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Significance 

The rise of atmospheric oxygen 
during the Great Oxidation Event 
(GOE) set the stage for the 
evolution of complex life. Co-eval 
marine carbonate sediments 
preserve a large and long-lived 
positive carbon isotope (𝛿13C) 
excursion, the Lomagundi–Jatuli 
excursion (LJE), that suggests this 
redox transformation was 
accompanied by a major carbon 
cycle perturbation. However, the 
timing, magnitude, and global 
extent of the LJE are uncertain 
due to the incomplete nature of 
the sedimentary record. 
Consequently, the excursion’s 
cause and relationship to the GOE 
are debated. Here, we use 
statistical modeling to reconstruct 
the LJE from a global data 
compilation. Our results suggest 
the LJE has a lower magnitude 
and earlier onset than previously 
thought, strengthening its 
temporal correlation with Earth’s 
oxygenation. 

The rise of atmospheric oxygen during the Great Oxidation Event (GOE) (ca. 2.5 
to 2.1 billion years ago) permanently transformed Earth’s biogeochemical cycles. The 
chemistry of contemporaneous marine carbonates provides a window into operation 
of the carbon cycle across this transition. Specifically, carbonate rocks co-eval with 
the GOE preserve a large and long-lived positive carbon isotope (𝜹13C) excursion, 
the Lomagundi–Jatuli excursion (LJE), that canonically is interpreted as an increase 
in organic matter burial linked to the oxygenation of Earth’s surface. However, the 
cause, synchroneity, and global nature of the LJE remain contentious due to significant 
uncertainties in the excursion’s timing and magnitude. These uncertainties stem from 
the incomplete, time-uncertain, and spatially variable nature of the shallow-water 
sedimentary record. Here, we use Bayesian inference to reconstruct Paleoproterozoic 
𝜹13C from globally distributed stratigraphic observations. Our inference reaffirms 
that the LJE is a global excursion, although its expression varies locally, and provides 
revised estimates for its timing and magnitude. We find that 𝜹13C most likely began 
to increase at 2,445 Ma, subsequently returning to baseline values at 2,018 Ma. The 
most likely excursion peak occurs at 2,130 Ma, and it is very unlikely (5% probability) 
that peak 𝜹13C values exceeded 9.1. Altogether, our results indicate the LJE has 
an earlier onset, longer duration, and lower magnitude than previously thought. The 
initial 𝜹13C increase occurs before or contemporaneously with both the earliest rise of 
atmospheric O2 and Paleoproterozoic “snowball” glaciations, hinting at a mechanistic 
link among the LJE, the GOE, and climate. 

Lomagundi excursion | Great Oxidation Event | carbon cycle | geochemistry | stratigraphy 

A conspicuous and enduring transition from mass-independent to mass-dependent 
fractionation of rock-bound sulfur isotopes marks the initial oxygenation of Earth’s 
atmosphere around 2.5 to 2.1 billion years ago (1, 2). This redox transformation, termed 
the Great Oxidation Event (GOE; 3), is broadly coincident with global glaciations, the 
proliferation of oxygenic photosynthesis, and the emergence of continental landmasses 
(4–7). Rocks coeval with the GOE also preserve a large positive excursion in the carbon 
isotopic composition (𝛿13C) of carbonate rocks (the Lomagundi–Jatuli excursion, or 
LJE; 8), pointing toward sustained (at least 130 Myr duration; 9) upheaval of global 
biogeochemical cycles. Canonically, the LJE has been interpreted as a prolonged episode 
of increased organic matter burial that facilitated the buildup of atmospheric O2 (8, 10). 
However, the large apparent magnitude of the excursion (observed 𝛿13C values as 
high as 17 to 28; 11, 12) is difficult to reconcile with both carbon cycle mass 
balance requirements and a paucity of contemporaneous organic-rich rocks (11, 13, 14), 
leading some workers to posit that elevated Paleoproterozoic 𝛿13C values reflect local 
environmental conditions rather than global seawater 𝛿13CDIC (11, 15–17). Other 
alternative models for the LJE maintain that it tracks global 𝛿13CDIC, but attribute the 
excursion to changes in the size and 𝛿13C of carbon input fluxes (18–21) or authigenic 
carbon reservoirs (22–24). Thus, the excursion’s cause and connection to the GOE 
remain contentious. 

Much of the discourse surrounding the LJE stems from large uncertainties in its timing, 
rate, and magnitude (25). For example, due to poor age control it is unclear whether the 
LJE represents a synchronous global excursion, asynchronous local excursions, or some 
intermediary (i.e., a global signal whose expression is modulated by local depositional 
environment) (11, 16, 17). In addition, the loosely constrained temporal relationship 
between the LJE and the GOE blurs potential causal relationships, hindering distinction 
between competing models for both events (10, 14, 20, 21, 26–29). The magnitude of 
the LJE also serves as a litmus test for different models, but current estimates—ranging 
from approximately 8 to 16 (30–32)—have limited discriminatory power. Elucidating 
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the structure, timing, and nature of the LJE thus is essential 
for understanding both the carbon and oxygen biogeochemical 
cycles across a critical juncture in Earth’s evolution. 

The structure and timing of the LJE are uncertain owing to 
three fundamental features of the Paleoproterozoic sedimentary 
record. First, the majority of preserved Precambrian sediments 
come from marginal shallow-water depositional environments. 
These shallow-water strata are incomplete and punctuated by 
hiatuses (33), leading to poor signal preservation and complex 
relationships between stratigraphic height and time. Second, 
absolute age constraints (e.g., radiometrically dated ash beds and 
detrital minerals) are sparse, particularly within shallow-water 
carbonate sequences that host the LJE. Third, carbonate 𝛿13C can 
be influenced by local syndepositional processes (e.g., biological 
activity in restricted waters) and altered during diagenesis, 
partly decoupling preserved 𝛿13C values from that of global 
seawater 𝛿13CDIC at the time of deposition (34). Observed 
𝛿13C heterogeneity within and among basins suggests many 
Paleoproterozoic carbonates have been affected by one or both of 
these processes (17, 25). Together, these three features obfuscate 
the true structure of the LJE: Given its long duration, piecing 
together the full excursion requires merging highly fragmentary, 
time-uncertain, and locally biased observations from many 
different locations. 

