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The Ediacaran is a highly dynamic period in terms of large perturbations in Earth’s atmosphere, 
biosphere, and climate. Among these perturbations, a pronounced negative carbon isotope excursion, 
known as the Shuram excursion (SE), is characterized by the most depleted δ13C values (-12�) that 
have ever been observed in the geological record. A poorly determined chronostratigraphic framework 
makes the SE difficult to correlate and compare globally. Therefore, it is hard to study the potential 
connection between the SE and coeval climate and biological variations. Here, we present a high-
resolution astrochronological study of the Ediacaran Shuram and Buah Formations, Nafun Group, Oman, 
in which the SE is reported for the first time. Power spectral analysis of the 600-m long gamma ray log of 
the Miqrat-1 Well shows that a hierarchy of astronomically-forced climate cycles (eccentricity, obliquity, 
and precession) is accurately-preserved. Using multiple statistical tests, we constructed a sedimentation 
rate variation profile that covers the entire SE, which is characterized by low rates in shale-dominated 
layers and high rates in shale-carbonate interbedded layers. The duration of the SE in Oman is suggested 
to be 7.7 ± 0.2 Myr, which agrees with estimates from South Australia, South China, and the United 
States. An identical duration of the SE supports its global synchroneity and indicates a primary origin 
of the depleted δ13C values. Combined with the newly proposed termination age (562.5 ± 1.1 Ma) of 
the SE, our astrochronological results suggest that the onset age of the excursion is 570.2 ± 1.1 Ma. 
The astrochronology of the SE delineates the tempo of the excursion, with a rapid decrease (∼ 1 Myr) 
from the onset to its isotopic nadir followed by a more gradual recovery (∼ 6–7 Myr) towards the 
termination. The new chronostratigraphic framework permits further investigations of the potential causal 
links between the global carbon cycle and the widespread glaciation, the oceanic oxygenation, and the 
biological diversification in Ediacaran time.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The Ediacaran Period (ca. 635-541 Ma; Knoll et al., 2006) is 
one of the most dynamic time intervals in Earth’s history, which 
is marked by the stepwise buildup of oxygen in the ocean and 
atmosphere (Lyons et al., 2014), anomalous behavior of the geo-
magnetic field (Meert et al., 2016), multiple perturbations of the 
global carbon cycle (Halverson et al., 2005), and the emergence 
and diversification of multicellular organisms (Xiao and Laflamme, 
2009). Shifts in oceanic carbon isotopic compositions preserved 
in carbonate rocks are closely associated with Earth’s climate and 
biological evolution (Kump and Arthur, 1999). A pronounced neg-
ative δ13C excursion has been globally observed (Fig. 1A) in mid-
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Ediacaran strata, which is broadly contemporaneous with the rise 
of Ediacara biota (McFadden et al., 2008; Xiao and Laflamme, 
2009). This carbon isotope excursion, known as the Shuram ex-
cursion (SE), is characterized by extremely depleted δ13C values 
(-12�) and a prolonged (hundreds of meters) stratigraphic persis-
tence (Grotzinger et al., 2011). Although a number of mechanisms 
have been proposed to explain its origin, it is still highly debated 
whether this excursion is a primary record of global ocean chem-
istry or merely a diagenetic overprint (Grotzinger et al., 2011). On 
the one hand, the depleted δ13C values challenge the conventional 
view of global carbon isotope mass balance (Kump and Arthur, 
1999), on the other hand, the lack of robust biological and geologi-
cal markers makes the age of the SE poorly determined, hampering 
the worldwide correlation and comparison of this event.

