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A B S T R A C T

This study establishes a new, high-resolution astronomical time scale for the Early Triassic, based on a contin
uous 395 m core of the Montney Formation in northeastern British Columbia. This novel age model allows more 
precise dating of episodes of anoxia and biotic recovery following the end-Permian mass extinction on the 
northwestern margin of subtropical Pangaea. Elemental data derived from x-ray fluorescence spectroscopy at 
centimeter-scale resolution provide a high-resolution geochemical record that can be calibrated and chro
nostratigraphically correlated with conodont biostratigraphy and carbon and nitrogen isotopic records from the 
same core.

This study uses the elemental dataset (>37,000 measurements of 30 elements) to perform spectral analyses, 
which demonstrate cyclical components throughout the entire succession. Cyclostratigraphic analyses of Ca and 
Rb/(Rb + K) chemical element series reveal clear sedimentologic cycles, interpreted to represent a 405-kyr long- 
eccentricity cycle, a 100-kyr short-eccentricity cycle, a 33-kyr obliquity cycle, and a 20-kyr precession cycle. 
Anchoring these cycles to the onset of the latest Permian transgression at the base of the Montney Formation 
(252.0 Ma), the ages of the Griesbachian/Dienerian, Dienerian/Smithian (Induan/Olenekian), Smithian/Spa
thian, and Spathian/Anisian (Olenekian/Anisian) boundaries are estimated at 251.76 ± 0.1 Ma, 250.93 ± 0.1 
Ma, 249.06 ± 0.1 Ma and 247.1 ± 0.1 Ma, respectively. This ATS differs from the current international chro
nostratigraphic chart but closely matches recent revisions to Early Triassic geochronology; it yields an inde
pendent estimate for the age of the base Anisian that matches recent estimates from South China within 50 kyr. 
An increase in pelagic biocalcification during early Smithian (~250.6 ± 0.1 Ma) reflects the development of 
planktic calcispheres as a significant carbon sink and is sensitive to the obliquity cycle. Modulation of obliquity 
cycles by other orbital components may have regulated the timing of biotic recovery events in the Slide Mountain 
Ocean throughout the Early Triassic.

1. Introduction

The end-Permian mass extinction (EPME) was the most severe 
biodiversity crisis of the Phanerozoic, resulting in significant loss of 
marine and terrestrial taxa. After the destruction of the EPME, the 
Induan interval of the Early Triassic represented a new start, in which 
biodiversity could begin to recover. While environmental stresses 
generally ameliorated throughout the Early Triassic, biological recovery 
was prolonged and was interrupted several times by episodes of global 
warming and oceanic anoxia (Sun et al., 2012; Li et al., 2016a; Schoepfer 

et al., 2024; Zhu et al., 2025). This interval has great potential to provide 
meaningful analogues to modern climate and biodiversity changes, but 
our understanding of the dynamics and rates of recovery are currently 
constrained by an unclear chronometry.

Studies of the Permian-Triassic transition in South China indicate 
that the EPME occurred within a < 60 kyr interval of time, beginning 
251.941 ± 0.037 million years ago (Burgess et al., 2014; Shen et al., 
2019). However, the age framework for the Early Triassic recovery re
mains less precise, with proposed durations ranging from 0.7 to 2.2 Myr 
for the Induan Stage and 3.2 to 4.0 Myr for the Olenekian Stage (Burgess 
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et al., 2014; Galfetti et al., 2007; Wu et al., 2012; Cohen et al., 2013; Ogg 
et al., 2020; Leu et al., 2025). This study proposes a novel age model for 
the Early Triassic based on cyclostratigraphic analysis of a continuous 
core of the Montney Formation, which will allow more precise and ac
curate dating of recovery from the EPME in NW Pangea.

Stratigraphic successions can record terrestrial responses to astro
nomical forcings, including changes in the Earth's orbit and spin vector 
called Milankovitch cycles (Berger, 1988). These cyclical orbital and 
obliquity variations affect global climate conditions through changes in 
seasonality and the distribution of solar radiation around the Earth. 
Identification of these cycles preserved in the geologic record can yield a 
high-resolution astronomical time scale and constrain the rates of pa
leoclimatic and paleoecologic change (Hinnov and Hilgen, 2012). While 
sedimentary cycles of astronomical origin have been identified in the 
Early Triassic (Yang and Lehrmann, 2003; Wu et al., 2012; Guo et al., 
2008; Li et al., 2016a; Li et al., 2016b; Kozur and Weems, 2011), most 
studies have relied on single proxies.

This study is a high-resolution cyclostratigraphic analysis of the 
Lower Triassic Montney Formation using multiple proxies, based on 
elemental variations measured via x-ray fluorescence spectroscopy 
(XRF) in a 395-m continuous 7.5 cm (3.0″) full-diameter core from the c- 
65-F/94-B-8 well in northeastern British Columbia, Western Canada 
(Fig. 1). An ITRAX core scanner was used to measure 30 elements at over 
37,000 horizons, providing over 1.1 million geochemical measurements 
at centimeter resolution. This extremely high-resolution dataset pro
vides a rich record of paleoenvironmental proxies that has already been 
used to reconstruct the depositional history at this location (Schoepfer 
et al., 2024).

The studied core is notably continuous, with no observed missing 
intervals (Moslow et al., 2018). The lack of intraformational un
conformities or disconformities is confirmed by regional wire-line log 
cross-section correlations for the Montney Formation, which represents 

the third largest unconventional natural gas deposit globally (Baniak 
et al., 2023). The Induan-Olenekian (Dienerian-Smithian substage) 
boundary is transitional and is interpreted as the conformity correlative 
to a sequence boundary observed in shallower-water sections. 
(Zonneveld and Moslow, 2018). While the Smithian-Spathian boundary 
in the c-65-F/94-B-8 core is abrupt, it is non-erosional at c65F, in 
contrast to sites up-dip toward the east (Moslow et al., 2018; Baniak 
et al., 2023 see their Fig. 10A). Wireline log correlations indicate that 
the Griesbachian to lower Dienerian interval is thin and probably 
condensed. The core is thus an outstanding opportunity to examine a 
complete sedimentologic and stratigraphic record of the entire Lower 
Triassic.

This remarkably complete dataset was used to develop an ATS, using 
the standardized time series of the La2004 ETP model (Laskar et al., 
2004) from 245 to 249 Ma to identify potential Milankovitch cycles in 
the Montney Formation. This floating time scale was then integrated 
with an existing, detailed chronostratigraphic framework constrained by 
conodont biostratigraphy and sequence stratigraphic horizons, particu
larly two well-dated and recognizable anchor points: 1) The latest 
Permian transgression in sea level (corresponding to the base of the 
Montney Formation), which provided a temporal anchor for astronom
ical cycles in the Early Triassic, and 2), the base of the Middle Triassic 
Sunset Prairie Formation, which represents the end of the Early Triassic 
recovery interval and can be used to test whether hypothesized Milan
kovitch cycles yield realistic durations for the full Lower Triassic epoch.

The resulting astronomical time scale was then used to constrain the 
timing of changes in global sea level, temperature, weathering rates, 
redox conditions, nutrient cycles, and biotic recovery, and to assess 
temporal variation in sedimentation rates, leading to a better under
standing of the steps in biological recovery as they occurred at a mid- 
latitude site on the northwestern margin of Pangea (Schoepfer and 
Henderson, 2022; Schoepfer et al., 2024).

Fig. 1. Schematic palaeogeographic map of western Canada during the Early Triassic (~250 Ma) showing the relative locations of core c-65-F/94-B-8 (56.456250◦N, 
122.365625◦W) and core 6–3-79-13 W6 (55.816190◦N and 119.947952◦W). Inset at middle left shows the location of the palaeogeographic map on the subtropical 
western margin of Pangaea. Modified from Schoepfer and Henderson (2022).
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2. Geologic background

2.1. Geologic setting

During the Early Triassic, the western margin of the North American 
Craton formed the northwestern coast of the supercontinent Pangea, 
fronting on the Panthalassic (i.e., proto-Pacific) Ocean, the world's 
largest ocean basin at the time (Henderson et al., 2018; Moslow et al., 
2018). The Lower Triassic Montney Formation was deposited in the 
Peace River Embayment (Davies et al., 1997) (Fig. 1), a structural sub- 
basin within the broader Western Canada Sedimentary Basin (WCSB), 
from approximately 252 to 247 Ma (Henderson et al., 2018). Montney 
Formation sedimentary facies are interpreted to reflect predominantly 
shallow marine (shoreface through offshore) environments (Moslow 
et al., 2018), with moderate to high subsidence rates associated with 
the closure of the Slide Mountain Ocean.

