alternative to biostratigraphic constraints, two sites in the Liaoning Province 

have been dated within reversely-polarized horizons that may correspond to chron M0r (He et 

al., 2008; Zhu et al., 2004). The first site is situated within the lower to middle Yixian 

Formation, specifically at the Mashenmiao–Zhuanchengzi section (He et al., 2008). Although 

the study does not report the exact stratigraphic location, petrographic and geochronological 

data imply that the andesitic sample was probably from the Upper Lava Unit (Fig. 3b). Three 

groundmass 40Ar/39Ar apparent ages from lava flows within the Yixian Formation were 

reported from which only one of these ages yielded a reliable plateau age of 121.7 ± 0.8 Ma 

(Table 1; He et al., 2008). This sample also yielded an 40Ar/36Ar intercept of 294.1 ± 5.3 that 

overlaps within 2σ error of the atmospheric 40Ar/36Ar ratio of 298.56 ± 0.31 (Lee et al., 

2006), implying no evidence for excess argon. Age recalculation to the new decay constants 

of Renne et al. (2011) yields a corrected age of 122.9 ± 0.8 [1.1] Ma for the reversely-

polarized sample in the Yixian Formation (Fig. 3c; He et al., 2008). Although mineral 

separates are preferred over groundmass, petrographic examination of thin sections here and 
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from other sites in the Yixian Formation suggest that geochemical alteration is minimal 

(Chang et al., 2017; Chang et al., 2009; He et al., 2008). 

The authors argue the ca. 123 Ma sample is situated within chron M0r on the basis of 

its age similarity to what was expected in the 2004 geological time scale (Ogg and Smith, 

2004). Here, we consider whether this sample could have been situated in adjacent reversely-

polarized chrons: the ISEA chron (M“-1r”; Zhu et al., 2004), the brief reverse polarity 

segment that occurred soon after the onset of the Cretaceous Normal Superchron (Tarduno, 

1990), or chron M1r. Ages from the ISEA chron are highly uncertain and the current best 

estimate is from ODP site 879 (re-calculated to 121.4 ± 2.1 Ma; Pringle and Duncan, 1995), 

although we caution whether this unit was even dated within ISEA. Nevertheless, if the age 

of the ISEA chron is correct, then it is possible that He et al. (2008) dated an interval within 

the ISEA chron. If the sample originated instead from chron M1r, then the age of the 

Barremian–Aptian boundary would have to be at least ~2.3 Myr younger (i.e., duration of 

chron M1n from cyclostratigraphy; Fiet and Gorin, 2000) than 122.9 ± 0.8 (i.e., at least 

younger than ~120.6 Ma). Although the cyclostratigraphy may be slightly in error, the 

Barremian–Aptian boundary would be too young if He et al. (2008) dated a sample within 

chron M1r, even with the magnetostratigraphic time scales of Gee and Kent (2007). 

Furthermore, integration with other sites reveals that the interpretation of chron M0r for the 

Liaoning site is likely correct (see section 4). Thus, this age thus represents a minimum age 

for the Barremian–Aptian boundary and the onset of chron M0r.  

The second reverse polarity site in the Liaoning Province is reported from a section 

near Jianguo but its exact stratigraphic position is uncertain (Zhu et al., 2004). The authors 

suspect that this is likely related to the ISEA chron on the basis of overlapping ages with the 

ISEA chron measured at. We recompute their reported age to an age of 120.0 ± 1.1 Ma (75% 

39Ar released, MSWD = 1.0, p = 0.46, 19 plateau steps, Table 2). There is no evidence for 
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excess argon based on the paucity of trapped Ar. Although this age overlaps within 2σ of the 

supposed ISEA chron measured at ODP 879, it also overlaps with the Gee and Kent (2007) 

magnetostratigraphic time scale. As with the other sample, integration with other ages from 

other global localities is key (see section 4). As an age of 120.0 ± 1.1 Ma also falls outside 

the uncertainty of the other reported sites either above or below the Aptian–Barremian 

boundary, we concur with the original authors’ interpretation that this age belongs to the 

ISEA and we suggest that this sample is probably situated in the Jiufotang Formation. It is 

worth noting that two other reverse chrons in the Cretaceous Normal Superchron (M“-2r” ≈ 

108 Ma; M“-3r” ≈ 102 Ma) occurred significantly later (Ogg and Smith, 2004) than measured 

in the Liaoning Province (Zhu et al., 2004).  

Summary. Limitations: Groundmass analyses, uncertain biostratigraphy. Best age 

estimate: 122.9 ± 0.8 [1.1] Ma for chron M0r (lowermost Aptian). 

 

4.3 California, USA 

The Great Valley Group in California records a Lower Cretaceous sequence with 

well-characterized calcareous nannofossil zonation (Fig. 4a, b; Bralower, 1990; Bralower et 

al., 1995). Part of the Valanginian to Aptian sequence has intercalated ash fall (bentonite) 

horizons that have been dated via zircon U-Pb TIMS but are only available from an abstract 

(Coleman and Bralower, 1993) and from a Masters thesis (Shimokawa, 2010). Although the 

abstract does not have the raw data and its validity cannot be verified, the study by 

Shimokawa (2010) has all the raw data. Nevertheless, we treat this unpublished data with 

caution when assessing it collectively with other sites. 

One bentonite sample taken from a lower Aptian succession yielded seven concordant 

CA-ID-TIMS dates that spread from ca. 127 to 124 Ma (Fig. 4c). The youngest four analyses 

cluster, yielding a weighted mean 206Pb/238U age of 124.08 ± 0.15 [0.23] Ma (MSWD = 1.7, p 
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= 0.16, Fig. 4c). The other, older three analyses are probably antecrystic or xenocrystic (Fig. 

4c). This sample was taken from the Chiastozygus litterarius biozone (NC6A subzone, Fig. 

4b; Bralower et al., 1995). A paleontological sample collected directly below the bentonite 

layer yielded the first occurrence of C. litterarius and last occurrence of Conusphaera rothii 

(i.e., NC6A subzone; Bralower, 1990). Although these calcareous nannofossils were original 

interpreted as earliest Aptian (Bralower, 1990; Bralower et al., 1995), revisions have shown 

that C. litterarius is also present in the uppermost Barremian (Bown et al., 1998). Thus, the 

ash fall may have been deposited in the uppermost Barremian or lowermost Aptian 

(Shimokawa, 2010). 

Summary. Limitations: Unpublished analyses, no magnetostratigraphy. Best age 

estimate: 124.08 ± 0.15 [0.23] Ma for uppermost Barremian or lowermost Aptian. 

 

4.4 Greater Ontong Java Event, southwestern Pacific Ocean 

The Ontong Java Nui large igneous province, or Greater Ontong Java large igneous 

province, comprises the once-contiguous Ontong Java, Manihiki and Hikurangi oceanic 

plateaus (Taylor, 2006). The earliest portions are known as the Greater Ontong Java Event. 