A primary origin would require the global synchroneity of the 
excursion, that is, the age and the duration of the SE should be 
identical in its worldwide exposures. However, both the age and 
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Fig. 1. (A) Paleogeographic map showing the exposures of the Shuram excursion (modified from Grotzinger et al., 2011). Black and red circles represent key sections with 
astrochronological constraints. White circles are potential sections of the excursion. S = Shuram Formation, Oman, W = Wonoka Formation in the Flinders Ranges, South 
Australia, D = Doushantuo Formation, South China, J = Johnnie Formation in the Death Valley, USA. Ediacaran paleogeography is reconstructed by Pisarevsky et al. (2008). 
(B) Geologic map of Oman (modified from Lee et al., 2013). Blue and yellow regions are Neoproterozoic strata exposures and salt basins, respectively. Location of the Miqrat-1 
Well is shown as a red circled dot. (C) Lithology and raw GR log of the Miqrat-1 Well (modified from Bowring et al., 2007). Filled and open circles represent carbon isotope 
data from Burns and Matter (1993) and Fike et al. (2006), respectively. Red box shows the GR data used in this study. U-Pb zircon ages are from (1) Condon et al. (2005), 
(2) Canfield et al. (2020), and (3) Bowring et al. (2007). Stratigraphic levels of the U-Pb ages are inferred from chemostratigraphic correlation. (For interpretation of the colors 
in the figure(s), the reader is referred to the web version of this article.)
the duration of the SE are highly debated. Based on an ID-TIMS 
U-Pb zircon age from South China, the termination age of the SE 
is considered to be 551.1 ± 0.7 Ma (Condon et al., 2005). How-
ever, this age is challenged by Zhou et al. (2018), which argues 
that the SE in South China is stratigraphically below a 557 ± 3 
Ma K-bentonite layer, meaning that the SE is much older than 
previously envisaged. A recent U-Pb age from the Trepassey For-
mation in Newfoundland suggests that the termination age of the 
SE is 562.5 ± 1.1 Ma (Canfield et al., 2020). By stratigraphic cor-
relation with sections in Newfoundland, Pu et al. (2016) propose 
that the SE is younger than the ca. 580 Ma Gaskiers glaciation. 
Yet, there are no absolute ages that precisely date the onset age 
of the SE. Additionally, the duration of the SE has been inferred 
by different approaches. Basin thermal subsidence models have 
suggested a 6 Myr (Witkosky and Wernicke, 2018) or even a 
50 Myr duration (Le Guerroué et al., 2006). Geochemical models 
could reproduce such a negative excursion over a period as little 
as 1 Myr (Bjerrum and Canfield, 2011) or as long as 10–30 Myr
(Miyazaki et al., 2018). These estimates are incompatible, and the 
resolution of both the age and the duration is too low to determine 
if the SE is globally synchronous.

Astronomically-forced climate cycles (eccentricity, obliquity, and 
precession) that are encoded in sedimentary sequences can be re-
trieved from paleoclimate proxies and utilized to provide a con-
tinuous, high-resolution astrochronology at a decamillennial time 
scale. Using rock magnetic records of astronomical cycles, the du-
ration of the SE has been estimated from exposures in South Aus-
tralia, South China, and the United States (Fig. 1A; Minguez et 
al., 2015; Minguez and Kodama, 2017; Gong et al., 2017, 2019). 
These exposures lie paleogeographically in somewhat restricted 
Paleo-Asian and Adamastor Oceans (Fig. 1A). However, the most 
complete and representative section of the SE in Oman, which is 
located in the apparently expansive Mirovoi Ocean, has not yet 
been investigated (Fig. 1A). Here, we report a detailed astrochrono-
logical study of the Ediacaran Shuram and Buah Formations of 
the Nafun Group, Oman, in order to provide an astronomically-
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calibrated time scale for the SE. Comparison with studies from 
other exposures will test the global synchroneity of the SE, and 
help understand its relationship with the climate and biological 
changes in Ediacaran time.