The c-65-F/94-B-8 core, from northeast British Columbia, provides a 
continuous sedimentary record of Early Triassic deposition in a distal 
shelf setting (Moslow et al., 2018; Schoepfer et al., 2024). The 395 m 
core comprises 2-m of the Permian Belloy Formation, 371-m of the 
Lower Triassic Montney Formation, 11.5 m of the Sunset Prairie For
mation (i.e. the ‘Anisian wedge’) and 10.5 m of the overlying Anisian 
Doig Formation phosphate zone (Moslow et al., 2018).

The Montney Formation, like other Lower Triassic successions 
worldwide, comprises three 3rd-order depositional sequences (Davies 

et al., 1997; Moslow et al., 2018; Fig. 2). Beyond sequence strati
graphic surfaces, age control of the Montney and stratigraphic correla
tions to other sections are determined via conodont biostratigraphy, 
derived from core samples and in one case, core pseudo-cuttings. 
Regional biostratigraphic correlations and global chronostratigraphy 
are summarized below, with additional detail provided in the Supple
mentary Text.

2.2. Biostratigraphic correlation and chronostratigraphic framework

The c65F core exhibits many marine flooding surfaces with four 
being particularly distinctive including the basal Montney transgression 
(uppermost Permian), the top of a widely correlated Claraia biostrome 
(base-Olenekian Stage or Smithian substage), a distinct surface sepa
rating middle and upper Montney (base-Spathian substage), and the 
base of the Sunset Prairie Formation (lowermost Anisian). Many samples 
did not yield conodonts at c65F but some yielded particularly distinctive 
conodonts at the base of the Triassic and base-Spathian (Moslow et al., 
2018). Another core (6–3; Fig. 1) yielded numerous conodonts with 
80% of the 87 samples productive. The many marine flooding surfaces at 
6–3 can be correlated with those at c65F, providing a method to inter
polate taxon ranges between the two cores (discussed in supplementary 
text; established in Fig. S4). This allowed the correlation of fifteen co
nodont biozonal intervals (Fig. 2). that are summarized below and 
explained in more detail in the Supplementary text.

Fig. 2. Lower Triassic stages and time scale (note scale change for 252–251 to provide space for taxon names), conodont biozones developed for correlation in this 
study (1–15), representative conodont and ammonoid species for NW Pangea, and representative ammonoid genera for the Tethys (modified from Leu et al., 2025), 
alongside sequence stratigraphy and simplified carbon isotopic curve (from Zhu et al., 2025) for the Montney Formation. Changh. = Changhsingian. Conodonts: C. =
Clarkina, H. = Hindeodus, Nv. = Novispathodus, Sc. = Scythogondolella, B. = Borinella, T. = Triassospathodus, Ch. = Chiosella, Ng. = Neogondolella, Mg. = Magdi
gondolella. Ammonoids: O. = Ophiceras, B. = Bukkenites, He. = Hedenstromia, Eu. = Euflemingites, Kash. = Kashmirites, Meek. = Meekoceras, Key. = Keyserlingites. 
Formations and Sequence Stratigraphy (Fm./SS): B. = Belloy, SB/FS = coplanar sequence boundary and marine flooding surface, MRS = maximum regressive surface 
(c-65-F core would be positioned on the left side of column and 6–3 core in the middle of the column), grey area indicates missing strata. Carbon isotopic curve 
notation described later in text but note correspondence of peak positive excursions with stage and substage boundaries.
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Chronostratigraphic correlation of the Lower Triassic is largely 
achieved by the distribution of two fossil groups: ammonoids and con
odonts. In many regions ammonoids are the primary biostratigraphic 
tool (Leu et al., 2025), but in the subsurface of western Canada con
odonts have primacy as they are more commonly recovered from core 
samples given their microscopic size. Some bedding planes in Montney 
core exhibit ammonoid impressions (see Fig. 6B of Baniak et al., 2023) 
but these occurrences are rare and the specimens often poorly preserved. 
Nevertheless, ammonoids and conodonts have been studied in other 
regions of western and Arctic Canada (Tozer, 1967, 1994; Orchard, 
2008) and Fig. 2 provides a summary of these correlations.

Zone interval 1 includes species of Mesogondolella including the 
upper Changhsingian species M. sheni in the uppermost Belloy Forma
tion at 6–3 (Henderson et al., 2018). The initial Montney transgression 
occurs during the latest Permian (Schoepfer et al., 2012; Schoepfer and 
Henderson, 2022; Henderson et al., 2018), just as it does in most lo
calities around the world. Zone interval 2 is correlated with the Gries
bachian substage and includes the co-occurrence of cool-water 
Mesogondolella species and warm-water Clarkina species including 
C. hauschkei indicating a major rise in ocean temperature associated 
with the EPME; a comparable fauna occurs with Otoceras concavum in 
the Sverdrup Basin (Henderson and Baud, 1997). The Permian-Triassic 

boundary (PTB; base of the Induan Stage) is globally marked by the 
first occurrence (FO) of the conodont Hindeodus parvus, and is correla
tive with the local first occurrence (FO) of Clarkina taylorae in the Lower 
Montney (Henderson et al., 2018) at c-65-F and 6–3; the latter species 
occurs with Otoceras boreale at Otto Fiord South (Henderson and Baud, 
1997). An interval presumably correlating with the upper Griesbachian 
did not yield conodonts at c65F and 6–3, but elsewhere in the Peace 
River Embayment species of Neoclarkina have been recovered 
(Henderson et al., 2018). These taxa are associated with the Bukkenites 
strigatus Zone in Arctic Canada (Orchard, 2008), which may extend 
slightly into the Dienerian substage as the youngest collection in the 
zone includes the first occurrence of Sweetospathodus kummeli at Otto 
Fiord (Orchard, 2008). Zone interval 3 includes at least four samples 
with the Dienerian Sweetospathodus kummeli in the 6–3 core (Fig. S4). 
Zone interval 4 includes Neospathodus dieneri and N. cristagalli and in
corporates much of the Dienerian. These taxa are associated with the 
Vavilovites sverdrupi ammonoid zone in the Arctic (Orchard, 2008). 
Samples from the nearby outcrop belt of NE British Columbia (GSC 
56222–56,224) have yielded the ammonoids Vavilovites sverdrupi, Xen
odiscoides calnani, and Flemingites reticulatus (Tozer, 1994) as well as the 
conodonts (in GSC 56224; pers. comm. Martyn Golding from an internal 
GSC report) Neospathodus dieneri and N. cristagalli. The occurrence of 

Fig. 3. Panel A. High resolution digital image (right) of a 1.5 m interval of slabbed, full-diameter core from the lower Smithian of the c-65-F/94-B-8 well. Panel B. 
Potassium ferricyanide-stained thin section of a hemipelagite bed, highlighting an abundance of Fe-calcite calcispheres (blue spherical grains) in a bituminous 
dolosiltstone matrix. Note small bioclastic fragment and discontinuous vertical calcite-healed fracture (pink stain). Panel C. A 25-m core interval graphic log from the 
lower Smithian, showing positions of nine ~15 cm-thick calcispheric dolosiltstone beds (hemipelagites, shown in purple), interbedded with dark bituminous silt
stone. Close-up core photographs for two of these beds are provided on the right. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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Flemingites in the upper Dienerian is significant. The zone 4/5 boundary 
coincides with a coplanar maximum regressive surface and marine 
flooding surface as well as with the P2 carbon isotopic peak (Fig. 3) in 
our study. This same peak may be slightly higher in the lower Smithian 
as indicated by Leu et al. (2025).

