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ABSTRACT

The stratigraphic positions of most of the international stage boundaries
are not constrained in the Middle East by biostratigraphic control; in turn,
this limitation introduces great uncertainties for how to correlate regional
transgressive-regressive  depositional sequences. This study evaluates
alternative criteria for identifying and dating just one example of an
unconstrained stage boundary in Arabia, the Pliensbachian-Toarcian boundary:.
Published carbon-13 isotope (8"°C) records measured across the Pliensbachian-
Toarcian carbon-isotope excursion (Pl-T-CIE) are correlated between the Global
Stratotype Section and Point (GSSP) in the Penniche section (Portugal), the
Mochras borehole (UK), the Chacay Melehue section (Argentina), two boreholes
in Kuwait and one section in Oman. The correlation reveals the §%°C signature
spanning the PI-T-CIE consists of three secular intervals; from base-up: plateau,
valley containing the GSSP, and rising limb. The base of the 3"C plateau
correlates to uppermost Pliensbachian global sequence boundary SB JP18, and
further constrains the position of the stage boundary in the overlying §“C
valley. Another criterion indicates the duration of the interval between SB JPI8
and base Toarcian Stage is c. 500 ka and should consist of five cycle sets tuned
by the c. 100 ka short-eccentricity cycle. All these criteria are evident in a Lower
Jurassic section in Oman, and consistent with empirical and deterministic
estimates for the stage boundary and SB JPI8 at c. 183.7 and c.184.2 Ma.
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1. INTRODUCTION

In the Middle East the precise stratigraphic positions of many Phanerozoic stage boundaries,
which are defined and approximately dated in the International Chronostratigraphic Chart of
the International Commission on Stratigraphy (ICS. www.stratigraphy.org, Cohen et al, 2013,
updated 2023), are not constrained by biostratigraphic control (e.g.,, Powers, 1968). As a result, it
is difficult to date and correlate regional transgressive-regressive (T-R) depositional sequences,
sequence boundaries (SB), unconformities, and marine flooding surfaces/intervals (MFS/MFI)
between outcrops and the subsurface, across Middle Eastern countries, and to international
chronostratigraphic charts (e.g., Le Nindre et al, 1990; Al-Husseini, 1997; Sharland et al., 2001;
Haq and Al-Qahtani, 2005; Forbes et al.,, 2010). The Triassic and Lower Jurassic succession in the
Middle East is a typical example in which the positions of international stage boundaries are

poorly constrained and regional correlations are highly uncertain (e.g., Powers, 1968; Forbes et al.,
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2010; Kadar et al., 2015; Stewart et al., 2016; Issautier et al, 2019; Le Nindre et al., 2023a,b; Crespo de
Cabrera et al., 2023).

Although biostratigraphy cannot resolve the positions of many stage boundaries in the Middle
East, it can in many sections constrain the stage assignment of formations and members. For
example, in outcrop sections in Central Saudi Arabia (Fig. 1, after Scotese, 2023) the middle part
of the Marrat Formation yielded Lower Toarcian ammonites (Arkell, 1952; Manivit et al., 1985;
Enay and Mangold, 2021), implying the base Toarcian Stage occurs in either the lower part of the
formation or in the upper part of the underlying Minjur Sandstone, or possibly at the pre-Marrat
unconformity. The present case study considers how to solve this problem using alternative criteria

for just this one stage boundary: the base Toarcian Stage in Arabia.

The target for the correlative stratigraphic position of the base Toarcian Stage in the Middle East is
represented by its Global Stratotype Section and Point (GSSP; i.e., ‘Golden Spike’) in the Penniche
section in Portugal (Fig. 1) (Bordalo da Rocha et al,, 2016), and is summarized in the publication
‘Geological Time Scale 2020" — GTS 2020 (Fig. 2, after Hesselbo et al, 2020, in Gradstein et al.,
2020). In biostratigraphically complete sections the stage boundary occurs in the Pliensbachian-
Toarcian carbon-isotope excursion (PI-I-CIE) (Fig. 2). Therefore, a possible alternative criterion for
identifying the base Toarcian Stage is to correlate its position in Middle Eastern carbon-isotope
(6"*C) records to the 8°C record of the PI-T-CIE in the Penniche GSSP. Specifically, this study shows
the 8C record in the GSSP consists of secular patterns with the base Toarcian Stage occurring in a
distinct 6"°C valley (Fig. 2).

A second criterion for constraining the position of the base Toarcian Stage in the Middle East
may be sought in the sequence architecture spanning the PI-T-CIE. In particular, uppermost
Pliensbachian global sequence boundary SB JPI8 occurs below the base Toarcian Stage in the
Spinatum Zone (Haq, 2018; Hesselbo et al., 2020, in Gradstein et al.,, 2020). It correlates to the base
of a $"C plateau below the 3"°C valley containing the stage boundary (Ruebsam and Al-Husseini,
2021). Therefore, the $"*C plateau and valley form a unique $"°C signature that can be used to
recognize the positions of SB JPI8 and the stage boundary (Fig. 2).