2. Geological setting

Oman provides a continuous record of the Ediacaran strata, 
known as the Nafun Group, which is broadly exposed in high to-
pographic regions, e.g., the Oman Mountains in the north, the Huqf 
area in the middle, and the Mirbat area in the south (Fig. 1B; 
Gorin et al., 1982). Taking advantage of numerous oil wells, the 
Ediacaran strata have been well characterized and correlated across 
the entire basin (Gorin et al., 1982). The oldest sedimentary rocks 
are the Cryogenian diamictites and shales, namely the Abu Ma-
hara Group, which lie unconformably on top of the ca. 800 Ma 
basement crystalline rocks (Fig. 1C). The uppermost glaciogenic se-
quence of the Abu Maraha Group is thought to be equivalent to 
the ca. 635 Ma Marinoan Snowball Earth event (Condon et al., 
2005). Following that, the Ediacaran Nafun Group is over 1 km 
thick and starts with the cap dolostones (Hadash Formation) in 
the lowermost part (Fig. 1C). Upsection, the Nafun Group is further 
divided into the Masirah Bay Formation (shales), the Khufai Forma-
tion (carbonates), the Shuram Formation (shales and carbonates), 
and the Buah Formation (shales and carbonates). Between the Khu-
fai and Shuram Formations is a disconformity. The Nafun Group 
documents important geobiological and geochemical records. For 
instance, a variety of acritarchs have been distinguished (Butter-
field and Grotzinger, 2012). Burns and Matter (1993) first reported 
a pronounced negative carbon isotope excursion in the Shuram 
and Buah Formations in multiple sections across the basin. Those 
workers noticed that the δ13C values drop sharply from +2 to -
4� at the Khufai-Shuram boundary, reach to the nadir (-12�) 
in the middle of the Shuram Formation, then gradually shift in a 
positive direction, and finally return back to pre-excursion values 
(+4�) in the middle of the Buah Formation (Fig. 1C). This δ13C ex-
cursion was then named after the Shuram Formation. Afterwards, 
similar events have been reported globally, including sections in 
South Australia (Calver, 2000), South China (Condon et al., 2005), 
and the United States (Corsetti and Kaufman, 2003; Fig. 1A). Above 
the Nafun Group is another disconformity, which is overlain by the 
Ara Group (carbonates and evaporites) that occupies the youngest 
part of the Ediacaran and extends through the Cambrian. Volcanic 
ash layers in the Ara Group yield several precise U-Pb zircon ages, 
which constrain the lowermost strata of the group to be 546.7 ±
0.2 Ma (Fig. 1C; Bowring et al., 2007). Between the ca. 635 Hadash 
cap dolostones and the ca. 547 Ma Ara carbonates, there is essen-
tially no absolute age (Fig. 1C). Large gaps between the sporadic 
radiometric ages lead to a poorly developed chronostratigraphy, 
and an incomplete understanding of the geobiological and geo-
chemical history of the Nafun Group.

3. Methods

Gamma ray (GR) logging is routinely used for lithological char-
acterization. Concentration of naturally-occurring radioactive ma-
terials (e.g. clay minerals that are enriched in K, U, and Th) mea-
sured by GR could reflect changes in lithology, which is controlled 
by the depositional environment and the terrestrial input. Previ-
ous work shows that GR is among the most sensitive paleoclimate 
proxies for preserving astronomically-forced climate signals (Li et 
al., 2019b). Climate change modulated by astronomical cycles can 
affect monsoon intensities and runoff rates, or cause sea level fluc-
tuations, which leads to the variation of clay mineral deposition, 
and eventually affects the GR values. GR logs have been success-
fully used in many astrochronological studies in the Phanerozoic 
(e.g., Li et al., 2019b).

The Miqrat-1 Well in the Huqf area was chosen for this study 
because it is the most representative and complete section of the 
Ediacaran strata in Oman and its carbon isotope data delineates 
the SE in detail (Fig. 1C; Burns and Matter, 1993; Fike et al., 2006). 
GR data of the Miqrat-1 Well was obtained by the Petroleum De-
velopment Oman (PDO; Forbes et al., 2010). The GR series has a 
high sampling resolution and completely covers the Nafun Group 
(Fig. 1C). We selected the 3800–3200 m segment of the GR series 
that includes the entire 460 m long SE (Fig. 1C). The raw GR series 
was linearly interpolated to get an evenly spaced sampling interval 
(0.15 m). Log-transformation was applied to stabilize the variance 
of GR values (Weedon, 2005). Then, we performed the wavelet 
transform (Torrence and Compo, 1998) to determine the distribu-
tion of strong cycling signals throughout the GR series. After that, 
we removed an 80 m ‘loess’ (local regression using weighted linear 
least squares and a second-degree polynomial model) long-term 
trend. Power spectral analysis was performed using the 2π multi-
taper method (MTM; Thomson, 1982). Robust red noise (Mann and 
Lees, 1996) was calculated in order to determine significant spec-
tral peaks. The correlation coefficient (COCO) method was used to 
estimate the optimal sedimentation rate (Li et al., 2018). Evolu-
tionary correlation coefficient (eCOCO) analysis was conducted to 
track variations in sedimentation rate through the GR series (Li et 
al., 2018). Both COCO and eCOCO analyses evaluated sedimenta-
tion rates ranging from 2 to 20 cm/kyr with a step increment of 
0.1 cm/kyr by 2000 Monte Carlo simulations. The La2004 astro-
nomical model was used for the periodicities of eccentricity (long 
eccentricity 405 kyr; short eccentricity 125 and 95 kyr; Laskar et 
al., 2004; Table 1). We used the estimates mainly from Waltham 
(2015) to get solutions for periodicities and the associated uncer-
tainties of obliquity and precession at ca. 560 Ma (i.e., obliquity 
31.8 ± 4.3 kyr; precession 20.2 ± 1.7, 19.2 ± 1.6, 16.8 ± 1.2, and 
16.6 ± 1.2 kyr; Table 1). In addition, periodicities of obliquity and 
precession in Berger and Loutre (1994)’s model were also used as 
a comparison (Table 1). Numerical analyses were made using the 
Acycle 2.0 software (Li et al., 2019a).