The age of the Greater Ontong Java Event is fundamentally important for the Barremian–

Aptian boundary because it is purported to post-date the Barremian–Aptian boundary and 

may have been the cause of OAE1a (Erba et al., 2015). We detail the available age data of all 

three oceanic plateaus here. 

4.4.1 Ontong Java Plateau 

The Ontong Java Plateau erupted solely below sea level but obducted sections now 

outcrop in the northeastern Solomon Islands (Fig. 5a; Tejada et al., 2002). On the offshore 

portion of the Ontong Java Plateau, the Greater Ontong Java Event is recorded at DSDP site 

289, and ODP sites 807 and 1184 (Chambers et al., 2004; Mahoney et al., 1993). 
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From DSDP site 289 and ODP site 807, all ages were obtained via whole-rock 

40Ar/39Ar geochronology and were supported by magneto- and biostratigraphy (Fig. 5b–c). 

Two samples from the same lava flow in DSDP Site 289 yielded re-calculated ages of 125.8 

± 4.9 and 124.6 ± 5.5 Ma, with a weighted mean of 125.3 ± 3.6 Ma (MSWD = 0.11, p = 0.74; 

Mahoney et al., 1993). Six samples from DSDP Site 807 yielded recalculated ages between 

127.7 ± 4.5 Ma and 122.8 ± 5.3 Ma (Mahoney et al., 1993). These ages represent different 

lava flows emplaced at different times but because of the unusually low-precision of these 

analyses, all their apparent ages overlap at 2σ. Samples dated from ODP site 807 (Mahoney 

et al., 1993) are directly overlain by sedimentary rocks containing Aptian planktonic 

foraminifera (Sliter and Leckie, 1993) and Aptian calcareous nannofossils (Channell et al., 

1995). For the nannofossils, the first occurrence of Rucinolithus irregularis, the absence of 

Eprolithus floralis and the scarcity of nannoconids indicates that the overlying sedimentary 

rocks can be attributed to the upper part of C. litterarius zone, above the nannoconid crisis 

and thus occurring after the onset of the Cretaceous Normal Superchron (Channell et al., 

1995). The nannofossil interpretation is supported by paleomagnetic direction results that 

demonstrate that all samples were collected from normally-polarized units, and that these 

probably correspond to the Cretaceous Normal Superchron (Musgrave et al., 1993; Tarduno 

et al., 1991).  

From ODP site 1184, four small population plagioclase separates – with two aliquots 

of 4–5 crystals each – from basaltic clasts were dated by 40Ar/39Ar total fusion (Table 4; 

Chambers et al., 2004). Total fusion may hide the effects of excess argon or alteration, such 

that the age may be incorrect and contain unresolved yet systematic bias, giving the illusion 

that the age is correct. For example, only two samples yielded dates where both aliquots 

overlapped at 2σ (Chambers et al., 2004); the other two samples have probably suffered from 

excess argon or alteration. Moreover, the samples from ODP site 1184 were entrained in 
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Eocene sedimentary rocks (Sikora and Bergen, 2004), preventing detailed bio- or 

magnetostratigraphic constraints. Therefore, the reported ages from ODP site 1184 are not 

considered. 

Outcropping portions of the Ontong Java Plateau have been dated on Malaita, Santa 

Isabel and Ramos Island (Solomon Islands) but these have virtually no sedimentary 

intercalations so that biostratigraphic constraints are difficult to assess (Tejada et al., 1996; 

Tejada et al., 2002). From Malaita Island, recalculated Early Cretaceous whole-rock 

40Ar/39Ar plateau and mini-plateau ages ranged between 129.1 ± 3.9 Ma and 124.7 ± 3.3 Ma 

(Table 4; Mahoney et al., 1993; Tejada et al., 1996; Tejada et al., 2002). One Early 

Cretaceous whole-rock 40Ar/39Ar plateau age was reported from Santa Isabel Island at 126.3 

± 3.1 Ma (100% 39Ar released, 4 steps) and another sample from Ramos Island, just north of 

Santa Isabel, at 123.0 ± 3.3 Ma (100% 39Ar released, 4 steps; Tejada et al., 1996). It is worth 

noting that that all samples from the Solomon Islands were calculated relative to FCT-3 

biotite, which shows chemical heterogeneity and poor single grain 40Ar*/40K reproducibility 

(Dazé et al., 2003). Utilization of an unreliable standard might yield a poor flux monitoring 

and slightly bias the resulting 40Ar/39Ar ages of investigated samples. However, use a 10 mg-

aliquot of FCT-3 standard (as used at least in Tejada et al., 2002) tends to homogenize the 

40Ar*/40K to some extent (Duncan et al., 1997), so the FCT-3 biotite standard may be 

acceptable. For all Solomon Island samples, no MSWD or p is available for the plateau ages, 

nor are 40Ar/39Ar spectra available to assess their validity. An additional problem is that 

whole-rock was used as opposed to mineral separates. Whole-rock and, to a lesser extent, 

groundmass may contain alteration that can be visually undetectable because of the opaque 

nature of whole-rock and groundmass during picking under a binocular microscope. 

4.4.2 Manihiki Plateau 
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The early portions of Manihiki Plateau erupted solely in the submarine domain (Timm 

et al., 2011). Eleven robust 40Ar/39Ar ages have been obtained from the Manihiki Plateau 

from one location in the centre of the High Plateau (DSDP site 317) and several dredging 

expedition around the scarp margins of the High and Western Plateaus (Fig. 5a; Hoernle et 

al., 2010; Ingle et al., 2007; Timm et al., 2011). The most important sampling site is that of 

DSDP site 317 because of auxiliary magneto- and biostratigraphic constraints (Fig. 5d). Two 

samples with two aliquots of plagioclase each yielded recalculated ages of 119.7 ± 3.8 and 

119.4 ± 5.2 Ma from DSDP site 317 (Fig. 5d, Table 4; Hoernle et al., 2010). All 

paleomagnetic analyses older than the Campanian in DSDP site 317 are normally-polarized 

and all lava flows are therefore interpreted to have erupted during the Cretaceous Normal 

Superchron (Fig. 5d; Cockerham and Jarrard, 1976). Unfortunately, biostratigraphic 

constraints are not available beyond the upper Aptian (Leupoldina cabri planktonic 

foraminiferal zone, Fig. 5d) due to barren intervals to the bottom of DSDP site 317 (McNulty, 

1976). Nevertheless, the magnetostratigraphic constraints indicate that the Barremian–Aptian 

boundary must be at the very least ~0.4–0.6 Myr older (i.e., the duration of chron M0r; 

Malinverno et al., 2010) than the ages recorded in both samples.  

The dredges from the Manihiki Plateau are probably sampling closer to the basement 

than DSDP Site 317 (Fig. 5a). After recalculation to correct standard ages, the six oldest 

samples yielded plagioclase or glass 40Ar/39Ar ages between 128.4 ± 8.3 Ma and 125.9 ± 0.9 

Ma (Table 4). One dredge sample from Ingle et al. (2007) with a reported age of 117.1 ± 3.5 

Ma could not be recalculated because the standard used (EB-1 biotite) has not been properly 

intercalibrated (Table 4). 