Previous reconstructions of the LJE rely on visual correlation 
of 𝛿13C profiles among basins; where available, correlation 
is guided by geochronological ages and sequence stratigraphic 
interpretations. Due to the fragmentary and locally variable 
nature of the observations, this manual approach yields poorly 
reproducible reconstructions of 𝛿13C over time: Different au-
thors considering the same data have proposed a wide range 
of excursion magnitudes and durations, and the excursion’s 
rising and falling limbs are particularly poorly resolved (30– 
32). Furthermore, manual reconstructions may be biased toward 
sections that, although particularly well-studied or putatively 
complete, may not faithfully track global seawater chemistry. 
For example, some workers posit that the magnitude of the 
LJE has been overestimated because reconstructions are biased 
toward restricted shallow-water environments with locally el-
evated 𝛿13C values (17). Reconstructions of the LJE’s falling 
limb, for instance, are based largely on sections in Gabon and 
Fennoscandia that preserve a decline in 𝛿13C from peak values 
of 9 to 19 to baseline values near 0. However, 𝛿13C and 
depositional environment are strongly correlated in both of these 
basins (16, 17), evoking concern that stratigraphic trends in 𝛿13C 
may track the evolution of local environmental conditions rather 
than global 𝛿13CDIC. Recent geochronology also indicates the 
Fennoscandian succession may actually postdate the LJE (35), 
further calling the global nature of preserved 𝛿13C values into 
question. 

Constraining the true timing and magnitude of the LJE calls 
for a more explicit and reproducible approach to reconstructing 
past changes in global 𝛿13C from the sedimentary record. To 
accomplish this, we developed a Bayesian statistical framework for 
determining the global 𝛿13C history that can best explain a given 
set of stratigraphic observations (36). Our model simultaneously 
correlates all stratigraphic sections, constructs an age model for 
each section, decomposes global and local geochemical signals, 
and quantifies uncertainty in all parameters. Here, we use 
this model to reconstruct Paleoproterozoic 𝛿13C from globally 
distributed stratigraphic data. Our probabilistic reconstruction of 
𝛿13C yields revised estimates for the timing and magnitude of the 

LJE, constrains the global versus local nature of the excursion, and 
elucidates its temporal relationship with Earth’s Great Oxidation. 

Bayesian Inference Model 

Bayesian modeling allows us to merge geologic principles with 
quantitative data to make inferences about past Earth system 
change. Our model, StratMC (Materials and Methods, ref. 
36), reconstructs past large-scale changes in seawater 𝛿13C 
from stratigraphic 𝛿13C observations and geochronological age 
constraints. The model is built around two simple assumptions: 
that depositional age decreases with stratigraphic height (super-
position) and that there is a shared component to the 𝛿13C 
signal recorded by all stratigraphic sections. We refer to this 
shared component as the “global signal.” The shape and timing 
of the global signal is learned from the data via Gaussian process 
regression. Within each section, local variations in 𝛿13C are 
incorporated via an offset term, which captures constant shifts 
relative to the global signal, and a geologic noise term, which 
accounts for any residual deviations. These per-section offset and 
noise terms are learned directly from the data. Since marginal 
shallow-water strata can have complex and irregular depositional 
histories, the prior age model for each section encompasses the 
full range of geologically reasonable sedimentation rates (i.e., 
depositional histories ranging from constant to highly episodic). 

Importantly, the model does not assume a priori that a global 
excursion exists. Instead, the global signal may assume a wide 
range of functional forms to reflect evidence in the data. A 𝛿13C 
excursion will only be inferred if it is preserved by multiple 
stratigraphic sections. If the input sections do not preserve a 
common 𝛿13C trend, then the inferred global signal will be flat 
(e.g., a constant value of 0). 

Paleoproterozoic Data Compilation 

Our Paleoproterozoic 𝛿13C database (modified from ref. 25) 
includes 7, 959 observations distributed across six continents 
and 120 geologic formations. This comprehensive dataset must 
be subsampled prior to running the model because the com-
putational expense of our fully Bayesian inversion approach 
precludes using more than several hundred 𝛿13C observations. 
Our subsampling methodology ensures complete geographic 
and temporal coverage, preserving the stratigraphic 𝛿13C trend 
recorded in each basin while filtering redundant observations 
and noise (Materials and Methods). The subsampled dataset 
includes a representative subset of 849 𝛿13C observations from 
110 formations (Fig. 1A). 

Based on the primary sources’ interpretations of the sedimen-
tology, the depositional environment of each sample is classified 
as deep-water (lower ramp to deep basin), intermediate (mid-
upper ramp to platform), or shallow-water (sabkha to peritidal) 
(following the classification scheme of ref. 25). The subsampled 
dataset includes 134 deep-water, 405 intermediate, and 270 
shallow-water samples; an additional 40 samples come from 
unknown depositional environments. 