In many studies a glacio-eustatic fall is interpreted in the latest Pliensbachian (e.g., Brandt, 1986;
Boulila et al,, 2014; Krencker et al., 2019; Ruebsam et al., 2019; Nordt et al., 2022; Chang et al., 2023),
implying SB JPI8 represents a glaciation that may have been orbitally forced and that its age may
be approximately predicted by the deterministic orbital scale of glacio-eustasy (Matthews and
Frohlich, 2002; Matthews and Al-Husseini, 2010; see Supplementary Information, abbreviated S.L).
The scale predicts SB JPI8 occurs at the minimum eccentricity at the base of 405-ka Straton 455
(13B-6) at 184.24 Ma, consistent with empirical estimates of 184.3 Ma (Hagq, 2018), and between 184.4
and 184.1 Ma (Ruebsam and Al-Husseini, 2021). The scale estimates the stage boundary at c. 183.7
Ma in Straton 454 (13B-7) (Ruebsam and Al-Husseini, 2020, 2021), consistent with the radiometric
estimates of 183.8 + 0.4 Ma (Ruhl et al., 2016), 183.73 +0.35/-0.50 Ma (Al-Suwaidi et al., 2022) and 183.7
Ma in both the GTS 2016 (Ogg et al., 2016) and the Astronomical Time Scale (ATS, Huang, 2018).
These estimates provide a third criterion that indicates the duration of the interval between SB JP18
(base 6"°C plateau) and the stage boundary (in the 5"C valley) is c. 500 ka, and should consist of five
stratigraphic cycles tuned at c. 100 ka.
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In the case of limited biostratigraphic constraints these three criteria are considered alternative
and/or supporting constraints for identifying and dating the correlative stratigraphic position of
the base Toarcian Stage in the Middle East. The study is a synthesis of published data, methods and
interpretations in the literature; as such a ‘Data and Methods’ section is not included in this article.
Instead, the relevant published data and analyses are discussed in this case study for the Penniche
GSSP section noted above (Fig. 2, Bordalo da Rocha et al,, 2016), the Mochras borehole (Cardigan
Bay Basin, UK, Copestake and Johnson, 2013; Percival et al., 2015; Xu et al., 2018; Storm et al., 2020;
Ruebsam and Al-Husseini, 2020, 2021; Ruebsam et al., 2020), the Chacay Melehue (CM) section in
Argentina (Al-Suwaidi et al,, 2022), two boreholes in Kuwait (Crespo de Cabrera et al,, 2023; De
Keyser et al., 2024, in review) and the type section of the Mafraq Formation in Oman (Bendias and
Aigner, 2015) (Fig. 1).

2. POSITION OF THE BASE TOARCIAN STAGE IN THE PL-T-CIE

2.1 Reference section

The PI-T-CIE and the younger Early Toarcian T-CIE are documented by §“C organic and §“C
carbonate records in numerous sections worldwide (Ruebsam and Al-Husseini, 2020, 2021, and
references therein). Many sections contain unconformities and condensed intervals rendering
it difficult to consistently identify the §“C valley containing the stage boundary and other
dBC correlative patterns. However, based on a review of §°C records from several presumably
biostratigraphically complete sections, the 3"*C records generally consist of key secular patterns
(falling and rising limbs, valleys and plateaus), and distinct cycles that can be used to construct a
representative 3"*C reference section calibrated by ammonite zones (Fig. 3, Table S1, Ruebsam and
Al-Husseini, 2020, 2021; Ruebsam et al., 2020).

2.2 Mochras Borehole

The 3"C record in the Mochras borehole closely resembles that in the reference section and was
therefore chosen for cyclostratigraphic analyses and age dating (Fig. 3, Storm et al., 2020; Ruebsam
and Al-Husseini, 2020, 2021; Ruebsam et al., 2020). It contains a high-resolution Pliensbachian-
Toarcian &“C record calibrated by the Spinatum, Tenuicostatum, Serpentinum and Bifrons
ammonite zones (Storm et al., 2020, and references therein). In this borehole the boundaries of the

81C secular patterns and ammonite zones are picked to an accuracy of better than one meter (Fig. 3,
Table S1).

In the Mochras borehole the base Toarcian Stage occurs in the 3"°C valley, above a plateau and
below a rising limb (Fig. 3). These secular patterns closely resemble those in the §*C records in
the Penniche GSSP and the CM sections; moreover, in all three sections the 8”°C plateau consists
of upper and lower plateaus (Fig. 4). However, whereas in the Penniche and Mochras sections the

stage boundary occurs in the §"C valley, in the CM section it occurs in the upper §"C plateau
(Fig. 4).

In the CM section Al-Suwaidi et al. (2022) chose the position of the stage boundary in the upper
dBC plateau and correlated it to the upper 8°C plateau in the Mochras borehole in their figure
5 (Fig. S1). As a result, the biostratigraphic stage boundary in the Mochras borehole was shifted
downwards by c. 3 m (from 863 to 866 m). Shifting the boundary from the $"*C valley to the plateau,
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if also applied to the Penniche section, would shift the stage boundary from c. -0.30 to -0.75 m to
below the FO of D. (Eodactylites) cf. simplex (Fig. 4), and alter the definition of the GSSP.