4.4.3 Hikurangi Plateau 

The Hikurangi Plateau, located east of the North Island of New Zealand, is fully 

submarine with no outcrop available (Mortimer and Parkinson, 1996). The Greater Ontong 
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Java Event on the plateau remains poorly constrained despite recent dredging expedition 

(Hoernle et al., 2010). Single-crystal total fusion analyses of plagioclase feldspar yielded one 

robust age reported at 118.4 ± 4.0 Ma (n = 16 of 16 analyses, MSWD = 1.18, p = 0.28). 

However, the questionable analytical approach (cf. above for discussion about single crystal 

total fusion ages), the relatively high age uncertainty on only one sample and the lack of 

biostratigraphic and magnetostratigraphic constraints means that further work is needed to 

constrain the magmatic history of the Hikurangi Plateau. 

4.4.4 Barremian–Aptian boundary from the Greater Ontong Java Event 

With all the above considerations, the best age constraints for the Barremian–Aptian 

boundary from the Greater Ontong Java Event are those that have robust magneto- and/or 

biostratigraphic information, and are derived from >70% (39Ar) plateau obtained by step-

heating analyses, and these are only available from DSDP and ODP drill cores at the present 

day (Fig. 5b–d, Table 4). The Ontong Java Plateau yielded whole-rock ages of 125.3 ± 3.6 

[3.9] Ma (DSDP 289) and 127.7 ± 4.5 [4.8] Ma to 122.8 ± 5.3 [5.6] Ma (ODP 807), and the 

Manihiki Plateau yielded two plagioclase ages of 119.7 ± 3.8 [4.1] Ma and 119.4 ± 5.2 [5.5] 

Ma (DSDP 317), all of which are from Aptian successions within the Cretaceous Normal 

Superchron. Considering that chron M0r lasted 0.49 ± 0.10 Myr (Malinverno et al., 2010), the 

Barremian–Aptian boundary must be at least 0.39 Myr older than the ages recorded at DSDP 

289, ODP 807 and DSDP 317. This equates to 125.7 ± 3.6 [3.9] (DSDP 289), 128.1 ± 4.5 

[4.8] Ma to 123.2 ± 5.3 [5.6] Ma (ODP 807), and 120.1 ± 3.8 [4.1] Ma and 119.8 ± 5.2 Ma 

[5.5] (DSDP 317). 

Summary. Limitations: Predominantly whole-rock or groundmass analyses, high 

analytical uncertainty. Best age estimates: Ontong Java Plateau (whole-rock): 125.3 ± 3.6 

[3.9] Ma (DSDP 289) and 127.7 ± 4.5 [4.8] Ma to 122.8 ± 5.3 [5.6] Ma (ODP 807). Manihiki 
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Plateau (plagioclase): 119.7 ± 3.8 [4.1] Ma and 119.4 ± 5.2 [5.5] Ma (DSDP 317). All ages 

are from Aptian successions within the Cretaceous Normal Superchron. 

 

4.5 High Arctic large igneous province 

The High Arctic large igneous province erupted over a protracted period of time (ca. 

130–80 Ma) but, importantly, the earliest eruptions overlapped with the Barremian–Aptian 

boundary (Buchan and Ernst, 2018; Jowitt et al., 2014). Geochronological evidence from ca. 

130 to 120 Ma is available from Svalbard (Corfu et al., 2013; Midtkandal et al., 2016; Polteau 

et al., 2016), Franz Josef Land (Corfu et al., 2013; Shipilov and Karyakin, 2011) and 

northeastern Canada (Table 5, Fig. 6; Estrada and Henjes-Kunst, 2013; Evenchick et al., 

2015; Villeneuve and Williamson, 2006). However, all but one of the age data are from 

intrusive bodies, which at best provide minimum depositional ages (Table 5). The only 

depositional feature is a bentonite layer from Longyearbyen (Svalbard) within a Barremian 

sequence, which provides the best estimate of the Barremian–Aptian boundary in the High 

Arctic large igneous province (Fig. 6b). 

Longyearbyen in Svalbard was drilled in two proximal locations and encountered a 

single bentonite (clay mineral derived from the decomposition of volcanic ash) layer from the 

same stratigraphic interval in which zircon crystals have been dated via CA-ID-TIMS (Corfu 

et al., 2013; Midtkandal et al., 2016). Importantly, this bentonite layer is situated ~40 m 

below a major negative δ13C excursion attributed to OAE1a (Midtkandal et al., 2016). 

Dinoflagellate biostratigraphy from a nearby well also provides important stratigraphic 

constraints, particularly with respect to the first occurrence of the Barremian Simiodinium 

grosii recorded ~20 m above the bentonite layer (Fig. 6b). U-Pb analyses from the two drill 

core samples DH3 and DH7 yielded a spread of 19 concordant dates between ca. 130 and 122 

Ma (Fig. 6c) and two concordant outliers at ca. 142 and 140 Ma (not shown in Fig. 6c) that 
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are considered xenocrystic (Corfu et al., 2013; Midtkandal et al., 2016). Four of the older 

dates in the ca. 130–122 Ma age range are clearly antecrystic or xenocrystic (Fig. 6c) but the 

remainder of the 15 analyses form a continuum from ca. 126–122 Ma (Midtkandal et al., 

2016; Siégel et al., 2018). Although the original report only utilized 9 dates to compute the 

age, it is possible to obtain a statistically-reliable age with the youngest 13 dates, yielding an 

age of 123.39 ± 0.28 [0.36] Ma (MSWD = 1.5, p = 0.12, Fig. 6d). As the bentonite layer was 

deposited during the Barremian, it is therefore only a maximum age for the Barremian–

Aptian boundary and chron M0r. 

Summary. Limitations: No magnetostratigraphy, high number of xenocrysts and 

antecrysts. Best age estimates: 123.39 ± 0.28 [0.36] Ma from uppermost Barremian. 

 

5 BEST ESTIMATE AGE CALCULATION OF THE BARREMIAN–APTIAN 

BOUNDARY AND ONSET OF CHRON M0R 

Of the five primary sites discussed here, two are situated in the Barremian (MIT 

Guyot, western Pacific and Svalbard), one within the uppermost Barremian or lowermost 

Aptian (Great Valley Group, California), one within chron M0r in the lowermost Aptian 

(Yixian Formation, China), and one region within the Cretaceous Normal Superchron 

(Greater Ontong Java Event). The ages from the Greater Ontong Java Event have large errors 

that prevent them from being useful to refine the Barremian–Aptian boundary (Fig. 7). 