4. Results

4.1. Power spectral analysis and sedimentation rate

Generally, GR values show a strong lithological dependence. GR 
values are consistently high in shale layers and low in carbonate 
layers, and change abruptly at lithological boundaries and uncon-
formities (Fig. 1C). The wavelet transform, without any detrending 
and filtering, yields definitive cycling at ∼ 32 m in 3650–3400 m 
and in 3350–3200 m (Fig. 2D). An ∼ 8 m cycle is also noticed 
in 3670–3440 m. Instead, signals in 3800–3670 m, and around 
3360 m are relatively weak compared to the rest of the series 
(Fig. 2D). The cycling pattern in the GR series detected by the 
wavelet transform is broadly consistent with lithology (Fig. 2), im-
plying sedimentation rate variations throughout the section.

In consideration of both the results of wavelet transform and 
lithological variations, the GR series was subdivided into 4 in-
tervals (i.e., 3800-3670 m, 3670–3440 m, 3440–3340 m, and 
3340–3200 m) for the MTM spectral analysis (Fig. 2). A hierarchy 
of significant spectral peaks above the 95% confidence level was 
revealed in the power spectra (Fig. 3; Table 1). Specifically, Interval 
1 has significant peaks with wavelengths of 19.7, 5.7, 3.9, 2.6, 2.3, 
1.9, and 1.5 m. Interval 2 is dominated by peaks with wavelengths 
of 31.4, 8.7, 7.1, 5.0, 4.0, 3.0, 2.1, 1.9, 1.5, 1.4, 1.3, and 1.2 m. Inter-
val 3 has peaks with wavelengths of 23.8, 6.7, 5.6, 2.9, 2.4, 2.0, 1.8, 
1.4, and 1.2 m. Interval 4 is dominated by peaks with wavelengths 
of 31.6, 8.5, 7.4, 4.1, 3.3, 2.6, 1.7, and 1.6 m. Peaks at ∼ 32 m and 
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Table 1
Astronomical periodicities at 560 Ma and cyclicities in the Shuram and Buah GR series.

Term Periodicity 
(kyr)

GR series cyclicity 
(m)

Waltham (2015) Berger and Loutre (1994) Interval 1 Interval 2 Interval 3 Interval 4

Long eccentricitya 405 405 19.7 31.4 23.8 31.6
Short eccentricitya 125 125 5.7 8.7 6.7 8.5

95 95 3.9 7.1 5.6 7.4
Long obliquityb 54 54 2.6 5.0 2.9 4.1

2.3 4.0 2.4 3.3
1.9 3.0

Obliquity 31.8 ± 4.3 32.7-27.5 1.5 2.1 2.0 2.6
1.9 1.8

Precession 20.2 ± 1.7 18.1-15.5 – 1.5 1.4 1.7
19.2 ± 1.6 1.4 1.2 1.6
16.8 ± 1.2 1.3
16.6 ± 1.2 1.2

Ratio 22 : 6 : 3 : 1.7 : 1 22 : 6 : 3 : 1.6 : 0.9 22 : 5.4 : 2.5 : 1.7 : – 22 : 5.5 : 2.8 : 1.4 : 0.9 22 : 5.7 : 2.4 : 1.7 : 1.2 22 : 5.5 : 2.3 : 1.8 : 1.1
Sedimentation rate 
(cm/kyr)

– – 4.8 7.2 5.9 7.3

a From Laskar et al. (2004).
b From Hinnov (2013).
∼ 8 m in the power spectra of Intervals 2 and 4 correspond to the 
signals observed in wavelet transform (Fig. 2D).

We calculated wavelength ratios of significant peaks and com-
pared them to periodicity ratios of astronomical cycles at 560 Ma. 
These ratios match well with those listed in Table 1. Assuming 
wavelength peaks at 19.7 m (Interval 1), 31.4 m (Interval 2), 23.8 m 
(Interval 3), and 31.6 m (Interval 4) represent the long eccentricity 
signal, the other peaks would match short eccentricity, obliquity, 
and precession (Table 1). Hence, based on the assignment of sig-
nificant spectral peaks to the long eccentricity cycle, the sedimen-
tation rate is estimated to be 4.8 cm/kyr for Interval 1, 7.2 cm/kyr 
for Interval 2, 5.9 cm/kyr for Interval 3, and 7.3 cm/kyr for Interval 
4 (Table 1).