2.3 Significance of shifting the FO

The different positions of the FO of D. (Eodactylites) cf. simplex relative to the §"°C secular patterns
in the Penniche GSSP and CM sections suggests this biostratigraphic event is not isochronous.
This hypothesis seems likely when considering the paleogeography of the Early Jurassic (Fig. 1).
Whereas the CM section was situated in western South America in the eastern Panthalassic realm,
the Penniche and Mochras sections were located in NW Europe in the westernmost Neo-Tethys
realm. The two realms were in communication across the entire Panthalassic and Neo-Tethys
oceans spanning a latitudinal distance of c. 24,000 km, or possibly via the narrow and restricted
c. 6,000 km-long Hispanic Corridor (Fig. 1). It seems highly improbable that D. (Eodactylites) cf.
simplex first appeared across such vast distances at the same time. On the other hand, the PI-T-
CIE represents a global event associated with the Karoo-Ferrar Large Igneous Province (K-F-LIP) in
southern Gondwana (Palfy and Smith, 2000; Xu et al., 2018; Al-Suwaidi et al., 2022). The LIP caused
essentially synchronous atmospheric and oceanic perturbations to the carbon cycle, as expressed in

globally correlative 3"°C records.

2.4 Base Toarcian Stage in Kuwait

The position for the FO of D. (Eodactylites) cf. simplex in different 3"”C intervals raises a
fundamental question: should the stage boundary in the Middle East be chosen in the §"*C valley
or in the upper plateau? The choice is illustrated in deep boreholes in Kuwait where biostratigraphy
indicates the Pliensbachian-Toarcian transition spans the boundary between the Lower Marrat
(LM) and Middle Marrat (MM) members (Fig 4) (Crespo de Cabrera et al,, 2023). This transition
contains 8"°C records in boreholes JJ and X, which closely resemble the plateau, valley and rising
limb segments in the PI-T-CIE in the Penniche, Mochras and CM sections (De Keyser et al., 2024, in
review, Fig. 4). Based on paleogeographic considerations and the correlation of the $"*C records, the
correlative position of the stage boundary in the GSSP is chosen in the §°C valley at c. 15,773 ft in
the JJ borehole and c. 15,708 ft in the XX borehole (Fig. 4).

3. POSITION OF PLIENSBACHIAN SEQUENCE BOUNDARY SB JPL8

3.1 Global SB JP18

Global SB JPI8 is the youngest Pliensbachian sequence boundary and occurs in the Spinatum Zone
(Hagq, 2018). In the Mochras borehole Ruebsam and Al-Husseini (2021, their figure 4) positioned SB
JPI8 at the base of the lower 6°C plateau (Fig. 3), and correlated the base plateau to an unconformity
in the Sancerre section in France (Peti et al, 2017), a possible unconformity in the Shandelah
borehole (North German Basin, van de Schootbrugge et al, 2018), and a major erosion surface
characterized by incised channels with depths of 45 to 75 m in the Spinatum Zone in the North Sea
(Marjanac and Steel, 1997). This unconformity is coincident with global cooling and interpreted as
a glacio-eustatic fall; it is expressed as a biostratigraphic hiatus informally named the ‘spinatum
chemostratigraphic black hole” (Fig. 3, Ruebsam and Al-Husseini, 2021) or ‘SBH-1" in Ruebsam and
Al-Husseini (2020).

In the Penniche section, Bordalo da Rocha et al. (2016, their figure 2) interpreted a major regression

in late Pliensbachian ending with an SB at the base Toarcian Stage, followed by an earliest Toarcian
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‘fast transgression’ with the MFI positioned one meter above the boundary. Nordt et al. (2022, their
figure 2) also positioned the global SB at the stage boundary at 182.7 Ma (instead of 183.7 Ma). In
the global framework, however, the stage boundary is not interpreted as an SB (e.g., Haq, 2018;
Ruebsam and Al-Husseini, 2021). Indeed in GTS 2020, Hesselbo et al. (2020, their figure 26.10 on p.
979 and 980, in Gradstein et al., 2020) depict a late Pliensbachian T-R megacycle that ends at SB JP18
at c. 184.8 Ma in the Spinatum Zone, and they assign the entire Toarcian Stage within just one T-R
megacycle between SB JPI8 and SB Aa2 at c. 173 Ma in the Aalenian Stage. These two megacycles,
as shown in GTS 2020, support positioning SB JPI8 in the latest Pliensbachian Spinatum Zone rather

than at the base Toarcian Stage.

3.2 SB JP18 in Kuwait

The sequence architecture in the Pliensbachian-Toarcian transition in Kuwait is interpreted in cores
extracted from deep boreholes by Kuwait Oil Company and summarized below from Crespo de
Cabrera et al. (2023) and De Keyser et al. (2024, in review). The transition occurs in a T-R sequence
denoted ‘J10” in Kuwait. The lower boundary of ‘Sequence J10’ is denoted ‘SB J10” and corresponds
to an unconformity in cores extracted from four boreholes, and occurs at c. 15,831 ft at the base of
a thin shale bed (Fig. 4). Above the shale bed massive anhydrites (occasionally interbedded with
dolomitized microbial laminite boundstones) are interpreted as the lowstand systems tract (LST) of
‘Sequence J10". The LST deposits are overlain by interbedded dolomitic and anhydritic mudstones
with common intraclasts interpreted as the transgressive systems tract (TST) of ‘Sequence J10". The
TST interval is overlain by an interval of limestones interpreted as the highstand systems tract
(HST) with ‘MFS J10" positioned between the TST and HST tracts, and coincident with the base
of the 8"C rising limb. ‘MFS J10" in Kuwait is not to be confused with MFS J10 as defined by other
authors (e.g., Sharland et al., 2001; Farouk et al., 2018; Al-Mojel et al., 2020).