The Induan-Olenekian boundary (base of informal Smithian sub
stage) is normally correlated using the FO of Novispathodus waageni 
sensu lato. Zone interval 5 is based on biostratigraphy from 6 to 3 that 
includes first occurrences of Conservatella conservativus, Novispathodus 
latiformis, N. posterolongatus, and Nv. eowaageni (Brar, 2021). This fauna 
appears to correlate with a pre-Euflemingites interval in east-central 
British Columbia (Orchard and Zonneveld, 2009) and the early Smi
thian Rohillites/Flemingites/Kashmirites interval (Leu et al., 2025). Zone 
interval 6 includes the extended range of Nv. waageni and Nv. poster
olongatus and correlates with the Euflemingites romunderi Zone but with 
lower diversity compared to the succession in east-central British 
Columbia (Orchard and Zonneveld, 2009). Younger Smithian units have 
yielded Scythogondolella spp. in the 6–3 core (Brar, 2021) and elsewhere 
in the Peace River Basin (Golding et al., 2014). Zone interval 7 includes 
the ranges of Sc. phryna and Sc. mosheri and Zone 8 includes Sc. milleri. 
These taxa are associated with the Anawasatchites tardus ammonoid zone 
in east-central British Columbia (Orchard and Zonneveld, 2009). 
Orchard, 2022; his Fig. 4) provides a schematic of the type locality of the 
tardus Zone (Toad River in British Columbia; Tozer, 1994) in which Sc. 
milleri occurs with Anawasatchites tardus and with Xenoceltites subevolutus 
1.5 m higher. A sharp surface another 1.5 m higher yielded very 
different taxa including Borinella sweeti, B. curvata, and Neogondolella 
spp. (Orchard, 2022). Golding (2021) also recognized this sharp increase 
in abundance and diversity at a level described as approximating the 
Smithian-Spathian boundary at two additional subsurface wells in BC; 
taxa included Neogondolella spp., Magdigondolella spp., Columbitella spp., 
Borinella spp., Novispathodus abruptus as well as Scythogondolella mosheri 
and Sc. milleri. The abundance may reflect a transgressive lag or 
condensation associated with a major Spathian marine flooding surface 
that may have reworked a few Smithian specimens (Scythogondolella 
spp.). The Smithian-Spathian boundary and zone interval 9 at both c65F 
and 6–3 cores is correlated by the FOs of Novispathodus abruptus and 
Borinella spp. including B. sweeti and B. curvata. This level coincides with 
the P3 carbon isotopic peak (Fig. 3) in our study and approximates the 
same level in Leu et al. (2023, 2025). Orchard (2022) significantly 
updated the taxonomy of North American Spathian neogondolellin 
conodonts. The ranges still require more precision but some of his taxa 
are recognized in the 6–3 core. Zone interval 10 adds Triassospathodus 
homeri, Borinella buurensis, and Neogondolella aff. Bucheri. T. symmetricus 
and Columbitella spp. appear in zone interval 11 in association with a 
major flooding surface and transgressive surface of erosion. Conodonts 
are sparse in zone interval 12, which is characterized by the extended 
ranges of T. homeri, T. symmetricus and N. aff. Bucheri. Neogondolella 
bucheri characterizes an uppermost Spathian level in zone interval 13 
but may range through much of the Spathian elsewhere (Orchard, 
2022). The lower Anisian (zone interval 14) correlates with the occur
rence of Chiosella timorensis at several localities in the Peace River 
Embayment (Henderson et al., 2018; Golding, 2021), but not at c65F nor 
6–3. The lower Anisian zone interval 15 includes Neogondolella curva, 
N. hastata, and Magnigondolella dilacerata (Henderson et al., 2018; 
Golding and Orchard, 2016, 2018).

The Induan-Olenekian boundary and the substage boundaries for 
Griesbachian, Dienerian, Smithian, and Spathian are not formally 
defined, but there is an extensive literature considering the correlation 
of these stratigraphic units. To generate a meaningful time series anal
ysis, it is important to demonstrate how well the 395-m continuous core 
at c65F can be correlated. In particular, the boundaries of the stages and 
substages are important to provide a temporal framework. The conodont 
biostratigraphy has been linked to ammonoid biozones where possible 
and the resulting framework compares well with many studies. The 
stage and substage bounding surfaces are well constrained by sequence 

stratigraphic signatures, conodont biostratigraphy and carbon isotopic 
excursions and as such provide a template to link the temporal frame
work determined from time series analysis of the high-resolution dataset 
from the c65F core.

2.3. The origin of calcispheric dolosiltstones

The Lower Triassic Montney Formation is composed of bituminous, 
fine to coarse siltstone, as well as very-fine-grained sandstone, calci
spheric dolosiltstone, bioclastic siltstone, and phosphorite. All facies 
were deposited on the proximal through distal portions of a clastic 
shoreface-to-offshore shelf or mixed clastic/carbonate ramp (Moslow 
et al., 2018). While siltstone is the predominant lithology throughout 
the entire Induan and most of the Olenekian interval, these siltstones are 
interbedded with approximately decimetre-thick calcisphere-rich dolo
siltstone beds (Fig. 3) that show well-developed lithologic cyclicity.

Calcispheric dolosiltstone is a carbonate-rich facies common in the 
Montney Formation, first appearing in the earliest Dienerian and 
becoming abundant during the early Smithian. The calcispheric dolo
siltstone facies is composed of spherical carbonate particles (calci
spheres) on the order of 50–200 μm in diameter, densely cemented with 
calcite or ferroan dolomite.

Davies et al. (2018) suggest that the Montney calcispheres may be 
the preserved tests of an early form of protodinoflagellate. Concentra
tions of calcispheres within discrete laminated and inversely graded 
beds, are interpreted to represent rapid accumulation events, initiated 
by the proliferation of ‘algal’ blooms within the photic zone, followed by 
deposition through hemipelagic suspension settling to the sediment 
water interface (Fig. 3). The calcispheres are concentrated in laminae 
and laminae sets, within a matrix of bituminous dolomitic siltstone, 
mostly of detrital origin (Fig. 3). Calcispheric dolosiltstone beds, 
comprising many individual laminae, range in thickness from 10 to 30 
cm.

Schoepfer et al. (2024) attribute the appearance of calcispheres in 
the Dienerian to recovering primary productivity. In addition to the 
Panthalassic Montney Formation, similar-sized calcispheres have been 
reported across a range of Tethyan settings, including uppermost 
Griesbachian deposits in Oman (Baud et al., 2012) and lower Dienerian 
ammonoid-calcisphere wackestones in the Kangshare and Lan
chengquxia Formations of southern Tibet (Li et al., 2019a; Shen et al., 
2010). Thus, there appears to be a widespread (potentially global) event.

Smaller diameter calcispheres (8–22 μm) are better known from 
Upper Triassic (upper Carnian and Norian) hemipelagic limestone in 
Sicily (Preto et al., 2013; Dal Corso et al., 2019), where they are inter
preted as calcareous dinocysts. Dal Corso et al. (2019) suggest that 
Carnian calcispheres may represent a transition to a “Cretan” ocean, in 
which pelagic biocalcification dominates. The appearance of similar 
(albeit larger) calcispheres in the Induan, marking an initial recovery of 
primary productivity, suggests this transition may have started to occur 
as early as the Griesbachian-Dienerian boundary, and may have served 
as a major carbon sink during the interval of Early Triassic recovery.

3. Methods

3.1. X-Ray fluorescence spectroscopy

The entire 395-m c-65-F/94-B-8 core was examined with an ITRAX 
energy-dispersive automated x-ray fluorescence (XRF) core scanner, at 
Institute National de la Recherche Scientifique, Québec. The measure
ments were conducted using a molybdenum filament with a voltage of 
40 kV and an exposure time of 30 s, generally at centimeter scale. With 
30 elements measured at over 37,000 horizons, the dataset includes 
>1.1 million individual geochemical measurements. The full calibrated 
dataset is available as Supplementary Table S1 in Schoepfer et al. 
(2024).

Schoepfer et al. (2024) carefully assessed the quality of various 
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Fig. 4. Results of the 2π MTM power spectral analysis of the untuned XRF data series of the c-65-F/94-B-8 core. Results from the logCa series are shown with A1-E1 
(A1: 2576 m to 2495 m; B1: 2495 m to 2415 m; C1: 2415 m to 2365 m; D1: 2365 m to 2285 m; E1: 2285 m to 2181 m.). Results from the Rb/(Rb + K) series are 
shown with A2-D2 (A2: 2576 m to 2526 m; B2: 2526 m to 2435 m; C2: 2435 m to 2350 m; D2: 2350 m to 2185 m.). (E, e, o and p refer to 405-kyr long eccentricity 
cycle, ~100-kyr eccentricity cycle, 33-kyr obliquity cycle and 20-kyr precession cycle, respectively.). Spectral peaks were evaluated against robust red noise models 
at 90%, 95% and 99% confidence levels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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elemental signals by calibrating X-ray intensities in counts-per-second 
(cps) to elemental concentrations based on ICP-MS analyses of core- 
end samples. The strong linear correlation between cps and absolute 
concentrations for all the elements used in this study (r2 = 0.96 for Ca, 
0.87 for K, and 0.73 for Rb; see Table S2 in Schoepfer et al., 2024) in
dicates that cps values reflect variation in elemental chemistry. Original 
cps values, rather than calculated concentrations, have been used for 
subsequent spectral analyses in this study. This does not affect results, as 
exact elemental concentrations are less important to time series analysis 
than elemental variation trends.

In the time domain, individual measurements at centimeter intervals 
theoretically capture a roughly 100-year temporal resolution. The sub
sampled 10-cm dataset used for time series analysis (see Section 3.2 
below) captures lithologic variations at an approximately 1000-year 
resolution. Time-series resolution at century to millennium scale is un
precedented in deep time studies and has the potential to capture the 
impact of orbital forcing on sedimentary strata at timescales relevant to 
climate change.