The COCO analysis of the entire GR series suggests that sedi-
mentation rates of 4.8, 6.0, 7.3, and 9.2 cm/kyr yield null hypothe-
sis (H0, no astronomical forcing) significance levels less than 0.01 
(Fig. 4). The eCOCO analysis reflects variations of sedimentation 
rate throughout the GR series. The sedimentation rate varies be-
tween 4.8 and 7.3 cm/kyr, and, in general, is low in Intervals 1 and 
3 and high in Intervals 2 and 4 (Fig. 4). The consistency of sedi-
mentary rate estimates yielded by COCO and eCOCO analyses, and 
the correlation with the lithology support that our interpretation 
of significant spectral peaks to astronomical cycles is reliable.

4.2. Astrochronology

Because the 405-kyr long eccentricity is regarded as the most 
stable astronomical cycle in the Phanerozoic and has been pro-
posed to have been recorded in rocks as old as 1.4 Ga (Zhang et 
al., 2015) and even 2.4 Ga (Lantink et al., 2019), it can serve as a 
“metronome” in astrochronological studies (Hinnov, 2013). To ex-
tract long eccentricity cycles, we applied Gaussian filters centered 
at 1/19.7, 1/31.4, 1/23.8, and 1/31.6 m−1 frequencies in four inter-
vals, respectively (Fig. 5A). These cycles were tuned to the 405-kyr 
long eccentricity cycle (Fig. 5D), which enables an astronomical 
time scale to be constructed for the GR series and carbon isotope 
profile (Fig. 5). We also evaluated the sedimentation rate based on 
the 405-kyr tuned GR series. Similar patterns of sedimentation rate 
variation are observed in both eCOCO and 405-kyr tuned GR series 
results (Fig. 4B).

Using the sedimentation rate profile calibrated by 405-kyr cy-
cles, the 460-m long SE in Oman spans 19 long eccentricity cycles 
(Fig. 5), which is 7.7 Myr in duration. Our results also indicate that 
the δ13C values rapidly decrease to the nadir within three 405-
kyr cycles (∼ 1.2 Myr), and slowly return back in the following ∼
6–7 Myr (Fig. 5). We considered three sources of uncertainties in 
our astrochronology: (1) the non-linear response of the paleocli-
mate to the astronomical forcing; (2) the stratigraphic levels of the 
onset and termination of the SE; and (3) the number of 405-kyr 
cycles encoded in the GR series. Firstly, by studying the Oligocene-
Miocene deep-sea sediments, Zachos et al. (2001) suggested a fast 
response of the paleoclimate to astronomical forcing, and even for 
the slow-response proxies (e.g., δ18O and δ13C), the phase lag to 
the 405-kyr eccentricity is within 10–15%. Here, we assign a total 
of ±100 kyr uncertainty at the maximum considering the climate’s 
response lag to the astronomical forcing. Secondly, the positions 
where the excursion initiated and terminated in the stratigraphy 
are pinpointed by the δ13C data (Burns and Matter, 1993; Fike et 
al., 2006), which result in another ± 100 kyr uncertainty consid-
ering the sedimentation rate (Table 1) and the sampling interval 
of the δ13C data (∼ 2–6 m). Thirdly, we noticed a relatively sharp 
transition between Intervals 1 and 2 in the 405-kyr filter output 
(Fig. 5D), which is probably due to the change in the sedimenta-
tion rate at the lithological boundary. The phase offset between the 
6th (E6) and the 7th (E7) 405-kyr cycle indicates the existence of 
the E7 cycle. Therefore, we argue that the number of 405 cycles 
is correctly counted. Taken together, the total duration of the SE is 
7.7 ± 0.2 Myr.

A recent U-Pb zircon geochronology study from the Trepassey 
Formation in Newfoundland suggests that the termination age of 
the SE is 562.5 ± 1.1 Ma (Canfield et al., 2020), we could use it as 
an anchor point to constrain the termination age of the SE. Com-
bining this radiometric age, the astrochronology of the SE yields a 
termination age of 570.2 ± 1.1 Ma for the excursion (Fig. 5E). The 
age uncertainty of 1.1 Ma is obtained from 

√
1.12 + 0.22, prop-

agated from the uncertainties of the anchor U-Pb age and the 
duration estimate.