‘SB J10’ is a regional sequence boundary at the base of T-R ‘Sequence J10’" and is correlated with
gamma-ray logs in numerous boreholes across Kuwait (see figure 22 in Crespo de Cabrera et al,,
2023). In borehole JJ, ‘SB J10" occurs at c. 15,831 ft and approximately 58 feet (c. 19 m) below the
position of the base Toarcian Stage at c. 15,773 ft in the $"*C valley (Fig. 4). ‘Sequence J10" evolved
from LST to TST and HST and does not contain any intermediate unconformities, implying ‘SB J10’
is the youngest sequence boundary in uppermost Pliensbachian and correlates to global SB JP18
below the stage boundary.

3.3 Pre-Marrat unconformity in Saudi Arabia

As noted in the introduction, the stratigraphic position of the base Toarcian Stage in Saudi Arabia
is not constrained by biostratigraphy. The Marrat Formation was deposited as a major regional
transgression across Arabia on the pre-Marrat unconformity. The formation overlies the Minjur
Sandstone dated as late Pliensbachian and older, as well as other yet-older formations (Powers,
1968; Stewart et al,, 2016; Issautier et al, 2019). In the outcrop belt in Central Saudi Arabia the
middle part of the Marrat Formation yielded Lower Toarcian ammonites in several sections (Arkell,
1952, Enay and Mangold, 2022). By stratigraphic position and regional extent the pre-Marrat
unconformity is the most likely correlative for global SB JPI8, implying the base Toarcian Stage
occurs in the lower part of the Marrat Formation. This hypothesis can be tested by measuring $"*C
values across the lower part of the Marrat Formation to determine if it contains the signature of the
PI-T-CIE.
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4. AGE ESTIMATES OF SB JP18 AND THE BASE TOARCIAN STAGE

Estimating the ages of SB JPI8 and the base Toarcian Stage is important in order to determine the
duration of the intervening interval and their relationships to global events (e.g., Karoo-Ferrar LIP,
climate changes, glacio-eustasy). In the GTS 2016 Ogg et al. (2016) estimated the stage boundary
at 183.7 Ma, and Haq (2018) adopted this age to estimate SB JPI8 at 184.3 Ma. However, in the GTS
2020 Hesselbo et al. (2020, in Gradstein et al., 2020) estimated both surfaces as 500-600 ka older at
184.2 and 184.8 Ma. In the website version of the International Chronostratigraphic Chart v. 2023/9
of the ICS (Cohen et al., 2013, updated 2023) the stage boundary is estimated at 184.2 + 0.3 Ma. These
estimates can be refined based on more recent radiometric data.

In the CM section Al-Suwaidi et al. (2022) obtained a radiometric estimate of 184.10 + 0.54 Ma
within the lower 8"C plateau (Fig. 4), and the mean estimate is consistent with the combined
radiometric-cyclostratigraphic estimate for the base of the lower §°C plateau between 184.4 and
184.1 Ma (Ruebsam and Al-Husseini, 2021). These empirical estimates indicate the base of the lower
8C plateau has a mean age between c. 184.1 and 184.4 Ma, more consistent with the estimate for SB
JP18 of 184.3 Ma (Hagq, 2018), rather than 184.8 Ma (Hesselbo et al., 2020, in Gradstein et al., 2020).

Huang (2018) adopted the age estimate for the base Toarcian Stage at 183.7 Ma (Ogg et al., 2016),
and positioned it at the maximum eccentricity value of long-eccentricity cycle E454 in the 405-ka
metronome of the Astronomical Time Scale (ATS; Laskar et al., 2004; Hinnov, 2018). A similar result
can be obtained by estimating the age of SB JPI8 based on a model of eccentricity-forcing of glacio-
eustasy (Matthews and Frohlich, 2002; Matthews and Al-Husseini, 2010, S.I). This independent
approach predicts SB JPI8 occurs at the minimum eccentricity at the base of 405-ka Straton 455
(13B-6) at c. 184.24 Ma and the stage boundary at the maximum eccentricity of E454 at 183.65 Ma
(Fig. 4, S.I) (Ruebsam and Al-Husseini, 2020, 2021; Ruebsam et al., 2020).

5. STAGE BOUNDARY AND SB JPL8 IN OMAN

The Lower Jurassic Mafraq Formation in Oman is dated by contradictory biostratigraphic
interpretations, and therefore provides a suitable target to test the application of alternative
criteria. The type section of the Mafraq Formation is defined in Wadi Sahtan (Figs. 1 and 5, Bendias
and Aigner, 2015), and its reference section is defined c. 200 km farther west in the Lekhwair-70
borehole (Forbes et al, 2010). In both sections the formation is unconformably overlain by the
Bajocian Dhruma Formation, and in Wadi Sahtan it unconformably overlies Triassic sediments
(Forbes et al., 2010; Bendias and Aigner, 2015; P. Nederloff, pers. comm. 2021). The type and
reference sections of the formation are dated by the same micropaleontological and palynological
zones of Petroleum Development Oman (PDO), but the zones are assigned to completely different
Lower and Middle Jurassic stages.