The age of each section in the 𝛿13C database is constrained 
by published geochronological data. Reported geochronological 
ages largely come from U-Pb system dating of both igneous and 
detrital zircon grains, but also include Pb-Pb dates for whole-
rock carbonate samples and Re-Os dates for gabbro, peridotite, 
and early diagenetic pyrite. The age constraints used for each 
region are detailed in SI Appendix; example data for the Pechenga 
Greenstone Belt are in Fig. 1B. 
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A B

Fig. 1. Modern geographic distribution of Paleoproterozoic 𝛿 13C observations and example stratigraphic data. (A) Locations of sections included in the 
Paleoproterozoic 𝛿 13C inference (priority levels 1 and 2; SI Appendix). Each marker represents a unique supergroup (or group, where formations are not 
assigned to a supergroup). Marker size is scaled by the total number of 𝛿 13C observations associated with the supergroup after subsampling (SI Appendix, 
Fig. S1 shows sample counts prior to subsampling), and marker color tracks the maximum observed 𝛿 13C value. Paleoproterozoic bedrock coverage is from 
the Macrostrat database (37). (B) Generalized lithostratigraphy (modified after 38–40), 𝛿 13C chemostratigraphy (38, 41), and geochronological age constraints 
(39, 40, 42) for the lower Pechenga Greenstone Belt in the Kola Craton, Russia. Location of the Pechenga Greenstone Belt is outlined in red in (A). Stratigraphy 
for all basins is in SI Appendix, Figs. S4–S36. 

To interrogate the relationship between the LJE and atmo-
spheric oxygenation, we also catalog multiple sulfur isotope data 
from basins included in the 𝛿13C inference (data compiled by 
refs. 43 and 44). Each geologic unit is classified as preserving 
mass-independent (MIF-S), mass-dependent (MDF-S), or mixed 
(i.e., MDF-S with restricted occurrences of MIF-S, or vice-versa) 
sulfur isotope fractionation. 

Results and Discussion 

Reconstructing Paleoproterozoic 𝜹13C. Our inference results 
reaffirm that the Paleoproterozoic 𝛿13C observations can be 
explained by a high-magnitude and long-duration positive 
excursion (Fig. 2A). Specifically, 𝛿13C began increasing from 
baseline values as early as 2,507 Ma (5% probability), with this 
increase very likely (95% probability) occurring before 2,276 
Ma. It is likely (≥66% probability) that 𝛿13C values exceeded 
2 from 2,368 until 2,042 Ma. The maximum 𝛿13C value 
achieved during the excursion is very unlikely (5% probability) 
to have exceeded 9.1, and the excursion peak very likely (95% 
probability) occurs before 2,110 Ma. Following this peak, 𝛿13C 
returns to baseline values as early as 2,038 Ma (5% probability), 
with the excursion very likely (95% probability) terminating 
by 1,865 Ma. The total duration of the excursion very likely 
(95% probability) exceeds 253 Myr and is very unlikely (5% 
probability) to exceed 585 Myr. 

Altogether, the most likely scenario is that 𝛿13C began to 
rise at 2,445 Ma, reaching a peak value of 7.3 at 2,130 Ma 
before returning to baseline values at 2,018 Ma. The most likely 
excursion duration is 429 Myr (Table 1). 

Defining the LJE. Before comparing our inference with previous 
reconstructions of the LJE, careful calibration of terminology is 
required. While the LJE universally is considered to be a high-
amplitude and long-duration positive 𝛿13C excursion centered 
around 2.2 Ga, its precise definition is not standardized. For 
example, Martin et al. (9) consider that carbonate rocks with 

𝛿13C above 5 represent the LJE, while Bekker (32) places 
baseline 𝛿13C during the LJE near 8 and considers pre-2.22 
Ga carbonate rocks with less positive 𝛿13C values to be precursors 
to the main excursion. These threshold-based definitions are 
optimized for manually constructed 𝛿13C curves, which tend 
to be somewhat stylized due to the piecemeal nature of the data. 

Our continuous 𝛿13C inference facilitates more nuanced 
description of the LJE’s timing and structure. In particular, 
our approach enables more precise resolution of the excursion’s 
onset and termination, which aids in constraining its cause. We 
consider that the LJE began when 𝛿13C first started to rise 
toward peak values (with no intervening return to pre-excursion 
baseline values below 2) and ended when 𝛿13C subsequently 
declined and restabilized. Probabilities are used to quantify 
excursion intensity between these endpoints. We note that under 
this definition, the excursion’s rising limb is not required to 
increase monotonically; in some posterior realizations, the overall 
𝛿13C rise is punctuated by “plateaus” or negative oscillations 
(while remaining above 2). Although we acknowledge that no 
simple definition can perfectly describe the full range of posterior 
excursion structures, we believe these criteria accurately capture 
the period of time when 𝛿13C values are persistently perturbed. 

A Revised View of the LJE. Three aspects of our Paleoproterozoic 
𝛿13C curve deviate notably from previous reconstructions. First, 
the likely magnitude of the LJE is lower than previously thought: 
The upper bound of our peak 𝛿13C estimate is similar to 
the lower bound of most other estimates, while our most 
likely peak is around 2 lower (Table 1). This more subdued 
excursion is the common (global) signal that is shared among all 
stratigraphic sections. Any local departures from this common 
signal—for example, extremely elevated 𝛿13C values preserved in 
some stratigraphic sections—are most parsimoniously explained 
as nonglobal processes occurring within individual basins or 
depositional environments. 