5. Discussion

5.1. Astronomical forcing in the Shuram and Buah Formations

Astronomical forcing is regarded to be active throughout the 
Proterozoic and impose strong influences on Earth’s climate (Zhang 
et al., 2015; Bao et al., 2018; Lantink et al., 2019). Our numerical 
analyses provided clear evidence for the encoding of astronomical 
signals in the Shuram and Buah Formations. We have identified 
a suite of astronomical cycles from the spectral analysis of the 
GR series, and have estimated the sedimentation rate based on 
the astronomical periodicities. Changes in sedimentation rate occur 
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Fig. 2. (A) Lithology of the Shuram and Buah Formations. Four intervals are noted by arrows. (B) GR series after log-transformation (black) and its 80-m ‘loess’ long-term 
trend (red). (C) GR series after subtraction of the long-term trend. (D) Wavelet transform of GR series in (B). Area outside of the white line represents the “cone of influence”, 
where edge effects become important. Shaded area (light blue) represents cyclicities with wavelengths of ∼32 m and ∼8 m.
at lithological boundaries, with low rates in shale-dominated lay-
ers and high rates in shale-carbonate interbedded layers (Fig. 4). 
The excellent correlation between sedimentation rate and lithol-
ogy firmly supports the reliability of our estimates and the correct 
assignment of astronomical cycles. The low null hypothesis signif-
icance level of the COCO analysis suggests that the astronomical 
signals are accurately encoded in the GR series.

Paleoclimate could be influenced by astronomical forcing in 
many ways. For example, the astronomical control on the fluc-
tuations in the ice volume and sea level in the Pliocene and 
Pleistocene is well established by marine δ18O records from deep-
sea cores (Lisiecki and Raymo, 2005). Besides, studies have shown 
that the long-term migration of the Intertropical Convergence Zone 
(ITCZ) varies at astronomical time scale (Wang et al., 2004; Liu et 
al., 2015), which strongly dominates the intensity and distribution 
of tropical precipitation.

The encoding mechanism of astronomical cycles in the Shuram 
and Buah Formations is likely a combination of changes in both 
the sea level and the position of the ITCZ. During Ediacaran time, 
Oman was located in or very close to the tropics (Kempf et al., 
2000; Kilner et al., 2005), so it is sensitive to the migration of the 
ITCZ. Astronomical forcing modulated the position shift of the ITCZ 
and hence resulted in the fluctuation of monsoon intensities and 
runoff fluxes. When ITCZ was close to the Oman, terrestrial input 
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Fig. 3. 2π MTM power spectra of (A) Interval 1 (3800–3670 m), (B) Interval 2 (3670–3440 m), (C) Interval 3 (3440–3340 m), and (D) Interval 4 (3340–3200 m). Significant 
peaks are shown with robust AR(1) model, and 90%, 95%, and 99% confidence levels. Significant peaks are marked with their corresponding wavelengths in meters.
into the ocean would be intensified, which brought more clay min-
erals for sedimentation, hence, higher GR values. In the opposite 
scenario, less clay input would cause lower GR values. Besides, the 
waxing and waning of the ice volume influenced by astronomical 
cycles would cause sea level variations, which changes the depo-
sitional environments and results in the alternating carbonate and 
terrigenous deposition.

5.2. Global synchroneity the SE and its implications

The duration of the SE in the Miqrat-1 Well is estimated to be 
7.7 ± 0.2 Myr. We compared this result with duration estimates by 
astrochronology from other exposures of the SE globally (Fig. 6). 
For instance, an 8.0 ± 0.5 Myr duration was obtained from the 
Wonoka Formation, South Australia (Minguez and Kodama, 2017). 
Likewise, Gong et al. (2017) suggested a 9.1 ± 1.0 Myr dura-
tion from the Doushantuo Formation, South China. Minguez et al. 
(2015) published an 8.2 ± 1.2 Myr duration from the Johnnie For-
mation in the United States. By adding the result from Oman, we 
now have a paleogeographically broader coverage of the SE, with 
sections from all major basins worldwide. The consistency of these 
duration estimates strongly argues for the global synchroneity of 
the SE. Besides, because of the high-resolution astrochronology, we 
were able to calculate the time interval between the onset of the 
excursion and the nadir of the δ13C values in Oman and South 
Australia. These two widely separated sections both show that the 
excursion reaches its nadir value in about 1.0–1.2 Myr (Fig. 6). 
Moreover, the same geomagnetic reversal that was identified right 
at the nadir of the SE in sections from South Australia and the 
United States also indicates that the SE was globally synchronous 
(Fig. 6; Minguez and Kodama, 2017). Therefore, we suggest that, 
rather than being a locally diagenetic overprint (e.g., Derry, 2010), 
the SE has a primary origin and the depleted δ13C values are prob-
ably a global signature.