To assess the cyclic drivers of carbonate versus terrigenous deposi
tion, XRF calcium, aluminum, potassium, rubidium and thorium series 
were initially selected for time-series analysis. The Ca and Rb/K series 
demonstrated the greatest sensitivity to cyclic variations, and are the 
focus of this study, while results from thorium and aluminum series are 
provided in the Supplementary Material.

Calcium is mostly hosted in calcite and dolomite and represents the 
relative proportion of carbonate in the succession. The carbonate beds 
are generally autochthonous, with most reflecting the productivity and 
preservation of calcispheres. Other carbonates, such as a Claraia bio
strome unit, are also likely to have been closely associated with climatic 
and oceanographic conditions. Some carbonate beds may be allochth
onous, reflecting the frequency and intensity of storms delivering bi
valves to offshore settings. However, even these are likely to have been 
governed by the summer temperature and the distribution of cyclonic 
belts. Thus, the calcium proxy is an integrated proxy for the effects of 
climate on carbonate deposition in this succession.

The elemental ratio proxy Rb/(Rb + K) reflects the intensity of 
chemical weathering, as Rb is more likely to be retained in clays during 
intense weathering. The intensity of chemical weathering recorded by 
this proxy varies throughout the c-65-F/94-B-8 core (Schoepfer et al., 
2024), which likely reflects changes in atmospheric temperature, pre
cipitation, and/or the pH of meteoric water. All these variables are 
directly influenced by orbital cycles in climate, with temperature and 
precipitation/runoff serving as major controls on chemical weathering 
and erosion.

3.2. Time-series analysis

To identify cyclicity in the Montney succession and detect potential 
astronomical signals, the following procedures were applied to our XRF 
elemental data series in “Acycle” (Li et al., 2019b):

(1) XRF datasets were resampled at regular intervals (10 cm) to 
ensure even sample spacing throughout the dataset.

(2) The base 10 logarithm of the calcium series was taken, to simplify 
harmonic oscillation features and better detect high frequency cyclicity.

(3) Because estimation and removal of long-term trends is necessary 
for spectral analysis, the selected XRF series were pre-whitened by 
removing weighted averages (using “lowess,” “loess,” or “robust loess”).

(4) Trends in the distributions of elements can be used to recognize 
changes in the sedimentation rate. To identify these trends, XRF series 
were computed using sliding-window spectral analysis, with an evolu
tive Fast Fourier Transform (FFT) spectrogram. Based on the distribution 
of cyclic components, the entire core was divided into intervals. Multi- 
taper method (MTM) frequency analyses were run separately for these 
intervals.

(5) The power spectra of XRF series were analyzed using MTM fre
quency analysis, to identify regularly spaced peaks and relate them to 

the Laskar 2004 solution for predicted orbital eccentricity, obliquity, 
and precession indices (Laskar et al., 2004).

(6) Spectral peaks were evaluated against robust red noise models at 
90%, 95% and 99% confidence levels. These red noise tests are shown 
with different colors corresponding to different confidence levels in 
Fig. 4.

(7) Gaussian bandpass filtering was used to support the identification 
of each potential astronomical parameter and examine its distribution 
through the entire Early Triassic.

(8) The selected XRF series were tuned to interpreted astronomical 
cycles with linear interpolation and resampling based on identification 
of 405-kyr long-eccentricity cycles (Hinnov, 2013).

(9) Power spectra analysis of the tuned records was run to identify 
significant peaks that align with orbital parameters predicted for the 
Early Triassic.

(10) An iterative tuning procedure was performed until spectral 
analysis of optimized stratigraphic models demonstrated convergence, 
as recognized by stable spectral peaks and coherent orbital-band con
tinuity across the stratigraphic section.

(11) The age of the onset of the latest Permian transgression (252.0 
Ma) was selected as an anchor point to build the astronomical timescale 
for this study (Henderson et al., 2018).

3.3. Stratigraphic anchor points

The new age model for the Early Triassic developed in this study is 
built around two principal anchor points. The first is the date of the 
latest Permian transgression, which corresponds to the contact between 
the Belloy and Montney formations in the c-65-F/94-B-8 core. The date 
of 252.0 Ma is based on a sequence biostratigraphic correlation with the 
Penglaitan section in South China, where a latest Permian sequence 
boundary and marine transgression are clearly recognized in a carbon
ate interval that includes several ash beds with high-resolution radio
metric dates (Shen et al., 2019). The 252.0 Ma age of the transgression is 
interpolated between radiometric dates of 252.359 Ma and 251.991 Ma 
(Shen et al., 2019), with the position of the transgressive surface much 
closer stratigraphically to the younger age.

The latest Permian age of the initial transgression has been shown 
biostratigraphically in many regions, including Arctic Canada (Algeo 
et al., 2012) and Western Canada (Schoepfer et al., 2012; Schoepfer 
and Henderson, 2022). The original Griesbachian succession, as 
defined in the Canadian Arctic (Tozer, 1967, 1994; Henderson and Baud, 
1997), included this latest Permian transgressive succession, indicating 
that the informal Griesbachian substage boundary does not coincide 
with the defined base of the Induan Stage. The EPME event also occurs 
within these transgressive facies and is not related to the hiatus associ
ated with a global regression (Shen et al., 2019).

The second anchor point for our proposed age model is the base of 
the Anisian Stage (Middle Triassic). This horizon can be readily recog
nized in core c-65-F/94-B-8, both biostratigraphically (Fig. S4) and 
lithologically, via the transition to the sandy Sunset Prairie Formation. 
No assumed age of this boundary is input into our model; instead the 
ages count upward from the latest Permian transgression, it serves as an 
independent check on the hypothesized astronomical cycles. If the 
model is correctly identifying cycles, it should yield a date for the base 
Anisian consistent with geochronologic ages for this boundary else
where in the world. While the base of the Middle Triassic is dated to 
246.7 Ma in the 2020 Geologic Time Scale (Ogg et al., 2020), the most 
recent radiometric dates suggest an age close to 247.1 Ma (Ovtcharova 
et al., 2015; Leu et al., 2025).

4. Results

4.1. Calcium series cyclostratigraphy

Interbedding of siliciclastic and calcareous (i.e. calcispheric or 
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bioclastic) siltstones is ubiquitous in the c-65-F/94-B-8 core. This 
interbedding is reflected in the XRF calcium series, which shows 
pervasive cyclic rhythms that likely reflect climatic conditions favorable 
for carbonate production. The XRF calcium series for the lower 
Griesbachian-lower Smithian interval (2576 m to 2495 m) shows regular 
cyclicity with wavelengths of ~28.57 m, ~9.80 m, ~3.13 m, and ~ 1.36 
m. These fit the expected ratios of Milankovitch-cycle frequencies, and 
likely represent 405-kyr long eccentricity, ~100-kyr short eccentricity, 
33-kyr obliquity, and 20-kyr precession cycles, respectively. From the 
lower Smithian to upper Smithian (2495 m to 2415 m), the calcium 
series is characterized by ~36.5 m, ~3.50 m and ~ 1.85 m wavelengths, 
which are interpreted to be the 405-kyr long eccentricity, 33-kyr 

obliquity and 20-kyr precession cycles. For the interval spanning the 
upper Smithian to lower Spathian (2415 m to 2365 m), the power 
spectrum of the calcium series shows significant peaks at ~18.87 m, 
~5.26 m, ~1.55 m, and 0.94–1.02 m, which also may be attributable to 
the 405-kyr long eccentricity, ~100-kyr short eccentricity, 33-kyr 
obliquity, and 20-kyr precession cycles. The lower to middle Spathian 
interval (2365 m to 2285 m), shows ~37.31 m and ~ 3.08 m cyclic 
components, which likely reflect the 405-kyr long eccentricity and 33- 
kyr obliquity cycles (Fig. 5). From the middle Spathian to the lower 
Anisian Stage (2285 m to 2181 m), wavelengths of ~38.5 m and ~ 2.27 
m become highly significant, which may represent the increasing 
importance of 405-kyr long eccentricity and 20-kyr precession cycles 

Fig. 5. Lithostratigraphy, conodont biostratigraphy, and interpreted cyclostratigraphy of the Lower Triassic Montney Formation based on XRF log-Ca series, in the 
depth domain. From left to right: Lithostratigraphy, from Moslow et al., 2018; Biostratigraphy, from Henderson et al., 2018 and Schoepfer et al., 2024; Prewhitened 
XRF log-Ca series; Filtered cycles are interpreted as 405-kyr long eccentricity (E) cycles (Gaussian filtering). Evolutive FFT spectrum uses 45-m sliding window.
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(Fig. 5).