Second, our inference reveals that 𝛿13C likely began to rise 
approximately 75 to 250 Myr earlier than the typically reported 
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A 

B 
C 

D 

Fig. 2. Summary of Paleoproterozoic inference results. (A) 𝛿 13C history inferred using 849 carbonate 𝛿 13C observations and 124 age constraints from 110 
dierent formations. The Upper colorbar shows posterior observation density (in 10 Myr bins) while the Lower colorbar tracks the probability that the inferred 
𝛿 13C signal exceeds 2. Relative probability densities for the timing of the LJE onset, peak, and termination are plotted along the Lower x-axis. (B) Depositional 
age ranges for glacial diamictites associated with four purported Paleoproterozoic glacial intervals. Age ranges reflect the maximum and minimum possible 
age for each glacial interval considering all geochronological ages, posterior age models, and plausible correlations among basins (SI Appendix). (C) Compiled 
observations of mass-independent and mass-dependent sulfur isotope fractionation from basins included in the 𝛿 13C inference. Data from dierent basins 
are separated by horizontal dashed lines; within each basin, each observation represents a unique geological unit (formation or group), plotted in stratigraphic 
order. The maximum and minimum age of each unit is based either on geochronological age constraints or, in cases where the unit’s age is more tightly 
constrained by the 𝛿 13C inference, on the posterior age models. Depositional age constraints are used for units that have been dated directly (e.g., formations 
that contain a tu bed). The age constraints used for each unit are tabulated in Dataset S1. (D) Prior (i.e., geochronology-only) and posterior age range for each 
basin included in the inference. Basin numbers are as in panel (C). 

4 of 10 https://doi.org/10.1073/pnas.2512767123 pnas.org 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 S
ta

ce
y 

E
dm

on
so

nd
 o

n 
Ja

nu
ar

y 
5,

 2
02

6 
fr

om
 I

P 
ad

dr
es

s 
13

6.
32

.8
1.

21
2.

https://www.pnas.org/lookup/doi/10.1073/pnas.2512767123#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2512767123#supplementary-materials


Table 1. Lomagundi excursion summary statistics 
Most likely 66% envelope 95% envelope 

Onset (Ma) 2,445 2,462 to 2,386 2,551 to 2,238 
Termination (Ma) 2,018 2,028 to 1,896 2,049 to 1,851 
Duration (Myr) 429 376 to 509 211 to 624 
Timing of peak (Ma) 2,130 2,302 to 2,124 2,331 to 2,107 
Peak 𝛿13C value () 7.3 6.1 to 8.1 5.0 to 9.5 

ca. 2.3 to 2.2 Ga LJE onset, with the most likely onset occurring 
at 2,445 Ma (Table 1). There is only an 8% probability that 
the excursion onset occurs later than 2.3 Ga. This protracted 
early 𝛿13C rise is an important observation that aids in testing 
different models for the excursion. The seemingly major timing 
discrepancy is largely a consequence of our statistical approach, 
which allows for more nuanced characterization of the excursion’s 
rising limb. The interval when 𝛿13C likely exceeds 2 (2,368 
to 2,042 Ma; Fig. 2A) is in reasonable agreement with previous 
estimates for the timing of the LJE (9). 

Finally, our inference omits a number of short-duration 
pre- and post-LJE excursions depicted in some curves (32). 
This departure is a consequence of fundamentally disparate 
assumptions about the nature of the 𝛿13C record. A standard 
approach to 𝛿13C reconstructions of the carbon cycle is to assume 
that most observed changes in 𝛿13C over time are driven by 
global Earth system change. Our model modifies this practice by 
allowing individual sections and observations to deviate from the 
global signal. Consequently, features that are only observed at 
one or a few locations (i.e., with low evidence), or that are poorly 
constrained in time, have limited influence on the global 𝛿13C 
signal inference. For example, the short-term ca. 2.0 Ga positive 
𝛿13C excursion recorded by the Wooly Dolomite in Australia 
(45) is interpreted as a local deviation from the global signal 
because the majority of co-eval sections preserve near-baseline 
𝛿13C values. In other cases, the posterior captures the possibility 
that a feature may be either global or local. For instance, in some 
realizations, the ca. 2.4 Ga positive excursion in the Duitschland 
Formation of South Africa (46) contributes to a smaller 𝛿13C 
maximum preceding the excursion peak at ca. 2.1 Ga; in others, 
it is ascribed to a local departure from near-baseline pre- or early-
LJE 𝛿13C values (consistent with the interpretation of ref. 15). 
Similarly, data from the Great Lakes region previously have been 
used to argue for a brief return to baseline 𝛿13C values near 0 
after the onset of the LJE (47). Some posterior realizations include 
this oscillation, but in many solutions, it is missing because the 
bulk of the evidence supports that global 𝛿13C values continued 
to rise, on average, throughout the LJE interval. 

The 𝛿13C signal inference ultimately is a manifestation of 
evidence in the data, but the absence of short-duration 𝛿13C 
oscillations in our inference does not strictly preclude their 
existence. The model prior is designed to overlook transient 
(i.e., lasting only a few million years) 𝛿13C perturbations in 
order to detect secular change on the timescale of interest 
(tens of millions of years) (Materials and Methods). Due to the 
sparsity of absolute age constraints, this restriction is needed to 
prevent high-frequency noise from obscuring the long-term 𝛿13C 
signal. However, our ability to investigate shorter-term signals 
consequently is limited, and additional work is required to test 
related hypotheses. 

Global Synchroneity of the LJE. The sparsity of geochronological 
age constraints during the Paleoproterozoic has resulted in two 

A 

B 

Fig. 3. Environment distribution through time and environment-specific 
inferences. (A) Relative posterior abundance of samples from deep, inter-
mediate, and shallow-water depositional environments within 10 Myr bins. 
Abundances are calculated using the depositional environment classification 
and inferred age of each sample. (B) Reconstructions of 𝛿 13C within each de-
positional environment; 95% posterior envelopes mark the 2.5th and 97.5th 
percentiles of each inference. Note that the high uncertainty in the sabkha-
peritidal inference from 2,600 to 2,400 Ma is caused by low data density. 

endmember models for the LJE: the synchronous model, which 
adheres to the classical view that the LJE represents a single 
global excursion, and the asynchronous model, which postulates 
that the LJE instead represents multiple diachronous, shorter-
duration local excursions that have been spuriously correlated. 
The asynchronous model has been somewhat bolstered by 
observations of high-𝛿13C carbonate rocks that postdate the LJE 
in Australia, Fennoscandia, and Canada (35, 45, 48). 