The primary origin of the SE requires a mechanism that can 
explain the unprecedented perturbation of the Ediacaran carbon 
cycle. It is hypothesized that there was a large dissolved organic 
carbon (DOC) reservoir suspended in the anoxic Ediacaran ocean, 
and the oxygenation of that DOC reservoir would release a large 
amount of 12C from organic carbon, and could produce depleted 
carbon isotope values (Fike et al., 2006). Geochemical studies, par-
ticularly focusing on the redox-sensitive trace metals and their 
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Fig. 4. Results of the COCO and eCOCO analyses compared with the lithology of the Miqrat-1 Well. (A) Lithological column of the Shuram and Buah Formations (modified 
from Bowring et al., 2007). (B) Correlation coefficient (top) and evolutionary correlation coefficient (bottom). (C) Null hypothesis (H0, no astronomical forcing; top) and 
evolutionary H0 significance level (bottom). (D) The number of contributing astronomical parameters (top) and evolutionary number of contributing astronomical parameters 
(bottom). Number of Monte Carlo simulations is 2000. Sedimentation rates range from 2 to 20 cm/kyr with an increasing step of 0.1 cm/kyr. The sliding window size is 
149.7 m; the sliding window step is 0.15 m. Potential sedimentation rates are shown in numbers with H0 significance level less than 0.01. Black solid lines represent the 
sedimentation rate calculated from the 405-kyr tuned GR series.
isotopes, support that a global ocean oxygenation event occurred 
broadly coeval to the SE (Sahoo et al., 2016). Specifically, a recent 
uranium isotope study of the SE in South China, Siberia, and the 
United States suggests that the ocean was extensively oxygenated 
to a degree comparable to near-modern levels (Zhang et al., 2019). 
In order to sustain the oxygenation of such a large DOC reservoir, 
an enormous amount of oxidant is required. The exact amount of 
the DOC is dependent on the duration of the SE. For example, Bris-
tow and Kennedy (2008) argued that the available oxidant during 
the Ediacaran time could not sustain a 25–50 Myr long excur-
sion. Our 7.7 ± 0.2 Myr estimate, however, does largely reduce 
the amount of required oxidant, and provide a new boundary con-
dition for future geochemical models.

Previously, the termination age of the SE was considered to 
be 551.1 ± 0.7 Ma, which is obtained by the ID-TIMS U-Pb 
geochronology on zircons from an ash layer in the Dengying For-
mation, South China (Condon et al., 2005). However, the ash layer 
Condon et al. (2005) sampled is in the lower Dengying Formation, 
which is unconformably above the SE (Fig. 6). Instead, Zhou et 
al. (2018) dated a K-bentonite layer from the lowermost Dengying 
Formation, which constrains the SE to be older than 557 ± 3 Ma 
(Fig. 6). Moreover, the carbon isotope record from the Trepassey 
Formation in Newfoundland is suggested to be equivalent to the 
SE. Based on this correlation, a U-Pb zircon age from an ash layer 
of the Trepassey Formation constrains the termination age to be 
562.5 ± 1.1 Ma (Canfield et al., 2020). When combined with our 
astrochronology, the onset age of the SE is 570.2 ± 1.1 Ma.