4.2. Rb/(Rb + K) series cyclostratigraphy

Cyclical variations in climatic conditions, including temperature and 
the intensity of precipitation, may have been driven by orbital forcing, 
impacting terrestrial chemical weathering. As a result, proxies such as 
Rb/(Rb + K), which reflect the intensity of chemical weathering, can be 
used for high-frequency cyclostratigraphic analysis as a potential 
climate signal. The Rb/(Rb + K) series for the lower Griesbachian- 
middle Dienerian interval (2576 m to 2526 m) shows regularly cyclic 

components with wavelengths of ~25.33 m, ~7.69 m, 1.96–2.04 m, 
and ~ 1.43 m, which are interpreted to represent 405-kyr, ~100-kyr, 
33-kyr, and 20-kyr cycles, respectively. From the middle Dienerian to 
middle Smithian (2526 m to 2435 m), the Rb/(Rb + K) series is char
acterized by ~32.26 m, 3.57–4.00 m and ~ 1.82 m wavelengths, which 
are interpreted to be the 405-kyr long eccentricity cycle, 33-kyr obliq
uity cycle and 20-kyr precession cycles. In the interval from the middle 
Smithian through the lower Spathian (2435 m through 2350 m), the 
power spectrum of the Rb/(Rb + K) series shows significant peaks at 
~18.58 m and ~ 1.01 m, which can be correlated with the 405-kyr long 
eccentricity and 20-kyr precession cycles (Fig. 6). The 2350–2185 m 

Fig. 6. Lithostratigraphy, conodont biostratigraphy, and interpreted cyclostratigraphy of the Lower Triassic Montney Formation based on XRF Rb/(Rb + K) series, in 
the depth domain. From left to right: Lithostratigraphy, from Moslow et al., 2018; Biostratigraphy, from Henderson et al., 2018 and Schoepfer et al., 2024; Pre
whitened XRF Rb/(Rb + K) series; Filtered cycles are interpreted as 405-kyr long eccentricity (E) cycles (Gaussian filtering). Evolutive FFT spectrum uses 45-m 
sliding window.
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interval, from lower Spathian to lower Anisian, shows distinct ~40 m, 
~2.86 m and, ~2.22 m cyclic components, which are interpreted to 
represent 405-kyr long eccentricity, 33-kyr obliquity, and 20-kyr cycles 
(Fig. 6).

5. Discussion

5.1. Milankovitch cycles and astronomical tuning in the time domain

Milankovitch astronomical theory predicts that short-period orbital 
cycles will be modulated by longer-period cycles (Laskar et al., 2004). 
The amplitude of the precession and short eccentricity cycles are typi
cally modulated by the 405-kyr long eccentricity cycle, at ~1:20 and ~ 
1:4 ratios of wavelengths respectively. Therefore, the long eccentricity 
cycle should be detectable in envelope curves derived from amplitude 
modulation analysis of the 20-kyr precession cycle (Hinnov, 2000; Wu 
et al., 2012). The 405-kyr long eccentricity cycle is the most stable 
Milankovitch cycle throughout the Phanerozoic (Hinnov, 2013), and is 
thus the most readily applicable for establishing and tuning an ATS. In 
this study, tuning of XRF series to 405-kyr-eccentricity cycles was used 
to develop a high-resolution astronomical time scale for the substages of 
the Lower Triassic Epoch.

We assign the ages yielded by this model an uncertainty of ±0.1 Myr 
(100 kyr). This level of uncertainty integrates three components, namely 
facies-controlled sedimentation rate changes below the level of resolu
tion captured by the MTM approach described above, error associated 
with boundary placement (substage definitions) due to the resolution of 
biostratigraphic sampling, and orbital-response lags capped at 1/4 of a 
405-kyr eccentricity wavelength (Hinnov, 2013; Li et al., 2016a).

Two lines of reasoning validate our identification of the 405-kyr long 
eccentricity cycle. The first is that MTM spectral analysis results of the 
log-Ca and Rb/(Rb + K) series, when tuned to the 405-kyr long eccen
tricity cycle, reveal the existence of other cycles with frequencies cor
responding to the 4435-kyr, 125-kyr, 95-kyr, 25.3-kyr, 19.7-kyr and 
17.0-kyr, astronomical parameters predicted for the Early Triassic in 
the Laskar 2004 ETP model (Laskar et al., 2004). The second is that the 
tuning result yields a realistic duration for the full Lower Triassic Epoch, 
with a date for the base of the Middle Triassic Anisian stage that is within 
error of the established age of his boundary (see 5.2 below).

5.2. Duration and ATS age of early Triassic stages and informal substages

The biostratigraphically-defined boundaries between Early Triassic 
substages can be compared to peaks and troughs in the 405-kyr long 
eccentricity cycles derived from tuning of the XRF log-Ca series (Fig. 7) 
and Rb/(Rb + K) series (Fig. 8), as well as the Th series (Supplementary 
Information; Fig. S2). A comparable point in each long eccentricity cycle 
for all three proxies was plotted against the cored section to produce a 
time model for the Early Triassic (Fig. 9). The calculated durations can 
then be anchored to the base of the Montney Formation, which begins 
with the 252.0 Ma latest Permian transgression (Shen et al., 2019; see 
time series analysis). The basal 4 m of transgressive Montney facies in 
core c-65-F/94-B-8 are uppermost Permian in age (252 to 251.9 Ma). 
These strata include the local extinction of a significant demosponge 
community, which defines the EPME in northwestern Pangea (Arctic 
and western Canada; Algeo et al., 2012; Schoepfer et al., 2013), and may 
have occurred slightly earlier than the Tethyan EPME, which is dated to 
251.941 Ma (Algeo et al., 2012; Shen et al., 2019).

The Griesbachian succession, as defined in the type region of the 
Canadian Arctic, includes both uppermost Permian and lower Induan 
strata (Henderson and Baud, 1997). This is true in the c-65-F/94-B-8 
core as well, where the Griesbachian is ~14 m thick, and is composed of 
very fine to fine-grained siltstone. The various XRF series considered in 
this study converge on a duration of 0.24 ± 0.1 Myr for the full Gries
bachian succession, or 0.14 ± 0.1 Myr when only the Triassic portion is 
considered. This age model yields a mean calculated sedimentation rate 

of 5.8 cm/kyr for this interval, and an age of 251.76 ± 0.1 Ma for the 
Griesbachian-Dienerian boundary (Fig. 10).

The Dienerian interval is ~55 m thick in core c-65-F/94-B-8, much 
thicker than the Griesbachian succession. It is mainly composed of 
laminated siltstone with low carbonate content, with cyclical lithologic 
rhythms appearing only in the uppermost Dienerian interval. Tuned XRF 
series indicate that the Dienerian substage has a duration of 0.83 ± 0.1 
Myr, yielding a total duration for the Induan stage of 1.0 ± 0.1 Myr (not 
including the latest Permian part of the Griesbachian). This indicates an 
age of 250.93 ± 0.1 Ma (Fig. 10) for the Induan-Olenekian boundary (i. 
e., the Dienerian-Smithian boundary). The mean sedimentation rate for 
the Dienerian is calculated to be 6.6 cm/kyr, suggesting an increasing 
sedimentation rate through the Induan (Fig. S3). While sedimentation 
rates were globally elevated during the Griesbachian, the position of the 
core in the distal Montney basin results in condensation for this part of 
the succession. It is interesting that all three XRF proxies provide the 
same results for the Induan, but they begin to diverge during the early 
Smithian (Fig. 9).

The Smithian interval is approximately 131 m thick. Lithologic cy
cles are apparent in the lower Smithian interval, which is composed 
mainly of bituminous fine to medium siltstone and planar laminated, 
fine-to-coarse dolomitic siltstone, interbedded with approximately 
decimetre-thick calcispheric dolosiltstone beds. The calcispheric dolo
siltstone beds appear regularly spaced, ~3–4 m apart, following the 
lowest major occurrence of carbonate in the core, the latest Dienerian 
Claraia biostrome at 2504.5 m (Claraia Zone of Moslow et al., 2018). The 
middle-upper Smithian is dominated by calcareous bioclastic beds 
(Altares Member; Zonneveld and Moslow, 2018) interpreted as car
bonate tempestites as well as calcispheric dolosiltstone beds (Moslow 
et al., 2018). The succession is interpreted as a mixed carbonate/ 
clastic ramp in a shallow marine (offshore to offshore transition) 
environment.

The various XRF proxies used in this study show less agreement 
starting at around 2480 m; this point tunes to an age of 250.6 ± 0.1 Myr 
and coincides with the sudden increase in pelagic biocalcification by 
calcispheres. We interpret that the Ca-series signal is increasingly bio
logically modulated above this horizon, as the calcisphere revolution 
allows for renewed control of carbonate deposition by primary pro
ducers, a significant turning point in biotic recovery following the 
EPME. This biological modulation alters the Ca time series (blue line; 
Fig. 9) relative to the series reflecting chemical weathering of detrital 
material (i.e. Rb/(Rb + K); green line, Fig. 9). As biological productivity 
is likely to be more sensitive to changes in climate than chemical 
weathering, and the calcium series yields results consistent with recent 
geochronology (Fig. 9; see section 5.3 below), we favored the tuned log- 
Ca series curve for subsequent age determinations.