To a first order, the observation that our model infers a positive 
𝛿13C excursion from the data, with no a priori knowledge of this 
excursion, reaffirms that the currently available observations are 
consistent with the synchronous model. However, this consis-
tency should not be conflated with proof. The model is built 
around the assumption that a common 𝛿13C signal exists, and 
it favors signals that are smooth rather than very “wiggly.” Con-
sequently, the inference is predisposed toward the synchronous 
model: Sections with covarying 𝛿13C will be correlated unless 
their alignment is prohibited by geochronological age constraints, 
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leaving asynchronous solutions with comparatively low posterior 
probabilities. Thus, the situation remains largely unchanged: 
Given the available evidence, Occam’s razor favors a synchronous 
LJE, but this view may be revised as new geochronological data 
become available. Under the synchronous model, our inference 
places quantitative constraints on the timing, rate, and magnitude 
of global 𝛿13C change. 

Local Environmental Controls on Paleoproterozoic 𝜹13C. An-
other central debate concerning the nature of the LJE is whether 
𝛿13C values are controlled, or at least modulated, by depositional 
environment. In this view, biogeochemical cycling in restricted 
shallow-water (e.g., sabkha to peritidal) environments locally 
elevates 𝛿13CDIC above contemporaneous open-ocean 𝛿13CDIC, 
which either remains near baseline values (∼0) or increases 
only moderately during the LJE (17). This hypothesis arises 
from the observation that the average 𝛿13C of Paleoproterozoic 
shallow-water carbonates is higher than that of deeper-water 
carbonates from the same era, and stratigraphic changes in 𝛿13C 
coincide with changes in depositional environment in some 
sections (16, 17, 25). However, evidence for environmental 
control remains circumstantial because low-resolution age models 
make it difficult to demonstrate the time-equivalence of shallow 
and deep-water units with distinct 𝛿13C values. 

A possible mechanism for local 13C enrichment has been 
documented in some modern restricted shallow-water environ-
ments, where methanogenesis coupled with CH4 release to 
the atmosphere can elevate local 𝛿13CDIC by more than 10 
(49, 50). Although rare today, this phenomenon may have 
been relatively commonplace prior to and in the immediate 
aftermath of the GOE when fermentation and methanogenesis 
were the dominant organic matter remineralization pathway (29). 
Photosynthesis also drives a more subdued 𝛿13C increase in both 
modern open-ocean surface waters and restricted shallow-water 
environments (51–54), providing a straightforward mechanism 
for minor (up to 5) elevation of carbonate 𝛿13C values in 
productive settings. 

A number of processes also can drive a local decrease in 𝛿13C. 
For example, organic matter remineralization (55), submarine 
groundwater discharge (56), rapid CO2 invasion (57), and 
authigenic carbonate precipitation (58) produce highly negative 
𝛿13C values in some modern environments. In addition, post-
depositional diagenetic alteration often lowers preserved 𝛿13C 
values (59, 60). 

Our work suggests the LJE is a global excursion whose 
expression is modulated by local environmental conditions. To 
explicitly test for environmental controls on 𝛿13C, we performed 
three separate inferences using observations from only deep, 
intermediate, or shallow-water depositional environments (Fig. 
3B). These independent “within-environment” reconstructions 
of 𝛿13C demonstrate that all depositional environments record a 
large and long-lived positive excursion consistent with the LJE. 
While the minutia of the deep, intermediate, and shallow-water 
inferences differ, the fact that they overlap during most time slices 
supports the hypothesis that although preserved 𝛿13C values may 
be locally elevated or lowered—just as in today’s oceans—the 
same common 𝛿13C signal can be found in each environment. 
Our results suggest that 𝛿13C may have risen earlier in shallow-
water environments (Fig. 3B), but this observation should be 
interpreted cautiously because the pre-2.3 Ga portion of the 
shallow-water 𝛿13C curve is highly uncertain owing to low data 

density. Minor disagreements also are expected because each 
inference incorporates a different subset of geochronological age 
constraints. 

The posterior distribution of deep, intermediate, and shallow-
water depositional environments over time reaffirms that the 
LJE is not limited to particular depositional environments (Fig. 
3A). While intermediate and shallow-water samples consistently 
outnumber deep-water samples, all depositional environments 
are represented within every 10 Myr time bin between 2,500 
and 1,800 Ma. The maximum abundance of shallow-water 
environments between 2,400 and 2,000 Ma is 62%, and 
the minimum abundance of deep-water environments is 6%. 
Importantly, however, this overrepresentation of shallow-water 
environments is also observed in the model prior (i.e., when 
sample ages are only constrained by geochronology and not by 
correlation of 𝛿13C), where the maximum abundance of shallow-
water environments is 51% and the minimum abundance of 
deep-water environments is 5% (SI Appendix, Fig. S38). If 
𝛿13C were solely environment-dependent, then we would expect 
correlating 𝛿13C to significantly enhance the imbalance between 
environments in the posterior relative to the prior (i.e., alignment 
of 𝛿13C would lead to alignment of environments). The fact that 
the posterior and prior exhibit similar environmental imbalances 
suggests much of the bias toward shallow-water environments 
during the LJE can be attributed to imbalances in the data itself 
rather than to spurious correlation of diachronous environmental 
signals. In turn, these imbalances are caused by temporal changes 
in either the preservation potential or the primary distribution of 
shallow versus deep-water deposits. 