The two ages from the Barremian, the MIT Guyot at 123.5 ± 1.0 [1.3] Ma and 

Svalbard at 123.39 ± 0.28 [0.36] Ma, indicate that the Barremian–Aptian boundary must be 

younger than these ages. It is worth noting that the MIT Guyot ages were measured on 

whole-rock samples, which may notoriously hide cryptic alteration and yield younger ages 

(e.g., Baksi, 2007; Merle et al., 2018). Additionally, as Pringle et al. (2003) asserts, if the 

MIT Guyot sample is instead from the Cretaceous Normal Superchron (C34n), then it implies 
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that the Barremian–Aptian boundary in the MIT Guyot is at least ~0.5 Myr older (i.e., the 

duration of chron M0r, see section 5 and Malinverno et al., 2010). This is a distinct 

possibility and this may only be solved with re-dating plagioclase separates from the MIT 

Guyot with multi-collector 40Ar/39Ar instrumentation (e.g., ARGUS VI; Belica et al., 2017; 

Olierook et al., 2016; Phillips and Matchan, 2013; Ware and Jourdan, 2018), which should 

yield more accurate and precise ages that approach the precision of CA-ID U-Pb TIMS 

geochronology. 

The lack of certainty in the MIT Guyot is circumvented by the high precision CA-ID-

TIMS age of 123.39 ± 0.28 [0.36] Ma in Svalbard, which indicates that the Barremian–

Aptian boundary can be no older than 123.8 Ma at 2σ uncertainty (including error on decay 

constants). The uppermost Barremian to lowermost Aptian sequence from the Great Valley 

Group in California provides a precise age that, on the basis of above evidence from 

Svalbard, implies that it is situated within the uppermost Barremian at 124.08 ± 0.15 [0.23] 

Ma (Shimokawa, 2010). Thus, the (probably) three Barremian sequences all suggest that the 

Barremian–Aptian boundary must be no older than 123.8 Ma. This indicates that the ca. 125 

Ma age currently used by the International Commission on Stratigraphy for the Barremian–

Aptian boundary is at least 1.2 Myr too old (Cohen et al., 2013). 

The one site that is most likely within chron M0r, the Yixian Formation (China), 

yielded an age of 122.9 ± 0.8 [1.1] Ma (He et al., 2008). If this sample was situated in the 

ISEA chron, then the Barremian–Aptian boundary would have to be ~5 Myr older than 122.9 

± 0.8 [1.1] Ma (i.e. ≥ ~127.9 Ma) on the basis of cyclostratigraphy (Huang et al., 2010). 

Although the cyclostratigraphic estimates from Huang et al. (2010) are probably up to ~1 

Myr too long (Huang, 2018), the sample dated by He et al. (2008) would still be significantly 

too old for the maximum age determined by the Barremian Svalbard, MIT Guyot and 

California sites above. Thus, we affirm that the interpretation by He et al. (2008) is probably 
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correct and that this sample was taken from chron M0r. This andesitic sample was measured 

on groundmass that, like the MIT Guyot, would benefit from re-dating using mineral 

separates to circumvent the possibility that the original groundmass contained cryptic 

alteration. On the basis of the duration of chron M0r (0.49 ± 0.10 Myr; Malinverno et al., 

2010; see section 4 for duration of chron M0r), the base of M0r can be no more than 0.59 

Myr (2σ) older than 122.9 ± 0.8 [1.1] Ma (Fig. 7). In lieu of mineral separate analyses (e.g. 

40Ar/39Ar on plagioclase or U-Pb TIMS on zircon), the Barremian–Aptian can be no older 

than 124.3 Ma and no younger than 121.8 Ma at 2σ uncertainty as indicated by the Yixian 

Formation. 

Using these above constraints, we conservatively infer that the Barremian–Aptian 

boundary is between 123.8 Ma and 121.8 Ma at 2σ confidence, including errors on decay 

constants (Fig. 7). Note that this age range does not imply that this is a Gaussian distribution 

(i.e., not 122.8 ± 1.0 Ma) but simply that the age of the Barremian–Aptian boundary should 

fall within these two ages taking into account 2σ uncertainties on the constraints. This age 

range should serve as the best estimate to date of the Barremian–Aptian boundary until a 

GSSP is formally ratified. 

 

6 AGE AND DURATION OF THE CRETACEOUS NORMAL SUPERCHRON 

The uncertainty on relative chron durations is usually significantly less than the 

uncertainty on the boundaries (Gradstein et al., 1994), so that the age of the onset of the 

Cretaceous Normal Superchron (C34n) can be readily computed using the duration of chron 

M0r. The duration of chron M0r was extrapolated by cyclostratigraphy at ~0.4 Myr (no 

statistical uncertainty) in Italy (Huang et al., 2010; Sprovieri et al., 2006). Such a duration for 

chron M0r was similar in the Pacific Ocean at 0.37 Myr (no statistical uncertainty; Ogg, 

2012). The duration of chron M0r has been further refined using Monte Carlo simulations of 
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orbital tunings, which yielded a duration of 0.49 ± 0.10 Myr (2σ; Malinverno et al., 2010). 

Subsequent attempts to refine the duration of chron M0r by Malinverno et al. (2012) 

erroneously used the uncorrected dates (121.2 Ma) with an uncertainty that is too precise (± 

0.5 instead of ± 0.9 Ma, 2σ) from the Liaoning Province (He et al., 2008). Therefore, the 

duration of chron M0r is preferentially chosen as 0.49 ± 0.10 Myr (2σ; Malinverno et al., 

2010). Together with the age of the Barremian–Aptian boundary (122.8 ± 1.0 Ma), we use a 

Monte Carlo simulation (10,000 simulations) to calculate a conservative possible onset age of 

123.4–121.2 Ma for the Cretaceous Normal Superchron 

The duration of the Cretaceous Normal Superchron requires knowledge of the end of 

the superchron and the reappearance of magnetic reversals. Fortunately, the end of the 

Cretaceous Normal Superchron is far better constrained than its onset. Various studies have 

placed its end between ca. 84 and 83 Ma (Gradstein et al., 1994; He et al., 2012; Ogg, 2012; 

Sageman et al., 2014; Wang et al., 2016a). A recent study obtained a precise CA-ID-TIMS 

age towards the very end of the Cretaceous Normal Superchron at 83.27 ± 0.11 Ma (Wang et 

al., 2016a), which provides a firm maximum age. Using cyclostratigraphy and extrapolation 

of approximately half a ~405 Kyr eccentricity cycle, Wang et al. (2016a) assign the end of 

the Cretaceous Normal Superchron (chron C34y) at 83.07 ± 0.15 Ma. We suggest that, given 

its accuracy and precision, this age should be adopted for the end of the Cretaceous Normal 

Superchron. 

With the onset of the Cretaceous Normal Superchron at 123.4–121.2 Ma and the 

cessation of the superchron at 83.07 ± 0.15 Ma, the duration of the superchron can be 

conservatively refined to between 38.0 and 40.5 Myr. This is equivalent to an uncertainty of 

~5% on the duration of the Cretaceous Normal Superchron, which is approximately three 

times more precise than current estimates. Although we suspect that further geochronological 

evaluation of the existing sites and potential new sites will decrease this uncertainty further, 
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this new and more precise age range should facilitate more reliable plate velocity estimates 

during the Cretaceous Normal Superchron. 

 

7 CONCLUSIONS 

A re-evaluation of global geochronological data in the context of biostratigraphic and 

magnetostratigraphic constraints reveals that the current age of the Barremian–Aptian 

boundary in the Geological Time Scale and the base of chron M0r is significantly in error. 