In the Wadi Sahtan section, the Lithiotis fauna provides an important clue towards resolving the
approximate age of the formation. The Lithiotis Limestone interval, between 82 and 33 m (Fig. 5),
constrains the age of this interval to Pliensbachian-early Toarcian. The extinction of the Lithiotis
fauna is a regional event across the southern Neo-Tethys realm and occurs below the Toarcian
T-CIE (Baeza-Carratala et al., 2017, Posenato et al., 2018; Han et al.,, 2022). The extinction level at

33 m implies the uppermost negative $"*C excursions in the Mafraq Formation corresponds to the
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lower part of the Early Toarcian T-CIE, and the 8"*C excursion, between c. 112 and 63 m, represents
the PI-T-CIE (Fig. 5). Importantly, the PI-T-CIE interval contains the same §*C secular patterns seen

in other Neo-Tethys sections; from base-up: lower and upper plateaus, valley, and rising limb.

The sequence architecture of the Mafraq Formation is interpreted by 23 cycle sets (CS), grouped
into six high-frequency sequences (HFS) in the Lower Mafraq T-R Sequence (LM HFS-1 to LM HFS-
6), and two HFS’s in the Upper Mafraq T-R Sequence (UM HFS-1 and UM HFS-2) (Fig. 5, Bendias
and Aigner, 2015). The base Toarcian Stage GSSP occurs in the lower part of the §°C valley,
corresponding to CS-9, and SB JPI8 corresponds to the base of the lower §"C plateau at base CS-13
(Figs. 3 to 5). The average duration of the cycle sets is unknown, but assuming they are tuned by
the short-eccentricity c. 100-ka cycle then they would provide a floating chronometer. Based on this
assumption, the two plateaus (CS-13 to CS-10) represent c. 400 ka, and the lower valley (CS-9) c. 100
ka totaling c. 500 ka. The difference of 500 ka between the estimates for SB JPI8 (c. 184.2 Ma) and
the stage boundary (c. 183.7 Ma) is consistent with the assumption the five cycle sets (CS-13 to CS-9)
are tuned at c. 100 ka and together represent c. 500 ka.

Cycle set CS-8 contains the MFS of the Lower Mafraq T-R Sequence in the lower part of the 3"*C
valley. In contrast, in the Penniche and Kuwait sections the MFS occurs at the top of the §°C valley
corresponding CS-7 in Wadi Sahtan. The different stratigraphic positions for the MFS relative to the
8"*C valley (lower part or at its top) suggests the change from TST to HST may vary from locality to
locality.

The interval CS-7 to CS-1 represents c. 700 ka but resolving it into the rising limb and T-CIE
falling limb as characterized in the reference section is unclear (Fig. 3). The switch from rising to
falling limbs may occur in CS-5 at the base of UM HFS-1 where early Toarcian SB JTol and the
tenuicostatum chemostratigraphi hiatus occurs in the reference section (Fig. 3).

6. SUMMARY AND CONCLUSIONS

Three independent criteria are evaluated in this case study to constrain the position and age of the
base Toarcian Stage in the Middle East and specifically in Arabia. The criteria are guided by broad
biostratigraphic interpretations in the target stratigraphic interval and the §"C data sets were not
specifically acquired to identify the base Toarcian Stage. Therefore, acquiring additional §"°C data
sets and relating them to sequence architectures in other Toarcian sections or geologic intervals
may better constrain or possibly resolve international stage boundaries in the Middle East.

The first constraint identified the stratigraphic position of the stage boundary in the Penniche GSSP
section (Portugal) in a distinct §"C valley in the Pliensbachian-Toarcian carbon-isotope excursion
(PI-T-CIE). The 8"C valley also occurs in the Mochras borehole (UK), Chacay Melehue section
(Argentina), two boreholes in Kuwait and a section in Oman, thus providing a correlative §"*C
position for the stage boundary.

The second criterion correlated uppermost Pliensbachian global sequence boundary SB JPI8 to the
base of the §"C lower plateau in the PI-T-CIE in the Mochras section and to an unconformity in
Kuwait and in sections in other realms. In Kuwait the unconformity marks the base of regional

T-R ‘Sequence J10’ that contains the 3'*C valley and therefore further confirms the chosen position
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for the base Toarcian Stage. Sequence boundary SB JPI8 marks the base of a global mega-scale
T-R sequence and most likely correlates to the regional pre-Marrat unconformity in Saudi Arabia,

implying the base Toarcian Stage occurs in the lower part of the Marrat Formation.

Based on radiometric dating and the predictions of the deterministic orbital scale of glacio-eustasy,
the positions of base Toarcian Stage in the 3"°C valley and SB JPI8 at the base of the 3"°C plateau are
estimated at c. 183.7 and 184.2 Ma. Confirming that the intervening interval represents c. 500 ka
provides a third criterion. In the Mafraq Formation in the Wadi Sahtan section in Oman the base
plateau to lower part of the valley in the 3"*C record consists of five cycle sets most likely tuned at c.
100 ka.