Tuned XRF series indicate a duration for the Smithian substage of 
1.87 ± 0.1 Myr (Fig. 10) with the mean sedimentation rate calculated to 
be ~7.0 cm/kyr. The anchored ATS projects an age of 249.06 ± 0.1 Ma 
for the base-Spathian boundary (Fig. 10). The boundary coincides with a 
coplanar sequence boundary - flooding surface in the Montney Forma
tion (Moslow et al., 2018) with abundant specimens of Novispathodus 
abruptus and Borinella spp. immediately above.

The Spathian interval is 171 m-thick (2374 m to 2203 m), making it 
the thickest substage in core c-65-F/94-B-8, consistent with the signifi
cant progradation of the overall Montney succession. The lower Spa
thian deposits consist of bituminous and dolomitic sandy siltstone to 
very fine sandstone, phosphorite and calcareous sandy dolostone. 
Laminated siltstone interbedded with decimetre-thick calcisphere-rich 
dolostone is also observed in the lower Spathian, like the lower Smi
thian. The middle to upper Spathian interval includes beds of coarse 
siltstone to very fine-grained sandstone (Moslow et al., 2018), also 
reflecting progradation of the Montney succession.

Compiling the results from log-Ca series suggests that the Spathian 
substage spans 1.96 ± 0.1 Myr (Fig. 10) with a mean sedimentation rate 
~ 8.7 cm/kyr (Fig. S3). The accumulation rate varies significantly 
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Fig. 7. Cyclostratigraphy of the Lower Triassic Montney Formation based on XRF log-Ca series after tuning to time domain. From left to right: Panel A: Prewhitened 
XRF log-Ca series after 405-kyr tuning. Panel B: Core c-65-F/94-B-8 tuned XRF log-Ca with filtered 405-kyr (green, E) and 100-kyr (red, e) cycles (Gaussian filter 
bandpass: 0.0024 ± 0.0002 and 0.01 ± 0.003 cycles/kyr for the E and e cycles respectively).Panel C: Core c-65-F/94-B-8405-kyr tuned XRF log-Ca evolutive FFT 
spectrum using 500-kyr sliding window. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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throughout the Spathian interval, which reflects an unstable and grad
ually recovering carbonate factory, modulated by changes in accom
modation space and regional depositional dynamics (Fig. S3; and see 
slope of age curve on Fig. 10). The anchored ATS projects an age of 
247.1 ± 0.1 Ma for the base Anisian (Olenekian/Anisian boundary), 
which agrees remarkably well with the 247.05 ± 0.16 Ma age (Fig. 10) 
reported by Leu et al. (2025).

5.3. Comparing early Triassic age models and geochronologic constraints

The novel Early Triassic ATS developed in this paper indicates du
rations for the early Induan (i.e. the Triassic part of the Griesbachian), 
late Induan (Dienerian), early Olenekian (Smithian) and late Olenekian 
(Spathian) of 0.14 ± 0.1 Myr, 0.83 ± 0.1 Myr, 1.87 ± 0.1 Myr, and 1.96 
± 0.1 Myr respectively. This yields a total duration for the Lower Triassic 
Epoch of 4.8 ± 0.1 Myr (Fig. 10). Anchoring the ATS to the latest 

Fig. 8. Cyclostratigraphy of the Lower Triassic Montney Formation based on XRF Rb/(Rb + K) series after tuning to time domain. From left to right: Panel A: 
Prewhitened XRF Rb/(Rb + K) series after 405-kyr tuning. Panel B: Core c-65-F/94-B-8 tuned XRF Rb/(Rb + K) series with filtered 405-kyr (green, E) and 100-kyr 
(red, e) cycles (Gaussian filter bandpass: 0.0024 ± 0.0002 and 0.01 ± 0.003 cycles/kyr for the E and e cycles respectively). Panel C: Core c-65-F/94-B-8405-kyr tuned 
XRF Rb/(Rb + K) series evolutive FFT spectrum using 500-kyr sliding window. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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Permian transgression (252.0 Ma) provides ages of 251.76 ± 0.1 Ma, 
250.93 ± 0.1 Ma, 249.06 ± 0.1 Ma, and 247.1 ± 0.1 Ma for the Gries
bachian/Dienerian boundary, Induan/Olenekian (Dienerian/Smithian) 
boundary, Smithian/Spathian boundary, and Olenekian/Anisian 
boundary, respectively (Fig. 10).

Our proposed duration for the Early Triassic Induan Stage (1.0 ± 0.1 
Myr) is significantly shorter than the ~2.0 Myr Induan shown on the 
International Chronostratigraphic Chart (v12/2024), which is inter
preted from cyclostratigraphic analyses of marine sections at Meishan, 
Chaohu, Daxiakou, and Guandao in South China (Li et al., 2016a; Ogg 
et al., 2020), and shorter than the revised astrochronologic duration of 
1.57 ± 0.2 Myr from Zhang et al. (2025). However, it is comparable to 
1.15 Myr Induan recently proposed by Leu et al. (2025), as well as the 
0.9–1.1 Myr Induan of Guo et al. (2008), and the ~1.16 Myr Induan 
duration of Wu et al. (2012), which were interpreted from cyclostrati
graphic analysis of magnetic susceptibility (MS) and anhysteretic 
remnant magnetization (ARM) records of the Chaohu and Daxiakou 
sections in South China. It is also comparable with several estimates 
derived from magnetostratigraphy with ammonite and conodont 
biostratigraphic constraints (Szurlies, 2007; Lucas, 2010; Hounslow and 
Muttoni, 2010).

The duration of the Olenekian stage in our tuned ATS is 3.83 ± 0.1 
Myr, which is much longer than the 3.2 Myr Olenekian of the Interna
tional Chronostratigraphic Chart (v2024/12), the 3.1 Myr Olenekian of 
Li et al. (2016a) and the 3.5 Myr Olenekian of Szurlies (2007), but 

shorter than the ~4.0 Myr Olenekian of Lucas (2010) and Hounslow and 
Muttoni (2010). It is nearly identical with the 3.82 Myr Olenekian 
recently proposed by Leu et al. (2025) for the Nanpanjiang Basin in 
South China.

The 1.96 ± 0.1 Myr Spathian substage in our model is significantly 
longer than the ~0.5 Myr Spathian of Wu et al. (2012), based on a 
cyclostratigraphic study of the Lower Triassic Daye Formation in South 
China. However it is worth noting that our ATS yields an age for the 
Smithian-Spathian boundary consistent with recent geochronologic re
sults (Widmann et al., 2020). Two key geochronologic samples (CHIN40 
and CHIN10 in Ovtcharova et al., 2006 and Galfetti et al., 2007) have 
been difficult to reconcile with previous astronomical tuning attempts 
(Ogg et al., 2020). Zircons from these two samples have been re-dated 
using current EARTHTIME tracer solution (Condon et al., 2015); the 
new ages reported in Widmann et al. (2020) and previous ages are 
plotted on our age model (Fig. 9). The lower Spathian CHIN10 sample 
has been re-dated to 248.853 ± 0.086 Myr (yellow oval shows uncer
tainty on Fig. 9; Widmann et al., 2020), consistent only with our 
calcium-series ATS model.

A modest Induan substage duration (~1.0 Myr) invites reconsider
ation of Lower Triassic chronostratigraphic subdivision, particularly as 
the most pronounced biotic reorganization occurs at the Smithian- 
Spathian boundary (within the Olenekian). Further refinement of the 
Induan-Olenekian boundary might be warranted given biogeographic 
complexities in reconciling low-latitude and high-latitude faunal 

Fig. 9. Integrated age-depth model of the Lower Triassic Montney Formation based on cyclostratigraphic analysis of XRF series, with revised Early Triassic 
radiometric ages from Widmann et al., 2020 (previous age and uncertainty indicated by grey ellipse and revised ages and uncertainty in yellow). All XRF proxy age 
models coincide until the early Smithian when they begin to diverge. The geochronologic ages correlate best with the log-Ca series age-depth model. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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successions. Despite the variation in the substage durations, the time 
series analyses presented in this paper yield a total duration for the Early 
Triassic (4.8 ± 0.1 Myr) consistent with the general consensus, and an 
age for the Early Triassic-Middle Triassic (i.e., Olenekian-Anisian) 
boundary (247.1 ± 0.1 Ma) that is in strong agreement with the latest 
and most advanced geochronologic studies (Ovtcharova et al., 2015 at 
247.1 Ma; Arefifard et al., 2025 at 247.2 Ma; Leu et al., 2025 at 247.05 
Ma). As the age of this boundary was determined by counting 405-kyr 
cycles upward from the latest Permian anchor point at 252.0, the pre
cise and realistic age of this boundary is strong and independent support 
for the accuracy of our ATS.