Using geochronological data from the MIT Guyot, the Liaoning Province (China), California, 

the Ontong Java Nui large igneous province and the High Arctic large igneous province, the 

radioisotopic age of the Barremian–Aptian boundary and the base of chron M0r can be 

refined to between 123.8 and 121.8 Ma. This is a best estimate; each of the data sets used in 

this study have stratigraphic and/or methodological limitations. 

Using the duration of chron M0r, the onset of the Cretaceous Normal Superchron can 

be computed to between 123.4 and 121.2 Ma. With these estimates and the end of the 

Superchron constrained at 83.07 ± 0.15 Ma, the duration of the Cretaceous Normal 

Superchron is 38.0 and 40.5 Myr, approximately three times more precise than previous 

estimates. Until a GSSP is formally ratified for the Barremian–Aptian boundary, we propose 

that these age estimates should be adopted for the Barremian–Aptian boundary (i.e., the base 

of chron M0r), the onset of the Cretaceous Normal Superchron and the duration of the 

superchron. 
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Table 1: Summary of 40Ar/39Ar results for normally- and reversely-polarized lava flows 

(M1n–M1r?) in the MIT Guyot (Pringle and Duncan, 1995). Bold ages indicate reliable age 

constraints. Ages recalculated using decay constants and intercalibration ratios of Renne et al. 

(2011). 
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Table 2: Summary of geochronological data from the Yixian Formation and overlying 

lowermost Jiufotang Formation in the Liaoning Province, China. Bold ages indicate reliable 

age constraints. U-Pb data recalculated using decay constants of Steiger and Jäger (1977) and 

238U/235U ratio of 137.82 (Hiess et al., 2012). 40Ar/39Ar data recalculated using decay 

constants and intercalibration ratios of Renne et al. (2011). 
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97.9 
Ma 

5.54
E-10 

99.7
38 ± 
0.10
4 

131.3 
± 1.5 
[1.8] 

Wa
ng 

et 
al. 
(20

01b
) 

Low er 
Lava 
Unit 

YX0
7-2 

Basa
lt 

40Ar/
39Ar 
plat

eau 

Groun
dmass 

126.
1 ± 
0.5 

67 
1.7
2 

0.
13 

5 of 
17 
step

s 

FC 
sani
dine 

28.0
2 ± 
0.28 

5.54
3E-
10 

28.2
94 ± 
0.03

6 

127.3 
± 0.5 
[0.8] 

Cha
ng 
et 

al. 
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(20
09) 

Lower 
Lava 
Unit 

YX0
7-2 

Basa
lt 

40Ar/
39Ar 
plat
eau 

Groun
dmass 

126.
4 ± 
0.5 

49.
6 

0.1
9 

0.
94 

4 of 
13 
step
s 

FC 
sani
dine 

28.0
2 ± 
0.28 

5.54
E-10 

28.2
94 ± 
0.03
6 

- 

Cha

ng 
et 
al. 
(20

09) 

Low er 
Lava 
Unit, 
immedi

ately 
above 
Lujiatun 
Member 

SYN

U-
005 

Basa

lt 

40Ar/
39Ar 

plat
eau 

Groun

dmass 

126.

0 ± 
0.8 

100 
0.9

1 

0.

53 

13 

of 
13 

FC 

sani
dine 

28.2
94 ± 

0.03
6 

5.53

1E-
10 

28.2
94 ± 

0.03
6 

126.0 

± 0.8 
[1.1] 

Cha
ng 
et 

al. 
(20
17) 

Low er 

Lava 
Unit, 
immedi
ately 

above 
Lujiatun 
Member 

SYN
U-

010 

Basa
lt 

40Ar/
39Ar 
plat

eau 

Groun
dmass 

125.
8 ± 

1.0 

100 1.4 
0.
15 

13 
of 

13 

FC 
sani

dine 

28.2
94 ± 
0.03

6 

5.53
1E-

10 

28.2
94 ± 
0.03

6 

125.8 
± 1.0 

[1.3] 

Cha
ng 
et 
al. 

(20
17) 

             

Wei
ghte

d 
mea
n 

125.9 ± 0.6 
[0.9] 

Lujiatan Member, 

Yixian Formation  

 

           

Lujiatan 
Member 

YX0
7-6 

Tuff 

40Ar/
39Ar 
plat

eau 

Groun
dmass 

129.
7 ± 
0.5 

68 
0.7
5 

0.
63 

7 of 
14 

FC 
sani
dine 

28.0
2 ± 
0.28 

5.54
3E-
10 

28.2
94 ± 
0.03

6 

130.9 
± 0.5 
[0.8] 

Cha
ng 
et 
al. 

(20
09) 

Lujiatan 
Member 

LX-
HBJ-

1 

Tuff 

U-
Pb 
SH

RIM
P 

Zircon 
124.
9 ± 

1.7 

- 0.9 
0.
51 

8 of 
10 

- - - - 
124.9 
± 1.7 

[1.8] 

Yan
g et 
al. 

(20
07) 

Lujiatan 
Member 

L300
3 

Tuff 

40Ar/
39Ar 
plat

eau 

Sanidi
ne & 

orthoc
lase 

123.
0 ± 

1.5 

75 1.6 
0.
13 

7 of 
14 

GA1
550 
biotit

e 

98.7
9 ± 

0.96 

5.54
3E-

10 

28.2
94 ± 
0.03

6 

124.2 
± 1.5 

[1.8] 

He 
et 
al. 

(20
06) 

Lujiatan 
Member 

L300
4 

Tuff 

40Ar/
39Ar 
plat

eau 

Sanidi
ne & 

orthoc
lase 

123.
3 ± 

1.6 

78 
1.2
4 

0.
26 

9 of 
13 

GA1
550 
biotit

e 

98.7
9 ± 

0.96 

5.54
3E-

10 

28.2
94 ± 
0.03

6 

124.5 
± 1.6 

[1.9] 

He 
et 
al. 

(20
06) 

              
0.0
8 

0.
78 

2 of 
2 
sam

ples 

      

Wei
ghte
d 

mea
n 

124.3 ± 1.1 
[1.4] 

 

Table 3: Summary of zircon U-Pb TIMS age data from a lower Aptian bentonite within the 

Great Valley Group, California, USA (Shimokawa, 2010). U-Pb data recalculated using 

decay constants of Steiger and Jäger (1977) and 238U/235U ratio of 137.82 (Hiess et al., 2012).  

Site 
Stratigraphic 
Position 

Sample 
Name 

Lithol
ogy 

Metho
d 

Min
eral 

Age (Ma ± 
2σ [inc. 
decay 

MS
WD p n Source 
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constants]) 

Great Valley 

Group 
low er Aptian MC888 

Bento

nite 

U–Pb 

TIMS 

Zirco

n 

124.08 ± 

0.15 [0.23] 
1.7 

0.