While a sustained increase in global 𝛿13C is consistent with 
Paleoproterozoic observations, our inference requires some local 
modulation of preserved 𝛿13C values. Many 𝛿13C observations 
are offset from the inferred global signal by 1 to 5 (e.g., in 
the Liaohe Group, China and the Lucknow Formation, South 
Africa), and rare samples with particularly high 𝛿13C values (e.g., 
in the lower Nash Fork Formation, Wyoming) sometimes deviate 
from the global signal by more than 10. These local 𝛿13C 
offsets are analogous to those observed in modern carbonate 
sediments (49, 50, 53, 54) and compatible with previous work 
suggesting Paleoproterozoic 𝛿13C varies among environments 
(17). However, the residuals between the global signal and 
samples from different depositional environments do not show 
clear and systematic trends over time (SI Appendix, Fig. S39), 
suggesting that any environmental 𝛿13C offsets are complex and 
geographically variable. 

Nonetheless, our inference results do imply that depositional 
environment exerts some influence on 𝛿13C. Specifically, 𝛿13C 
variance both within and among different environments is greater 
before and during the LJE than after the excursion’s termination 
at ca. 2.02 Ga (Figs. 2A and 3B). Amplified local 𝛿13C variance 
during the early Paleoproterozoic is potentially consistent with 
the “metabolism evolution” model for the LJE (29). This 
model posits that the combination of high primary productivity 
and methanogenesis-dominated microbial metabolism promoted 
high and variable 𝛿13C values following the initial rise of 
atmospheric O2, with these effects waning as more energetically 
favorable metabolic pathways became prevalent. These biological 
effects on 𝛿13C would be most common in, but not strictly lim-
ited to, very shallow-water depositional environments (29). The 
original model offers shifting metabolic landscapes as a possible 
cause of the LJE, wherein the excursion is an artifact of spuriously 
correlating potentially asynchronous local signals. Here, we adopt 
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the intermediate view that the LJE is a globally synchronous 
excursion that was locally modulated and magnified by local 
biological processes. This framework explains both the extremely 
elevated and variable 𝛿13C values observed in some sections and 
the presence of a more subdued positive 𝛿13C excursion across a 
wide range of depositional environments (Fig. 3B). 

Temporal Link Among the LJE, the GOE, and Glaciations. The 
LJE occurs against a backdrop of evolving atmospheric O2 levels, 
major climatic upheaval, and supercraton assembly and breakup 
(4, 12, 26, 27). Given that the geologic carbon cycle is closely tied 
to each of these processes, understanding how these perturbations 
are related in time can help to elucidate possible cause-and-effect 
relationships within the broader Paleoproterozoic Earth system. 
Here, we leverage our inference results to interrogate temporal 
links among changes in 𝛿13C, oxygenation, and climate. 

Current geologic evidence suggests the rise of atmospheric O2 
during the GOE was oscillatory rather than unidirectional, with 
a gap of hundreds of millions of years between initial and perma-
nent atmospheric oxygenation (2, 26, 27, 44, 61–63). Oscillatory 
O2 levels primarily have been inferred from the repeated disap-
pearance and reappearance of mass-independent sulfur isotope 
fractionation (MIF-S) in sedimentary archives (27, 64). Because 
MIF-S only occurs at atmospheric O2 levels below 0.0001% of its 
present concentration (65), these MIF-S resurgences suggest that 
O2 levels hovered near a “tipping point” during the early stages of 
the GOE, where close competition between oxygen sources and 
sinks periodically pushed atmospheric O2 levels across the MIF-S 
threshold. While some MIF-S recurrences have been argued to 
reflect sedimentary recycling of older MIF-S signals (61, 66, 67), 
others have been convincingly ascribed to atmospheric O2 
oscillations (27, 44). For example, marine redox proxy data 
from the Transvaal Supergroup in South Africa indicate that 
atmospheric O2 oscillations inferred from the MIF-S record were 
mirrored in the oceanic realm, providing independent evidence 
of surface redox instability (63). Here, we consider that the initial 
rise of atmospheric O2 is marked by the earliest stratigraphic loss 
of MIF-S in the rock record, while permanent oxygenation is 
marked by the final disappearance of MIF-S. 

Sulfur isotope data conservatively constrain the oscillatory O2 
interval to between 2,468 and 2,203 Ma (Fig. 2C ). The oldest 
stratigraphic unit with no evidence of MIF-S is constrained 
between 2,442.2 ± 1.7 and 2,434.8 ± 6.6 Ma (42, 68), while it 
is very unlikely (5% probability) that any MIF-S observation 
is younger than 2,210 Ma. Previous estimates for the final 
disappearance of MIF-S are up to 114 Myr later than indicated 
here (2). 

Accounting for all uncertainties, the inferred LJE onset either 
precedes or is co-eval with the oscillatory O2 interval, and there 
is a 42% probability that the excursion onset predates the earliest 
unambiguous stratigraphic loss of MIF-S at 2,442.2 Ma (Fig. 2). 
This finding contrasts with previous reconstructions that suggest 
the LJE postdates the rise of O2 by up to 100 Myr (10, 69). 
Three factors contribute to this divergence: 1) our more precise 
characterization of the LJE onset, which pinpoints the initiation 
of 𝛿13C rise rather than the first appearance of “highly elevated” 
𝛿13C values, 2) variable estimates for the timing of the GOE 
(26, 27, 61, 70), and 3) high uncertainty in reconstructions 
of global 𝛿13C prior to 2.3 Ga (32). Our modeling approach 
addresses (3) by integrating all available 𝛿13C observations 
and geochronological ages within a probabilistic framework, 
yielding a continuous and comprehensive reconstruction of early 
Paleoproterozoic 𝛿13C. This reconstruction hints at a more 

nuanced temporal relationship between the LJE and GOE, where 
the initial rise of O2 coincides with or follows the initial increase 
in average 𝛿13C. 