Comment

This study is an update to two preliminary reports on the presumed Toarcian $"*C data in the
Mafraq Formation in Oman and the Marrat Formation in Kuwait (Al-Husseini, 2022a, b). The
two open-access reports were posted in www.orbitalscale.com and ResearchGate in early 2022
in order to highlight how 3"C data sets could be used to establish regional correlations between
Arabia and Europe. However, the reports were based on incomplete data sets leading to incorrect
interpretations and conclusions. Nonetheless, the two reports achieved an important objective
when in February 2024 Kuwait Oil Company and the Kuwait Ministry of Oil released for
publication a major study on the carbon-isotope stratigraphy in Kuwait by De Keyser et al. (2024)

currently in review.
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Figure 2: The Global Stratotype Section and Point (GSSP) of the base Toarcian Stage is defined in the
Penniche section in Portugal by the first occurrence (FO) of the ammonite Dictylioceras polymorphum
(Fucini) (Bordalo da Rocha et al., 2016; Hesselbo et al., 2020). The stage boundary occurs in the
Pliensbachian-Toarcian carbon-isotope excursion (PI-T-CIE) in a carbon-13 isotope (5"°C) negative
valley above a 6"*C plateau and below a §"*C rising limb.
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Figure 5: (a) Description and (b) sequence architecture of the type section of the Mafraq Formation in
Wadi Sahtan in Oman (Bendias and Aigner, 2015. See Fig. 1 for location. The lower part of the
negative Toarcian carbon-isotope excursion (T-CIE) occurs above the Lithiotis Limestone and below
the pre-Dhruma unconformity, corresponding to a hiatus that spans most of the Toarcian and
Aalenian. The base Toarcian Stage (183.7 Ma) and uppermost Pliensbachian global sequence
boundary SB JPI8 (184.2 Ma) are positioned in the lower part of the 5'*C valley and at the base of 5"*C
plateau in the Pliensbachian-Toarcian CIE. Cycle sets CS-1 to CS-23 are likely tuned by the c. 100 ka

short-eccentricity e-cycle.
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1. Abbreviations for age and duration

Following the recommendations of the International Union of Geological Sciences (IUGS) and the
International Union of Pure and Applied Chemistry (IUPAC) both durations and ages in thousands
of years are abbreviated as ‘ka’ for kilo annus; and in millions of years as ‘Ma’ for Mega annus
(Holden et al., 2011).

2. Global Stratotype Section and Point (GSSP) for the base Toarcian Stage

The GSSP (i.e., ‘Golden Spike’) for the base Toarcian Stage is defined in the Penniche section
in Portugal (Fig. 1) (Bordalo da Rocha et al, 2016). This GSSP was formally approved by the
International Commission on Stratigraphy (ICS) of the International Union of Geological Sciences
(IUGS) and is summarized in the publication ‘Geological Time Scale 2020" — GTS 2020 (Fig. 1., after
Hesselbo et al., 2020, in Gradstein et al., 2020).

In the Penniche section the base Toarcian Stage is defined by the first occurrence (FO) of the
ammonite Dictylioceras polymorphum (Fucini) (Fig. 1), which is assumed to be equivalent in other
sections to the FO of ammonites Dactylioceras (Eodactylites) cf. simplex (Fucini) and Dactylioceras
tenuicostatum (Young & Bird) (Page, 2004; Macchioni, 2002). In biostratigraphically complete sections
that span the stage boundary the first occurrences of these ammonites occur in the Pliensbachian-
Toarcian carbon-isotope excursion (PI-T-CIE) (Fig. 1, Hesselbo et al, 2007; Littler et al, 2010;
Ruebsam and Al-Husseini, 2020; Ruebsam et al., 2020). In the present study, the PI-T-CIE in the
Penniche GSSP is characterized by carbon-isotope (6"°C) secular patterns consisting from base-up of
a Pliensbachian broad valley, lower and upper plateaus, a valley containing the base Toarcian Stage

in its lower part, and a Toarcian rising limb (Fig. 1).

3. Stratigraphic positions of ammonite zonal boundaries in the
Mochras borehole

In the Mochras borehole Al-Suwaidi et al. (2022, their figure 4) showed the accurate stratigraphic
position of the stage boundary at 863 m in the §"C valley; however, in their figure 5 (reproduced
in Fig. S1), the stage boundary is shown in the §"°C plateau corresponding to 866 m. Also, in the
Mochras borehole, Al-Suwaidi et al. (2022) shifted the position of the Tenuicostatum-Serpentinum
zonal boundary by 9 m, from 831 m in their figure 4 to 840 m in their figure 5. These shifts result
in incorrect age calibrations of the ammonite zonal boundaries and 3"*C secular intervals in the
Mochras borehole.
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4. Astronomical Time Scale (ATS) and the 405-ka Metronome

The Earth’s long-term orbit around the Sun is elliptical and represented by the sum of Fourier
sinusoidal components, of which the 405,000-year component has the greatest amplitude (Laskar
et al, 2004). The 405-ka elliptical resonance of the Earth’s orbit is caused by the gravitational ‘tug-
of-war’ between Venus (planet 2) and Jupiter (planet 5), and is referred to as the g2-g5 metronome
(Fig. S2, Laskar et al.,, 2004), or the ‘tuning fork” (Matthews and Frohlich, 2002), and is commonly
extracted by spectral analysis of rhythmic stratigraphic records using cyclostratigraphy (e.g.,
Huang, 2018). The 405-ka cycle is predicted to have a uniform period to 250 Ma (Laskar et al., 2004),
as has been verified in several studies (e.g., Kent et al., 2018), and even as far back as 1.5 billion years
ago in Australia (Lantink et al., 2019).

In the Geologic Time Scale GTS 2020 the intervals between the eccentricity minima of the 405-ka
metronome are referred to as astrochronozones (ACZ, Fig. S2) and are used to calibrate biozones
and magnetic chrons in the Neogene (2.58-23.04 Ma) (Raffi et al,, 2020), and references therein).
The cycles in the 405-ka metronome are prefixed by ‘E’ (Hinnov, 2018; Huang, 2018) with the first
eccentricity maximum value in E1 at 192.125 ka (Fig. S2). Calculating the eccentricity maximum for
the Nth cycle EN is given by the arithmetical formula: Maximum EN = 0.192125 + (N-1) x 0.405 Ma.