16 

4 of 7 

spots 

Shimokaw a 

(2010) 

 

Table 4: Summary of 40Ar/39Ar results for the Greater Ontong Java Event, including ages 

from the Ontong Java (Chambers et al., 2004; Mahoney et al., 1993; Tejada et al., 1996; 

Tejada et al., 2002), Manihiki (Hoernle et al., 2010; Ingle et al., 2007) and Hikurangi Plateaus 

(Hoernle et al., 2010; Timm et al., 2011). Bold ages indicate reliable age constraints. Ages 

recalculated using decay constants and intercalibration ratios of Renne et al. (2011) and Baksi 

et al. (1996), respectively. 

Stratig
raphic 

Positi
on 

Sa
mpl

e 
Na
me 

Lith

olog
y 

Met

hod 

Miner

al 

Ori

gin
al 
Age 
(Ma 

± 

2σ) 

39Ar 
in 

plat
eau 

MS

W
D 

p n 
Stan

dard 

Orig
inal 
stan
dard 

age 
(Ma 
± 

1σ) 

Orig
inal 
Dec

ay 
Con
stan
t 

(λε+λ

β) 

New 
stan
dard 

age  
(Ma 
± 
2σ) 

Recalc
ulated 
age 
(Ma ± 

2σ 
[inc. 
decay 
consta

nts]) 

Sour

ce 

Ontong Java 

Plateau              

ODP 
Site 
807 

75R
-2, 
129
-

131 

Basa
lt 

40Ar
/39A
r 
plat

eau 

Whole
-rock 

121.
0 ± 
9.0 

80 ? ? 
 

85G
003 
TCR 
sani

dine 

27.9
2 ± 
0.04 

5.54
E-10 

28.6
08 ± 
0.03

3 

123.9 
± 9.2 
[9.5] 

Mah
oney 
et al. 
(199

3) 

ODP 
Site 
807 

78R
-1, 
67-

69 

Basa
lt 

40Ar
/39A
r 
plat

eau 

Whole
-rock 

121.
4 ± 
3.8 

75 ? ? 
 

85G
003 
TCR 
sani

dine 

27.9
2 ± 
0.04 

5.54
E-10 

28.6
08 ± 
0.03

3 

124.3 
± 3.9 
[4.2] 

Mah
oney 
et al. 
(199

3) 

ODP 
Site 
807 

80R
-11 
52-

55 

Basa
lt 

40Ar
/39A
r 
plat

eau 

Whole
-rock 

119.
9 ± 
5.2 

100 ? ? 
 

85G
003 
TCR 
sani

dine 

27.9
2 ± 
0.04 

5.54
E-10 

28.6
08 ± 
0.03

3 

122.8 
± 5.3 
[5.6] 

Mah
oney 
et al. 
(199

3) 

ODP 
Site 
807 

84R
-6, 
0-3 

Basa
lt 

40Ar
/39A
r 
plat

eau 

Whole
-rock 

123.
4 ± 
5.0 

97 ? 
>0
.0
5 

5 of 
6 
step

s 

85G
003 
TCR 
sani

dine 

27.9
2 ± 
0.04 

5.54
E-10 

28.6
08 ± 
0.03

3 

126.4 
± 5.1 
[5.4] 

Mah
oney 
et al. 
(199

3) 

ODP 
Site 
807 

90R
-1, 
38-

41 

Basa
lt 

40Ar
/39A
r 
plat

eau 

Whole
-rock 

124.
7 ± 
4.4 

100 ? ? 
 

85G
003 
TCR 
sani

dine 

27.9
2 ± 
0.04 

5.54
E-10 

28.6
08 ± 
0.03

3 

127.7 
± 4.5 
[4.8] 

Mah
oney 
et al. 
(199

3) 

ODP 
Site 
807 

93R
-31 
15-

18 

Basa
lt 

40Ar
/39A
r 
plat

eau 

Whole
-rock 

122.
1 ± 
4.4 

68 ? ? 
 

85G
003 
TCR 
sani

dine 

27.9
2 ± 
0.04 

5.54
E-10 

28.6
08 ± 
0.03

3 

125.0 
± 4.5 
[4.8] 

Mah
oney 
et al. 
(199

3) 

DSDP 
Site 
289 

132
-
4,7
9-

81 

Basa
lt 

40Ar
/39A
r 
plat

eau 

Whole
-rock 

121.
7 ± 
5.4 

100 ? ? 
 

85G
003 
TCR 
sani

dine 

27.9
2 ± 
0.04 

5.54
E-10 

28.6
08 ± 
0.03

3 

124.6 
± 5.5 
[5.8] 

Mah
oney 
et al. 
(199

3) 
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DSDP 
Site 
289 

132
-4, 
122
-

125 

Basa
lt 

40Ar
/39A
r 
plat

eau 

Whole
-rock 

122.
8 ± 
4.8 

100 ? 
>0
.0
5 

6 of 
6 
step

s 

85G
003 
TCR 
sani

dine 

27.9
2 ± 
0.04 

5.54
E-10 

28.6
08 ± 
0.03

3 

125.8 
± 4.9 
[5.2] 

Mah
oney 
et al. 
(199

3) 

       
0.1
1 

0.
74 

2 of 
2 
sam

ples 

   

Wei
ghte

d 
mea

n 

125.3 ± 3.6 
[3.9] 

ODP 
Site 
1184 

Sev
eral 

fro
m 
sub
unit 

IIE 

Basa

ltic 
clast
s 

40Ar
/39A
r 
sing

le 
crys
tal 

total 
fusi
on 

Plagio
clase 

123.
5 ± 
3.6 

61 
0.2
0 

0.
94 

5 of 
5 

FC 
sani
dine 

28.0
2 ± 
0.28 

5.54
E-10 

- - 

Cha
mber

s et 
al. 
(200

4) 

Malaita 

Island 

KF3

6 

Basa

lt 

40Ar
/39A

r 
plat
eau 

Whole

-rock 

120.

7 ± 
3.2 

62 ? ? 

4 

step
s 

FCT-
3 

biotit
e 

27.5

5 ± 
0.12 

5.54

E-10 

28.4
95 ± 

0.00
3 

124.7 

± 3.3 
[3.6] 

Teja
da et 

al. 
(200
2) 

Malaita 

Island 

837

4 

Basa

lt 

40Ar
/39A

r 
plat
eau 

Whole

-rock 

122.

3 ± 
4.8 

67 ? 

>0

.0
5 

5 

step
s 

85G
003 

TCR 
sani
dine 

27.9

2 ± 
0.04 

5.54

E-10 

28.6
08 ± 

0.03
3 

125.2 

± 4.9 
[5.2] 

Mah
oney 

et al. 
(199
3) 

Malaita 

Island 
P43 

Basa

lt 

40Ar
/39A

r 
plat
eau 

Whole

-rock 

123.

3 ± 
5.8 

79 ? 