5.4. Mechanisms of cyclicity – Evidence from the early Smithian

The dominance of the obliquity signal during the early Smithian 

agrees well with the contemporaneous Chaohu and Daxiakou sections in 
South China (Li et al., 2016b), and suggests obliquity exerted global 
influence during this interval. The regular ~3–4 m interbedding of 
siltstone and calcispheric dolosiltstone is interpreted to reflect this 
obliquity signal (Figs. 3, 11). Cyclicity in the lower Spathian also seems 
to be related to the obliquity signal.

It has been proposed that greater axial tilt can drive a warmer polar 
climate by transferring more heat and moisture to high latitudes, at the 
expense of the tropics (Meyers et al., 2012; Li et al., 2016b). Obliquity 
forcing can also potentially influence low-latitude wind strength via the 
meridional temperature gradient, which also affects upwelling (Kuhnt 
et al., 1997; Meyers et al., 2012). The site of the c-65-F/94-B-8 core 
represents a relatively low-latitude setting. The palaeolatitude of the 
Montney depositional basin (Fig. 1) has been estimated at 25–30◦N by 
Davies et al. (1997), and coastal upwelling has been inferred as a 

Fig. 10. Early Triassic age models from the International Chronostratigraphic Chart v2024/12 and the Geologic Time Scale 2020 (Ogg et al., 2020), Leu et al., 2025, 
and this study. Note that in this study, we recognize that the base of the informal Griesbachian substage, corresponding to the latest Permian transgression at 252.0 
Ma, is approximately 100 kyr before the PTB.

C. Shen et al.                                                                                                                                                                                                                                    Palaeogeography, Palaeoclimatology, Palaeoecology 697 (2026) 113915 

14 



significant factor in the ecology of the basin (Schoepfer et al., 2012).
Calcispheric dolosiltstone intervals correspond to obliquity maxima, 

while obliquity minima are associated with the deposition of siltstone 
(Fig. 12). High-tilt intervals would correspond to relatively cooler 
climate at lower latitudes. Less intense tropical monsoons would likely 
result in less riverine input to marine environments, providing favorable 
conditions for the recovery and proliferation of biota. Cooling of surface 
water at low latitudes would have allowed for more vertical mixing and 
upwelling of the water column (Fig. 12), providing nutrients to shallow 
shelf environments (Raymo and Nisancioglu, 2003). During obliquity 
minima (i.e., less axial tilt), warmer temperatures and increased relative 
humidity at low latitudes would promote chemical weathering and 
enhanced detrital influx (Fig. 12). Water-column stratification with 
suppressed upwelling could limit nutrient mixing and reduce 

calcisphere productivity (Fig. 12).
Previous studies have observed 1.2 Myr modulation of obliquity 

throughout the Mesozoic and Cenozoic, and even as early as the Permian 
(Lourens and Hilgen, 1997; Boulila et al., 2011; Fang et al., 2015). The 
distribution of filtered 1.2 Myr obliquity modulation cycles detected in 
the O/T (the ratio of obliquity variance to total variance) of the XRF 
log‑calcium series is comparable with the La2010d astronomical model 
(Laskar et al., 2011), and the filtered O/T signal from the Chaohu and 
Daxiakou sections in South China (Li et al., 2016b; Fig. 13).

There is close relationship between 1.2 Myr obliquity modulation 
maxima and the recurrent “recovery intervals” during the Early Triassic: 
The early Dienerian shows the initial appearance of calcispheres, the 
latest Dienerian corresponds with the appearance of Claraia biostromes 
in the Pocketkife member, the peak abundance of calcispheres occurs 

Fig. 11. From left to right: Lithologic column of the lower Smithian interval from 2500 to 2475 m, showing regularly spaced (purple) calcispheric dolosiltstone beds 
(brown beds are fine to coarse bituminous siltstone; orange beds are sandy coarse siltstone (see Moslow et al., 2018). XRF Ca series (ppm) in the 2500–2475 m 
interval. 33-kyr obliquity cycle filter output from XRF Ca series in the 2500–2475 m interval. Additional panel shows Ba (ppm) XRF signal ratios for the 2500–2475 m 
interval. Dashed lines indicate the mutual coupling relationship between calcareous dolosiltstone and obliquity cycle distribution. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the web version of this article.)
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during the early Smithian, the late Smithian yields the faunally diverse 
Altares Member, and the middle Spathian coincides with the ameliora
tion of recurrent anoxia (Schoepfer et al., 2024). This strongly suggests 
that the timing and pattern of recovery were astronomically paced by 
long period obliquity modulation (Fig. 13). Additional research inte
grating biostratigraphy, astronomical tuning, and geochronology may 
help to resolve issues related to stage correlations and absolute ages of 
the obliquity modulation peaks in different regions.

5.5. Timing of early Triassic recovery

The EPME and Griesbachian in the c-65-F/94-B-8 core are charac
terized by dramatic geochemical changes, associated with the termina
tion of coastal upwelling and a decrease in primary productivity 
(Schoepfer et al., 2024). Nitrogen isotopes, reported here for the first 
time (Fig. 14), show a rapid decrease across the Permian-Triassic 
boundary, as is typical from sections across NW Pangea (Schoepfer 
et al., 2012, Schoepfer and Henderson, 2022) and remain consistently 
low (<2 ‰) throughout the Early Triassic, only recovering in the Ani
sian. This is consistent with enhanced nitrogen fixation in response to 
bioavailable N limitation throughout the 4.8 million years of the Early 
Triassic. Organic carbon isotopes in the Montney Formation (Zhu et al., 
2025; Fig. 14) show a major negative excursion across the Permian- 
Triassic boundary, but recover rapidly through the Griesbachian- 
Dienerian interval, reaching a maximum at the Dienerian-Smithian 
boundary. This series of carbon isotope excursions is broadly consis
tent with those seen in Lower Triassic strata elsewhere in the world 
(Arefifard et al., 2025), although the P1 and N2 excursions cannot be 
distinguished in the condensed Griesbachian interval of c-65-F (Fig. 14).

Euxinic conditions prevailed in the c-65-F/94-B-8 core during the 
Griesbachian, as they did in many regions of the world (Grasby et al., 

2021; Hays et al., 2009; Schoepfer et al., 2024; Song et al., 2014; 
Zhang et al., 2017). This led to the extinction of the demosponge com
munity prevalent during the latest Permian, and subsequently to a low 
diversity biota. A delayed biotic recovery characterized many low lati
tude settings, where microbial-dominated communities (microbialites) 
developed (Chen et al., 2009; Baud et al., 2021). In contrast, Beatty et al. 
(2008) described a habitable zone along the northwestern Pangean 
margin that lacked microbialites, but where wave aeration and frequent 
storms provided an optimal zone for benthic colonization. This was also 
true of shallow settings in South China (Song et al., 2011). A significant 
soft-bodied benthic community existed in the Peace River Embayment 
during the Griesbachian, preserved as sporadically diverse trace fossils 
(Zonneveld et al., 2010a, 2010b). The low-diversity nektic community 
consisted of conodonts, various fishes, and ammonoids.

In the Montney Formation, initial recovery is indicated by the sudden 
appearance of planktic calcispheres near the base of the Dienerian, 200 
kyr after the EPME. However, these calcispheres do not become abun
dant until the early Smithian, approximately 1.1 Myr after the EPME. 
This may mark the initiation of a Mesozoic revolution, after which 
calcareous plankton contributed significantly to carbonate deposition. 
Indications of macro-biotic recovery include a Claraia biostrome unit, 
which appears in the Pocketknife Member of the Montney Formation, 
~1.0 Myr after the EPME (latest Dienerian). A similar lithofacies, with 
bioclastic packstone to grainstone dominated by bivalves and lingulide 
brachiopods with rare gastropods (the Anten Coquina), appears in the 
latest Dienerian and early Smithian of the Montney in more proximal 
settings (Zonneveld and Moslow, 2018).

Timing this recovery to the latest Dienerian-earliest Smithian is 
supported by the occurrence of a fossil lagerstatte in the Daye Formation 
near Guiyang, South China, dated to 250.83 ± 0.07 Ma, ~1.08 Myr after 
the EPME (Dai et al., 2023). This fauna included a diverse and excep
tionally preserved fish and malacostrachan community interpreted as a 
trophically complex marine ecosystem. A comparable fauna with 
diverse and fully articulated fishes is preserved in the Peace River 
Embayment over at least 1000 km of shoreline (Neuman, 2015). The 
early Smithian conodont Novispathodus posterolongatus is reported in 
both locations (Dai et al., 2023; Orchard and Zonneveld, 2009).