On the other hand, the relationship between the peak of the 
LJE and permanent atmospheric oxygenation is consistent with 
past interpretations: The final loss of MIF-S postdates the onset 
of the LJE and precedes the most likely LJE peak. Considering 
the full posterior inference, there is a 57% probability that the 
peak of the LJE is younger than the latest possible loss of MIF-S 
at 2,210 Ma. Altogether, our analysis suggests the process that 
caused the LJE persisted throughout the “oscillatory O2 ” period, 
reached peak intensity after O2 levels stabilized above 0.0001% of 
the present atmospheric level, and continued until 𝛿13C returned 
to baseline values at ca. 2.02 Ga. 

These perturbations to the carbon and oxygen cycles were 
coeval with major climatic and environmental change. Specifi-
cally, the presence of glaciogenic diamictites at low paleolatitudes 
indicates the early Paleoproterozoic may have been punctuated 
by up to four global “snowball” glaciations (4, 71). Although 
the timing, number, and geographic extent of these glaciations 
is debated (62, 72–77), the presence of glaciogenic deposits in 
Africa, North America, Fennoscandia, and Australia provides 
strong evidence that the early Paleoproterozoic Earth was 
unusually susceptible to glaciation (74). Given the temporal 
coincidence between glaciation and O2 oscillations, models for 
the GOE frequently invoke feedbacks between climate and 
changes in Earth’s surface redox balance (64, 65, 72, 78). For 
instance, oxidation of atmospheric CH4 may have triggered the 
collapse of a methane greenhouse, driving a rapid drop in surface 
temperatures that plunged Earth into a glacial state. 

To investigate potential links among glaciation, the GOE, and 
the LJE, we use geochronological ages and the posterior section 
age models to constrain the age of each documented diamictite 
unit (SI Appendix, Fig. S40). We then use these age constraints 
to 1) determine which diamictites may be correlative, assuming 
four distinct Paleoproterozoic glacial events; and 2) compute 
conservative age ranges (reported as 95% probability envelopes) 
for each glaciation (Fig. 2B and SI Appendix). 

The Paleoproterozoic glacial epoch is constrained to 2,459 to 
2,214 Ma, with the oldest glaciation bracketed between 2,459 
and 2,436 Ma (Fig. 2B). Evidence from Fennoscandia, where 
the initial MIF-S to MDF-S transition occurs stratigraphically 
beneath the glaciogenic Polisarka diamictite, indicates that 
initial oxygenation of the atmosphere precedes glaciation (61). 
Considering all geochronological and superposition constraints, 
the onset of glaciation is approximately co-eval with or up to 6 
Myr younger than the earliest unambiguous loss of MIF-S and 
may either precede or postdate the LJE onset. The final Paleopro-
terozoic glaciation occurs between 2,262 and 2,214 Ma, which 
means the LJE onset very likely occurs prior to the termination 
of the glacial epoch. However, there is a 58% probability that the 
LJE peaks after 2,214 Ma, with the most likely peak postdating 
glacial termination by nearly 85 Myr. Thus, the LJE begins during 
a dynamic period marked by large swings in temperature and O2 
and peaks during a period of relative climate and redox stability. 
The wide envelopes of the early Paleoproterozoic 𝛿13C inference 
suggest that carbon cycling was similarly dynamic at this time, at 
least on local and regional scales, with 𝛿13C variability decreasing 
toward the end-LJE (Fig. 2A). 

Implications for the Cause and Nature of the LJE. In sum, our 
results lend renewed confidence to the hypothesis that the LJE is a 
global 𝛿13C excursion that coincides with major perturbations to 
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both the oxygen cycle and global climate. Importantly, these 
conclusions are agnostic to the excursion’s cause. Large-scale 
changes in 𝛿13C broadly reflect perturbations to the carbon 
cycle, but many different processes have been invoked to explain 
𝛿13C excursions throughout Earth’s history (79, 80). While the 
relative size of the organic matter and carbonate burial fluxes is 
a commonly invoked lever on 𝛿13C (8), models linking the LJE 
to other global phenomena (18–24, 81) are equally supported by 
our results. Hodgskiss et al. (25) provide a thorough review of 
competing models for the excursion. Ultimately, any explanatory 
model for the LJE must account for four essential features of 
our inference: 1) the probable duration and magnitude of the 
excursion (Table 1); 2) the rate of 𝛿13C change over time, which 
may provide an important constraint for coupled biogeochemical 
cycle models; 3) the temporal coincidence among changes in 
𝛿13C, atmospheric O2 levels, and climate; and 4) the excursion’s 
preservation in a wide range of depositional environments. As dis-
cussed previously, models invoking environmental modulation 
of 𝛿13C values remain compatible with—and perhaps tentatively 
supported by—our inference. 

Limitations and Future Research Directions. The statistical 
approach adopted here allows us to merge fragmentary, locally 
variable, and time-uncertain datasets to answer the question: 
If the 𝛿13C values of Paleoproterozoic carbonate rocks were 
influenced by a global process, then what does that global 
signal look like? We find that this global signal is a large and 
long-duration positive excursion consistent with the LJE (Fig. 
2). However, this result must be interpreted in the context 
of key methodological assumptions and limitations. First, due 
to computational limitations, our analysis only incorporates a 
representative subset of the existing 𝛿13C data. Our data selection 
algorithm maximizes spatiotemporal data coverage and ensures 
that stratigraphic 𝛿13C trends are optimally preserved (Materials 
and Methods). Still, some information inevitably is lost during 
subsampling; our approach minimizes that loss. Second, we 
reiterate that because the model assumes a global signal exists, it 
is predisposed toward the synchronous model for the LJE. Thus, 
while our inference is consistent with the synchronous model— 
meaning that the observations could be explained by the large 
positive 𝛿13C excursion in our posterior—it does not provide 
evidence against the asynchronous model. A global excursion 
could be spuriously inferred from sections with poor absolute 
age control that have been influenced by asynchronous local 
signals (e.g., diagenetic or environmental processes) that impart 
similar stratigraphic 𝛿13C patterns. Confidently distinguishing 
between these scenarios ultimately demands both improving the 
resolution of geochronological age models and constraining the 
processes influencing individual records via detailed sedimen-
tological and geochemical work. Fundamentally, our approach 
shows what the LJE looks like if the 𝛿13C record does have a 
global component. 