>0

.0
5 

5 of 
6 

step
s 

85G
003 

TCR 
sani
dine 

27.9

2 ± 
0.04 

5.54

E-10 

28.6
08 ± 

0.03
3 

126.3 

± 5.9 
[6.2] 

Mah
oney 

et al. 
(199
3) 

Malaita 

Island 

SG

7 

Basa

lt 

40Ar
/39A
r 

plat
eau 

Whole

-rock 

123.
1 ± 

2.1 

100 ? ? 
4 
step

s 

FCT-
3 

biotit
e 

27.5
5 ± 

0.12 

5.54

E-10 

28.4
95 ± 

0.00
3 

127.2 
± 2.2 

[2.5] 

Teja
da et 
al. 

(200
2) 

Malaita 

Island 

ML

475 

Basa

lt 

40Ar
/39A
r 

plat
eau 

Whole

-rock 

123.
2 ± 

3.0 

90 ? ? 
5 
step

s 

FCT-
3 

biotit
e 

27.5
5 ± 

0.12 

5.54

E-10 

28.4
95 ± 

0.00
3 

127.3 
± 3.1 

[3.4] 

Teja
da et 
al. 

(200
2) 

Malaita 

Island 

KF5

3 

Basa

lt 

40Ar
/39A
r 

plat
eau 

Whole

-rock 

124.
9 ± 

3.8 

59 ? ? 
5 
step

s 

FCT-
3 

biotit
e 

27.5
5 ± 

0.12 

5.54

E-10 

28.4
95 ± 

0.00
3 

129.1 
± 3.9 

[4.2] 

Teja
da et 
al. 

(200
2) 

Malaita 

Island 

SG

B10 

Basa

lt 

40Ar
/39A
r 

plat
eau 

Whole

-rock 

128.
2 ± 

8.5 

44 ? ? 
5 
step

s 

FCT-
3 

biotit
e 

27.5
5 ± 

0.12 

5.54

E-10 

28.4
95 ± 

0.00
3 

- 

Teja
da et 
al. 

(200
2) 

Santa 
Isabel 

Island 
 

Basa

lt 

40Ar
/39A
r 

plat
eau 

Whole

-rock 

122.
9 ± 

3.0 

100 ? 
>0
.0

5 

4 
step

s 

FCT-
3 

biotit
e 

27.7 
± 

012 

5.54

E-10 

28.4
95 ± 

0.00
3 

126.3 
± 3.1 

[3.4] 

Teja
da et 
al. 

(199
6) 

Ramos 

Island 

I22

1 

Basa

lt 

40Ar
/39A
r 

plat
eau 

Whole

-rock 

119.
6 ± 

3.2 

100 ? 
>0
.0

5 

4 
step

s 

FCT-
3 

biotit
e 

27.7 

± 0.2 

5.54

E-10 

28.4
95 ± 

0.00
3 

123.0 
± 3.3 

[3.6] 

Teja
da et 
al. 

(199
6) 

Manihik i 
Plateau               

DSDP 

317, 
Manihi
ki 
Platea

u 

32R

2, 
54-
62 
cm 

Basa
lt 

40Ar

/39A
r 
plat
eau 

Plagio
clase 

117.

0 ± 
4.7 

93 
0.6
4 

0.
81 

13 
of 
20 

TCR
-2 
sani
dine 

27.8
7 ± 
0.04 

5.54
E-10 

28.6
08 ± 
0.03
3 

120.0 
± 4.8 
[5.1] 

Hoer

nle 
et al. 
(201
0) 
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DSDP 
317, 
Manihi
ki 

Platea
u 

32R
2, 
54-

62 
cm 

Basa
lt 

40Ar
/39A
r 

plat
eau 

Plagio
clase 

116.

4 ± 
6.0  

89 1.2 
0.
27 

14 
of 

20 

TCR
-2 
sani

dine 

27.8
7 ± 

0.04 

5.54
E-10 

28.6
08 ± 
0.03

3 

119.4 
± 6.2 

[6.5] 

Hoer
nle 
et al. 

(201
0) 

     

116.
7 ± 

3.7 
 

1.1

9  

30 
of 
40 

step
s 

   

Wei
ghte

d 

mea
n 

119.7 ± 3.8 

[4.1] 

DSDP 
317, 
Manihi

ki 
Platea
u 

34R
4, 
125

-
135 
cm 

Basa

lt 

40Ar
/39A

r 
plat
eau 

Plagio

clase 

117.

3 ± 
8.0 

100 
0.9

8 

0.

48 

19 

of 
19 

TCR
-2 

sani
dine 

27.8

7 ± 
0.04 

5.54

E-10 

28.6
08 ± 

0.03
3 

120.3 

± 8.0 
[8.3] 

Hoer
nle 

et al. 
(201
0) 

DSDP 
317, 

Manihi
ki 
Platea

u 

34R
4, 

125
-
135 

cm 

Basa
lt 

40Ar

/39A
r 
plat
eau 

Plagio
clase 

115.

8 ± 
6.7 

100 1.3 
0.
18 

20 
of 
20 

TCR

-2 
sani
dine 

27.8
7 ± 
0.04 

5.54
E-10 

28.6

08 ± 
0.03
3 

118.8 
± 6.7 
[7.0] 

Hoer

nle 
et al. 
(201
0) 

     

116.

4 ± 
5.1 

 
1.1
1 

0.
29 

39 

of 
39 
step

s 

   

Wei

ghte
d 

mea

n 

119.4 ± 5.2 
[5.5] 

Manihi
ki 
Platea
u 

SO

193 
DR
52-

2 

Basa
lt 

40Ar

/39A
r 
plat

eau 

Glass 
124.
2 ± 
0.9 

70 

1.0
2 

0.
42 

10 
of 
23 

FCT-
3 
biotit
e 

28.0
30 ± 
0.00
3 

5.3E
-10 

28.4
95 ± 
0.00
3 

126.1 
± 0.9 
[1.2] 

Tim

m et 
al. 
(201

1) 

Manihi
ki 
Platea
u 

SO

193 
DR
52-
2 

Basa
lt 

40Ar

/39A
r 
plat
eau 

Glass 
123.
7 ± 
0.9 

81 

0.9
3 

0.
50 

11 
of 
16 

FCT-
3 
biotit
e 

28.0
30 ± 
0.00
3 

5.3E
-10 

28.4
95 ± 
0.00
3 

125.6 
± 0.9 
[1.2] 

Tim

m et 
al. 
(201
1) 

     

124.
0 ± 
0.6 

 

1.0
0 

0.
46 

21 

of 
39 
step
s 

   

Wei

ghte
d 

mea
n 

125.9 ± 0.6 
[0.9] 

Manihi
ki 
Platea
u 

SO

193 
DR
18-
4B 

Basa
lt 

40Ar

/39A
r 
plat
eau 

Plagio
clase 

125.
2 ± 
8.3 92.

3 

1.0
6 

0.
39 

17 
of 
19 

TCR
-2 
sani
dine 

27.8
7 ± 
0.04 

5.54
E-10 

28.6
08 ± 
0.03
3 

128.4 
± 8.3 
[8.6] 

Tim

m et 
al. 
(201
1) 

Manihi
ki 
Platea
u 

SO

193 
DR
46-
1 

Basa
lt 

40Ar

/39A
r 
plat
eau 

Plagio
clase 

125.
0 ± 
2.1 58.