This incipient recovery was partially interrupted by the recurrence of 
anoxia and euxinia later in the early Smithian (~250.5 Ma; Fig. 9), with 
a fluctuating redoxcline close to the sea floor (Schoepfer et al., 2024) 
likely affecting benthic organisms, though deposition of calcispheres 
continued and indeed reached a peak in this interval. Anoxic events from 
the earliest Smithian to earliest Spathian are also observed in South 
China (Song et al., 2012). Evidence for further recovery, during the late 
Smithian (i.e. ~2.3–2.6 Myr after the EPME), is recognized in the 
abundant bivalve and brachiopod assemblages of the upper Smithian 
Altares Member of the Montney Formation (Zonneveld and Moslow, 
2018). In contrast, the time interval centered around 249.5 Ma co
incides with a “carbonate crisis” at low latitudes elsewhere (Widmann 
et al., 2020).

Another negative carbon excursion occurs in the Smithian, with the 
minimum in the latest Smithian followed by a rapid positive excursion 
approaching the Smithian-Spathian boundary. This δ13Corg minimum 
may be reflecting the late Smithian thermal event (Zhao et al., 2020; Du 
et al., 2022), though the strong correlation between δ13Corg maxima and 
recognized Montney sequence boundaries (Moslow et al., 2018) sug
gests sea level may be exercising a major control on carbon isotopes in 
this system. Despite the adverse conditions, calcispheric dolosiltstone 
continued to be deposited throughout the Smithian.

Fu et al. (2016) determined that the first occurrence of marine rep
tiles in South China can be dated to 248.8 Ma, using cyclostratigraphy of 
carbon isotopic values. Although the conclusions of their study were not 
constrained by conodont biostratigraphy, the interval was interpreted as 
mid-Spathian. The Montney Formation contains abundant ichthyosaur 
material in the Altares Member (Zonneveld and Moslow, 2018), which 
dates to about 249.5–249.3 ± 0.1 Ma and correlates with the late 

Fig. 12. Schematic model of obliquity forcing of climatic, oceanographic, and 
environmental conditions for the Montney depositional basin. Panel A repre
sents obliquity maxima, Panel B represents obliquity minima.
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Smithian according to the ATS presented in this study and in Leu et al. 
(2025). This may indicate an earlier appearance of marine reptiles in 
western Pangea, suggesting that this event was diachronous on a global 
scale.

Conditions during the Spathian were highly variable, with evidence 
for upwelling, restriction, and episodic anoxia. The earliest Spathian 
(basal 15 m) is characterized by high productivity and euxinia. Episodes 
of anoxia continue into the later Spathian, consistent with records from 
the same interval in South China (Song et al., 2012), though they 
notably decrease in intensity from the middle Spathian onward 
(Schoepfer et al., 2024). The anoxic intervals are punctuated by brief 
intervals of more hospitable conditions, marked by calcisphere deposi
tion. While the Spathian of the Montney Formation is dominated by 
local signals related to closure of the Slide Mountain Ocean and the 
development of the Yukon-Tanana volcanic arc (Schoepfer et al., 2024), 
this interval is characterized by significant nektic biotic radiation 
globally, including diversification of conodonts and ammonoids (Song 
et al., 2018; Zhang et al., 2019).

Increasingly oxic conditions characterize the lower Anisian Sunset 
Prairie Formation which overlies the Montney (Schoepfer et al., 2024). 

Significant biotic recovery ~4.8 Myr after the EPME is indicated by 
diverse trace fossil communities (Furlong et al., 2018) and the occur
rences of bivalves, gastropods, lingulide, spiriferid and terebratulid 
brachiopods, echinoids and crinoids.

6. Conclusions

High-resolution cyclostratigraphic analyses based on multiple XRF 
series were conducted on a continuous core of the Lower Triassic 
Montney Formation in the Western Canada Sedimentary Basin. This core 
is interpreted to represent a complete depositional record of the Lower 
Triassic along the northwestern margin of Pangea. The cored sedimen
tary succession reveals clear depositional cycles, observed as calci
spheric dolosiltstone beds of hemipelagic origin, which are the product 
of, and hence a record of, astronomically controlled climate cycles. 
These lithologic cycles occur throughout the entire Montney Formation, 
and reflect well-known astronomical forcings, including 405-kyr long- 
eccentricity, ~100-kyr short-eccentricity, 33-kyr obliquity, and 20-kyr 
precession cycles. A high-resolution astronomical time scale was 
established for the entire Lower Triassic Epoch and constrained by 

Fig. 13. Early Triassic 1.2 Myr obliquity modulation cycles. Modulation cycles positioned according to geochronometric ages, but corresponding stages and sub
stages differ from Li et al., 2016b. Panel A: Modeled O/T (obliquity power divided by total power) in the La2010d astronomical solution (Laskar et al., 2011). Panel B: 
Filtered 1.2 Myr obliquity modulation cycles observed in O/T from Montney Formation XRF log‑calcium series. Panel C: Calculated O/T series from the XRF calcium 
dataset. Panel D: Filtered 1.2 Myr O/T cycles from the contemporaneous Chaohu (blue) and Daxiakou (red) sections, South China (Li et al., 2016b). (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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conodont biostratigraphy and carbon isotopic trends. The resulting ATS 
suggests that durations for the Griesbachian, Dienerian, Smithian and 
Spathian substages are 0.24 ± 0.1 Myr, 0.83 ± 0.1 Myr, 1.87 ± 0.1 Myr 
and 1.96 ± 0.1 Myr, respectively.

When anchored to the base of the Montney Formation, using a 252.0 
Ma date for the beginning of the latest Permian transgression, the time 
scale indicates ages of 251.76 ± 0.1 Ma, 250.93 ± 0.1 Ma, 249.06 ± 0.1 
Ma and 247.1 ± 0.1 Ma for the Griesbachian/Dienerian boundary, 
Induan/Olenekian (Dienerian/Smithian) boundary, Smithian/Spathian 
boundary, and Olenekian/Anisian boundary, respectively. These ages 
support, and are supported by, recent independent revisions to the 
geochronology of this interval. This ATS provides an independent tem
poral calibration for the timing of Early Triassic recovery events after the 

EPME in the NW Pangea region.
The EPME in the NW Pangea region is characterized by the extinction 

of a demosponge community, as most other benthic organisms were 
already extinct in the region. A significant soft-bodied community pre
served as trace fossils sporadically characterized the Peace River 
Embayment and northwestern margin of Pangea during the earliest 
Triassic. Initial recovery is suggested by the sudden appearance of 
planktic calcispheres near the base of the Dienerian, ~200 kyr after the 
EPME. These calcispheres are sufficiently abundant by the early Smi
thian (250.6 Ma) to dominate the calcium time series signal, and likely 
became a major carbon sink affecting climatic amelioration. The 
appearance of Claraia sp. biostromes in the latest Dienerian Pocketknife 
Member, and resedimented bivalve and brachiopod deposits in the 

Fig. 14. Organic carbon and nitrogen isotopes from core c65F samples. Organic carbon isotopes are from Zhu et al. (2025). Absolute ages of substage boundaries are 
from the ATS in this study, biozones are equivalent to those in Figs. 2 and S4. Carbon isotopic excursions numbers (N1, P2 etc.) follow Arefifard et al., 2025 Fig. 1, but 
our dataset does not resolve P1 and N2 in the Griesbachian (Gries.) and Dienerian. PTB = Permian-Triassic boundary. SP = Sunset Prairie Formation (Fm.)
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Altares Member, are dated to 1.1 Myr and 2.5 Myr after the EPME, 
respectively. A trophically complex, modern-type marine ecosystem 
including diverse fishes and malacostrachans occurs on both sides of the 
Panthalassic Ocean about 1.1 Myr after the EPME. The diversification 
and abundance of marine reptiles (ichthyosaurs) can be dated to be
tween 249.5 and 249.3 ± 0.1 Ma.

The significant dominance of the obliquity signal through the Smi
thian and lower Spathian interval demonstrates that obliquity forcing 
was involved in the environmental and biotic upheavals of the Early 
Triassic and played an important role in sedimentation during that in
terval. Previous studies (Huybers and Curry, 2006; Li et al., 2018) have 
suggested that the obliquity signal had an influence on global sea level, 
climate, and ocean redox conditions during the Early Triassic. As a 
result, the enhanced obliquity signal seen during the Smithian substage, 
in the form of regularly spaced (~3–4 m) calcispheric dolosiltstone 
units, is unique and warrants further investigation to determine the 
relationship between biodiversity and astronomical signals.
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