Within the new astrochronological framework, the temporal 
links between the Ediacaran global carbon cycle, the paleoclimate, 
and biological changes could be evaluated. Our new age constraints 
on the SE could also facilitate stratigraphic correlation between 
sections where there are sparse δ13C data but good ages and phe-
nomenal fossil records (e.g., Newfoundland), or places with no or 
very few age constraints but with a well-defined carbon isotope 
profile (e.g., Siberia, India). According to our age estimates, the on-
set of the SE is 570.2 ± 1.1 Ma, ∼ 10 Myr younger than the ca. 580 
Ma Gaskiers glaciation (Pu et al., 2016), thus, ruling out the tem-
poral link between the excursion and the Gaskiers glaciation that 
is previously proposed by Al-Husseini (2014). However, there is a 
close timing between the onset of the SE and the evolution of the 
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Fig. 5. (A) The detrended GR series shown with Gaussian filter outputs of interpreted long (blue) and short (brown) eccentricity cycles (passbands: 0.0317 ± 0.0063, 0.420 
± 0.0084, 0.0318 ± 0.0064, and 0.0508 ± 0.010 cycles/m for Intervals 1, 2, 3, and 4, respectively). (B) Carbon isotope profile of the Shuram and Buah Formations (Burns 
and Matter, 1993; Fike et al., 2006). (C) 405-kyr tuned detrended GR series. (D) Standardized 405-kyr long eccentricity cycles filtered outputs (passband: 0.00247 ± 0.0002 
cycles/kyr). (E) 405-kyr eccentricity tuned carbon isotope profile. Termination age of the SE is correlated to the U-Pb age from (1) Canfield et al. (2020).

Fig. 6. Composite chrono- and chemo-stratigraphy of the type sections from Oman, Flinders Ranges, South Australia, Death Valley, USA, and South China. Carbon isotope, 
astrochronological, and geomagnetic reversal data sources: Oman (Burns and Matter, 1993; Fike et al., 2006), South Australia (Calver, 2000; Minguez and Kodama, 2017), the 
United States (Verdel et al., 2011; Minguez et al., 2015), and South China (Condon et al., 2005; McFadden et al., 2008; Gong et al., 2017). U-Pb zircon ages are from (1) 
Canfield et al. (2020), (2) Condon et al. (2005), and (3) Zhou et al. (2018).
Ediacaran biota. In Newfoundland, the Avalon assemblage is identi-
fied immediately above the 570.9 ± 0.4 Ma Drook Formation (Nar-
bonne and Gehling, 2003; Pu et al., 2016), largely overlapping with 
the SE. The following diversification of the White Sea assemblage 
(558 ± 1 Ma; 559.3 ± 2 Ma; Grazhdankin, 2004) slightly post-
dates the termination of the carbon isotope excursion. Assuming 
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the SE is originated from the oxygenation of the marine DOC, the 
final exhaustion of this large DOC reservoir might provide a well 
oxygenated ocean for the Ediacara biota to evolve. The astronomi-
cally calibrated time scale for the SE permits further investigations 
on the dynamic interactions between the global carbon cycle, the 
evolution of the Ediacara biota, and the redox landscapes of the 
ocean in the latest Neoproterozoic.

6. Conclusions

Precisely constraining the age and the duration of the SE is im-
portant in order to understand the origin of this unprecedented 
perturbation in the global carbon cycle in Ediacaran time. The 
Miqrat-1 Well from Oman provides an excellent sedimentary se-
quence of the Nafun Group, in which the SE is completely recorded 
in the Shuram and Buah Formations. Power spectral analysis of 
the GR log from the Miqrat-1 Well reveals a hierarchy of cyclici-
ties. Based on the sedimentation rate we estimate, these cyclicities 
correspond with astronomically-forced climate cycles (eccentricity, 
obliquity, and precession) that are accurately encoded in the GR 
series. The eCOCO and 405-kyr tuned GR series permit a record 
of sedimentation rate variations throughout the Shuram and Buah 
Formations. Results show that sedimentation rate and lithology are 
well-correlated, with low rates in shale-dominated layers and high 
rates in shale-carbonate interbedded layers. The established as-
trochronology constrains the duration of the SE to be 7.7 ± 0.2 Myr 
in Oman, which is consistent with the ∼ 8 Myr estimates from 
exposures in South Australia, South China, and the United States. 
Hence, we provided supporting evidence for the global synchrone-
ity of the SE that argues for a primary origin for the depleted δ13C 
values. Combined with existing radiometric ages and stratigraphic 
correlations, the onset and the termination ages of the SE are 570.2 
± 1.1 Ma and 562.5 ± 1.1 Ma, respectively. We also suggested that 
the rhythm of the excursion is characterized by a fast decline in 
δ13C values, reaching to the nadir within ∼ 1 Myr, and a slow shift 
back in the following ∼ 6–7 Myr. The high-resolution astrochronol-
ogy of the SE bears significant implications for testing the temporal 
and causal links between the global carbon cycle and the broadly 
contemporaneous paleoclimate and biological events in the latest 
Neoproterozoic, e.g., the Gaskiers glaciation, the extensive oceanic 
oxygenation, and the evolution of the Ediacara biota.
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