9 

2.1 
0.
05 

7 of 
18 

TCR
-2 
sani
dine 

27.8
7 ± 
0.04 

5.54
E-10 

28.6
08 ± 
0.03
3 

128.2 
± 2.1 
[2.4] 

Tim

m et 
al. 
(201
1) 

Manihi
ki 
Platea
u 

SO

193 
DR
26-
1 

Basa
lt 

40Ar

/39A
r 
plat
eau 

Glass 
124.
5 ± 
1.5 90.

2 

1.5 
0.
10 

15 
of 
20 

TCR
-2 
sani
dine 

27.8
7 ± 
0.04 

5.54
E-10 

28.6
08 ± 
0.03
3 

127.7 
± 1.5 
[1.8] 

Tim

m et 
al. 
(201
1) 

Manihi
ki 
Platea
u 

SO

193 
DR
26-
7 

Basa
lt 

40Ar

/39A
r 
plat
eau 

Glass 
122.
9 ± 
1.6 80.

3 

0.5
7 

0.
84 

11 
of 
20 

TCR
-2 
sani
dine 

27.8
7 ± 
0.04 

5.54
E-10 

28.6
08 ± 
0.03
3 

126.0 
± 1.6 
[1.9] 

Tim

m et 
al. 
(201
1) 

Manihi
ki 
Platea
u 

Dr2
-1 

Basa
lt 

40Ar

/39A
r 
plat
eau 

Groun
dmass 

117.
9 ± 
3.5 

83 

0.0
28 

1.
00 

5 of 
7 

EB-1 
biotit
e 

91.4 
± 0.5 

5.54
E-10 

- - 

Ingle 
et al. 
(200
7) 

Hikurangi 

Plateau               
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Hikura

ngi 
Platea
u 

SO

168
-34-
4 

Basa
lt 

40Ar
/39A
r 
sing

le 
crys
tal 

total 
fusi
on 

Plagio
clase 

118.

4 ± 

4.0  

- 
1.1
8 

0.
28 

16 

of 
16 
anal
yses 

TCR

-2 
sani
dine 

27.8
7 ± 
0.04 

5.53
E-10 

- - 

Hoer

nle 
et al. 
(201
0) 

 

Table 5: Summary of U-Pb and 40Ar/39Ar radioisotopic results for the early emplacement 

period of the High Arctic large igneous province from depositional sequences (Corfu et al., 
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Figure captions 

Fig. 1: Global plate reconstruction at 125 Ma using the GPlates model of Young et al. (2018), 

annotated for sites (locations approximate only) that have been reliably dated in the upper 

Barremian or lower Aptian via U-Pb or 40Ar/39Ar geochronology. 

Fig. 2: MIT Guyot, western Pacific Ocean. (a) Location of the MIT Guyot and ODP site 878 

drill hole. (b) Stratigraphic sequence at the MIT Guyot, with biostratigraphic information 

(Erba et al., 1995; Premoli Silva et al., 1995), magnetic polarity scale (Gee and Nakanishi, 

1995) and age data (Pringle and Duncan, 1995). Age data has been recalculated to decay 

constants and intercalibration ratios of Renne et al. (2011). C. litt. = Chiastozygus litterarius. 

HAU. = Hauterivian. (c) Weighted mean 40Ar/39Ar age of upper lava flows (hawaiite). 

Fig. 3: Yixian Formation, Liaoning Province, China. (a) Map of the Liaoning Province with 

sampling sites, modified from Wang et al. (1989) and Wang et al. (2016b). (b) Simplified 

stratigraphic sequence, modified from Wang et al. (2016a) and Chang et al. (2017). 

References: 1–(He et al., 2004), 2–(Chang et al., 2009), 3–(Smith et al., 1995), 4–(He et al., 

2008), 5–(Wang et al., 2001b), 6–(Yang et al., 2007), 7–(Swisher et al., 1999), 8–(Wang et 

al., 2001a), 9–(Chang et al., 2017), 10–(He et al., 2006). (c) 40Ar/39Ar apparent age versus the 

cumulative percentage of 39Ar released for sample ZCZ28 from chron M0r. 

Fig. 4: Great Valley Group, California, USA. (a) Generalized stratigraphy of northwestern 

California, modified from Ernst et al. (2008) and showing sampling site (red star) of 

Shimokawa (2010). (b) Stratigraphic sequence, showing approximate location of lower 

Aptian sample MC888, modified from Shimokawa (2010). Calcareous nannofossil zonation 

from Bralower (1990) and Bralower et al. (1995), with updated biostratigraphy from Bown et 

al. (1998). (c) U-Pb concordia for lower Aptian sample MC888. Inset: weighted mean of 

youngest cluster of 206Pb/238U dates. 
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Fig. 5: Greater Ontong Java Event, southwestern Pacific Ocean. (a) Locations of Ontong 

Java, Manihiki and Hikurangi Plateaus, with sampling sites and recalculated ages annotated. 

(b) Stratigraphic sequence of DSDP site 289, annotated with basalt ages (Mahoney et al., 

1993), magnetostratigraphy (Hammond et al., 1975), nannofossil zonation (Michael, 1975) 

and planktonic foraminifera (Sikora and Bergen, 2004). (c) Stratigraphic sequence of ODP 

site 807, annotated with basalt ages (Mahoney et al., 1993), magnetostratigraphy (Musgrave 

et al., 1993), nannofossil zonation (Mao and Wise, 1993), planktonic foraminifera (Sliter and 

Leckie, 1993; Channell et al., 1995) and radiolaria (Takahashi and Ling, 1993). (d) 

Stratigraphic sequence of DSDP site 317, annotated with basalt ages (Hoernle et al., 2010), 

magnetostratigraphy (Cockerham and Jarrard, 1976) and planktonic foraminifera (McNulty, 

1976). ALB. = Albian, CAM. = Campanian, CEN. = Cenomanian. 

Fig. 6: Pre-120 Ma components of the High Arctic large igneous province. (a) Locations of 

reliably-dated sites in northeastern Canada, Svalbard and Franz Josef Land. (b) Detailed 

stratigraphic sequence from Longyearbyen core DH1, modified from (Midtkandal et al., 

2016). Note that bentonite was not encountered in DH1 and was taken from nearby DH3 and 

DH7 cores (Corfu et al., 2013; Midtkandal et al., 2016). (c) U-Pb concordia for upper 

Barremian bentonite samples DH3 and DH7 (two analyses >140 Ma not shown for clarity). 

(d) 206Pb/238U weighted mean ages for youngest 13 analyses (yellow). 

Fig. 7: Summary of age constraints for the Barremian–Aptian boundary and the base of chron 

M0r, with all sources of errors included (including decay constants). Up and down arrows 

indicate that ages are minima and maxima only, respectively (see text for explanation). Flat 

bar on Yixian Formation sample indicates it can be no more than 0.59 Myr older 122.9 ± 0.8 

Ma. For references to individual ages, refer to Figs. 2–6 and Tables 1–5.  
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