Huang (2018) adopted the estimate for the base Toarcian Stage at 183.7 Ma (Ogg et al., 2016) at the
maximum eccentricity value of E454 in the 405-ka metronome of ATS 2018. Using the metronome
formula, the maximum value of E454 has an age of 183.657125 Ma, rounded-off to c. 183.7 Ma.

5. Orbital scale of glacio-eustasy and time scale

The orbital scale of glacio-eustasy is based on a simplified model of orbital-forcing of insolation
(Matthews and Frohlich, 2002; Matthews and Al-Husseini, 2010). It consists of ‘dozons’, each
formed by 12 chronostratigraphic units named ‘stratons’ (Fig. S2). Stratons are tuned by the long-
eccentricity 405-ka cycle and dozons have a duration of 4.86 Ma. Three dozons (A, B and C in
ascending order) form a 14.58-Ma ‘orbiton’, which are numbered in descending order with Orbiton
1 starting at SB1 at 16.166 Ma and ending at SBO at 1.586 Ma. Stratons are numbered from 1 to 12
in every dozon in ascending order and the scale predicts stratons 6, 9 and 12 in any dozon are
unconformity-prone sea-level lowstands, and stratons 2, 8 and 10 are sea-level highstands. In this

scale sequence boundaries (SB) occur at eccentricity minima between stratons.

Stratons are also numbered as integers relative to present time starting with base Straton 1 at 0.371
ka (Fig. S2), and base Straton N at 0.371 + (N-1) x 0.405 Ma (Matthews and Al-Husseini, 2010). The
age at the base of any 405-ka straton differs from the minima of the 405-metronome by 23,625
years (Hinnov, 2018). This difference occurs because base Straton 1 starts at the minimum of total
eccentricity at 371,000 years before present rather than the minimum of the 405-ka metronome at
394,625 years before present (Fig. S2).

In the ATS the base Toarcian at 183.7 Ma occurs in the maximum eccentricity value of E454 at
183.657125 Ma (rounded-off to 183.7 Ma). In the orbital scale the start/base of Straton 454 = 0.371 +
(453) x 0.405 Ma = 183.836 Ma The maximum eccentricity in Straton 454 occurs 0.2025 Ma after its
start at 183.6335 Ma compared to 183.657125 Ma, a difference of 23,625 years.
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6. Eccentricity-forcing of glacio-eustasy

The estimated duration of fourth-order Mesozoic and Paleozoic sequences is c. 400 ka (Haq, 2014;
Hagq, 2018, Haq and Schutter, 2008). Based on the simplified model of orbital-forcing of glacio-
eustasy Matthews and Frohlich (2002) concluded fourth-order sequences (stratons) are tuned by
the 405-ka long-eccentricity cycle and the much longer c. 2.4 Ma eccentricity cycle tunes third-order
T-R sequences at 2.4 + 0.4 Ma (mainly 2.0 and 2.8 Ma). Matthews and Frohlich (2002) considered
obliquity (c. 40 ka) and precession (c. 20 ka) to be higher-frequency cycles that are mainly
significant during intra-glacial intervals. This conclusion can be seen by examining the glacio-
eustatic cycles in the past 800 ka (Fig. S3).

During the past 800 ka glacio-eustatic cycles with amplitudes reaching c. 125 m are numbered
starting with present-day interglacial numbered 1 (Al-Husseini, 2013 and references therein). The
start of post-glacial sea-level rises (i.e., glacial terminations or glacial maxima) correspond to even-
numbered sequence boundaries (SB) and their ages are approximately estimated in several studies
(e.g., Miller, 2005; Al-Husseini, 2013, and references therein). A visual examination of the glacio-
eustatic pattern indicates they mainly track the short-eccentricity cycles (c. 100 ka) and to a lesser
extent the obliquity (c. 40 ka) cycles, with little if any evidence of the precession cycles (c. 20 ka).
In high-resolution sequence stratigraphy the c. 100 and 40 ka cycles form fifth- and sixth-order

sequences.

The dominance of the c. 100-ka glacio-eustatic cycles suggests the 405-ka cycle is not a significant
driver of glacio-eustasy. Although the visual evidence for the 405-ka cycle may be subtle, its
significance becomes clear by examining the glacio-eustatic signal in the interval between inter-
glacials 13a and 9e (Fig. S3). In this interval eccentricity cycle e5 attains minimum values of c. .01
at 371 and 435 ka, and a maximum of only 0.02 at c. 400 ka, and obliquity cycles k and m are not
evident in the sea-level curve. This pattern indicates interglacial 11c was bounded by more extreme

cold climates when the Earth’s orbit was nearly circular (low eccentricity).

During times when eccentricity was greater than 0.02 the orbit was more eccentrical, climate was
warmer and the obliquity cycles are evident in the interglacial intervals. This pattern is particularly
evident in e3 when eccentricity exceeded 0.05 and obliquity cycles g and h are expressed in
interglacial 7. Much higher-frequency, low-amplitude fluctuations in interglacial 7 may represent
precession cycles. A similar pattern to interglacial 7 occurs in interglacial 15 when eccentricity cycle
€7 also exceeded 0.05. In this interglacial the signal between obliquity cycles p and q is expressed as
interglacial peaks 15a and 15c¢, separated by glaciation 15b.

The pattern between eccentricity, obliquity and glacio-eustasy in the 800-ka interval leads to a
simple insight: the more circular the Earth’s orbit (low eccentricity) the more likely ice sheets
will expand, and vice versa. This pattern can be extrapolated to older times implying the c. 405-ka
eccentricity cycle drives the fourth-order glacio-eustatic signal, and obliquity and to a much lesser
extent precession interfere with the signal during interglacial intervals. This insight provides an
approximate formula for dating 405-ka stratons corresponding to glacio-eustatic lowstands based
on the orbital scale and the metronome.
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For example, the scale predicts the starts of Stratons 1 and 2 at 371 and 776 ka, and the metronome
minima of E1 and E2 occur at 394.625 and 799.625 ka. These ages are approximate estimates for
SB 10 at c. 340 ka marking the start of the de-glaciation 5e (Termination IV), and SB 20 at c. 795
ka. These age comparisons indicate the orbital and metronome estimates match the ages for SB 10
and SB 20 with an accuracy of + 30-50 ka. Such uncertainties for dating surfaces in deep time are
considered comparable to high-precision radiometric estimates which are the order + 100 ka at best.

7. Dating SB JP18

Straton 455 occurs between c. 184.24 and 183.84 Ma and corresponds in the orbital Scale to c. 405-ka
Straton 6 in 4.86-Ma Dozon B of 14.58-Ma Orbiton 13, denoted 13B-6 (Matthews and Al-Husseini,
2010; Ruebsam and Al-Husseini, 2021). As the sixth straton of Dozon 13B it is predicted as a low
glacio-eustatic sea level and an unconformity-prone unit. The sequence boundary marking the
maximum sea level fall (maximum regression surface, MRS) and the start of the overlying
transgression is placed at the base/start of 13B-6 at 184.24 Ma and correlated to SB JP18 estimated at
184.3 Ma (Hag, 2018).
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Figure S1: (a) In the age model of the Mochras borehole Al-Suwaidi et al. (2022) shifted the position
of the base Toarcian Stage in the PI-T-CIE from within the $"*C valley (their figure 4) to the upper
plateau (their figure 5, reproduced in Fig. S1). Also, Al-Suwaidi et al. (2022) shifted the position of the
Tenuicostatum-Serpentinum zonal boundary from the top of the 3"*C falling limb of the T-CIE (their
figure 4) to its base (their figure 5). (b) The boundaries of ammonite zones and 3"*C secular intervals
in the Mochras borehole are picked to an accuracy of better than 1.0 meter (Storm et al., 2020, and
references therein), and their calibrations represent the age model of the late Pliensbachian and Early
Toarcian reference section (Fig. 3, Table S1, Ruebsam and Al-Husseini, 2020, 2021).
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(a) Astronomical Metronome and 405 ka E-cycle
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Figure S2: (a) The 'Astronomical Metronome' corresponds to the leading sinusoidal component of the
Earth’s eccentrical orbit around the Sun, which has a period of 405,000 years (405 ka). (b) In the
‘Geological Time Scale 2020 (GTS 2020, Raffi et al., 2020, in Gradstein et al., 2020) biozones and
magnetic reversals in the Neogene Period (2.59-23.04 Ma) are calibrated with 405-ka
astrochronozones (ACZ) that are numbered as integers between the minima of the metronome. (¢) In
the orbital scale of glacio-eustasy c. 405-ka time-rock units (stratons) also occur approximately
between the minima of eccentricity (Matthews and Frohlich, 2002).
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Figure S3: Correlation of obliquity (a), eccentricity (b) and sea level (c) cycles during the past 800 ka
(Miller, 2005; see ‘Milankovitch Cycles” in Wikipedia) indicates more circular Earth orbits (low
eccentricity) correlate to colder climates and glaciations. During the most circular orbits at c. 370 and
435 ka bounding eccentricity cycle e5, grey obliquity cycles k and m are not expressed in the sea level
cycle during Glaciations 10 and 12. In contrast, yellow obliquity cycles are expressed in the sea-level
curve during eccentricity high values and interglacial intervals. Green obliquity cycles are expressed
in the sea-level curve during changes in high eccentricity cycles coinciding with obliquity cycles.
High-frequency sea-level cycles of the order of 5-20 m may be driven by precession cycles.
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Table S1: Age model of Mochras Borehole (Ruebsam and Al-Husseini, 2020, 2021)

Position Depth (meter) Age (Ma)

Base Bifrons 768 180.9
Base Falling Limb = Top post-T-CIE Plateau 783 181.4
Base post-T-CIE Plateau = Top T-CIE Rising Limb 801 181.8
Top T-CIE Valley 815 182.2
Base T-CIE Valley = Tenuicostatum/serpentinum 830 182.6
Base T-CIE Falling Limb = Top post- PI-T-CIE Rising Limb 839 183.0
Base post- PI-T-CIE Rising Limb = Top PI-T-CIE Valley 860.5

Spinatum/tenuicostatum 863 183.7
Base PI-T-CIE Valley 864.8 183.84
Base Lower Plateau = SB JPI8 871.0 184.24
Margaritatus/spinatum 901 185.3
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