Conclusions 

Our Bayesian reconstruction of Paleoproterozoic 𝛿13C suggests 
the LJE is a global excursion preserved in a wide range of de-
positional environments. The LJE very likely (95% probability) 
begins between 2,551 and 2,238 Ma, subsequently peaking be-
tween 2,331 and 2,107 Ma. The maximum 𝛿13C value achieved 
during this peak is very unlikely (5% probability) to exceed 9.1, 
with a most likely peak of 7.3. Investigation of the temporal 

relationship among the LJE, multiple sulfur isotope data, and 
glacial diamictite occurrences reveals that the onset of 𝛿13C rise 
precedes or is coeval with the earliest oxygenation of Earth’s 
atmosphere, precedes permanent atmospheric oxygenation, and 
occurs before or during the Paleoproterozoic glacial epoch. The 
peak of the LJE likely postdates both permanent oxygenation and 
glaciation. The temporal coincidence among changes in 𝛿13C, 
O2 oscillations, and glaciation hints at—but does not require—a 
mechanistic link among the LJE, the GOE, and swings in climate. 

More generally, our 𝛿13C inference provides an explicit 
framework for testing hypotheses about Paleoproterozoic carbon 
cycling. The timing and magnitude of 𝛿13C change, along with 
associated uncertainties, provide useful first-order constraints. 
The continuous 𝛿13C curve also can be leveraged to estimate 
rates of change—for example, across the rising and falling limbs 
of the LJE—which may help to constrain plausible drivers for the 
excursion. Additionally, the posterior age models can be used to 
place data for multiple proxy systems (e.g., C, S, U, Mo, Ca, and 
Mg isotopes) in the same temporal framework. This integrated 
approach is essential for both decoding the LJE and unraveling 
the broader dynamics of biogeochemical cycling on an evolving 
Earth. 

Materials and Methods 
Geochemical Data Compilation. The initial 𝛿 13C database comes directly 
from the syn-LJE 𝛿 13C compilation of Hodgskiss et al. (25). We modified this 
compilation by documenting the stratigraphic position of each sample and 
excluding samples interpreted as diagenetically altered by the primary source 
based on strong independent evidence (e.g., trace element concentrations, 
𝛿 18O, and petrographic markers). We then expanded the database to include 
recently published data and data from formations that pre- and postdate the 
LJE. All 𝛿 13C values are recorded with analytical uncertainty; if the uncertainty 
was not reported by the primary source, we assume a value of ±0.2 (1𝜎). 
The complete 𝛿 13C database is provided in Dataset S1. 

Geochronological Age Constraints. The age of each stratigraphic section is 
constrained by depositional and/or limiting (detrital and intrusive) geochrono-
logical ages. All ages are recorded with the uncertainty reported in the primary 
source; since the inference model integrates dates from multiple decay systems, 
we use uncertainties that include decay constant errors when available. Sections 
that are missing a minimum or maximum age constraint but that are confidently 
mapped as Paleoproterozoic are assigned a nominal minimum/maximum age 
of 1,600 or 2,500 ± 50 Ma, respectively. Where necessary, we manually stack 
sections from different sources to encode known superposition relationships 
(e.g., constrained by regional mapping of geological formations) that are not 
strictly enforced by geochronological constraints. 

In most cases, all informative geochronological ages are included in the 
model. In rare cases where ages violate superposition, we select the age that 
is reproducible (corroborated by multiple independent sources) or that is more 
reliable, based on both our own and previous authors’ assessment of the 
data. For example, we consider that whole-rock carbonate U-Pb system dates 
typically are less reliable than igneous zircon U-Pb system dates, as evidenced by 
typically higher uncertainties and mean squared weighted deviation (MSWD) 
values. When considering detrital mineral ages, we only consider “youngest 
single grain” ages if the age of at least one additional grain overlaps within 
2𝜎 uncertainty. SI Appendix, Figs. S4–S36 show the age constraints used for 
each basin; where appropriate, we discuss specific age constraint choices in SI 
Appendix. In total, 124 unique age constraints are included in the inference. 

Data Subsampling. We subsampled the 𝛿 13C data because the model’s 
computational complexity scales as O(n3), where n is the number of 
observations (82). Consequently, inference is intractable for more than several 
hundred 𝛿 13C observations. 
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To subsample the data, we first assigned each stratigraphic section to a 
priority level between one (high priority) and four (low priority) using criteria that 
promote wide geographic and temporal coverage and deprioritize redundant 
(e.g., duplicate sections through the same formation) or potentially unreliable 
(e.g., sections with poor or missing age constraints) data. Criteria and priority 
level assignments are tabulated in SI Appendix. All sections assigned to priority 
levels one and two (N = 76) are included in the inference, while lower-priority 
sections are excluded. 

Then, we subsampled each section such that the overall stratigraphic 
trends are retained while redundant data and noise are removed. The section 
subsampling procedure (SI Appendix, Fig. S2) retains the minimum number 
of data points required to achieve a subsampled stratigraphic signal that is 
sufficiently similar to the full-resolution signal. The subsampled dataset contains 
849 𝛿 13C observations from sections with priority levels one and two, compared 
to 4,825 prior to subsampling. Both the original and subsampled data for each 
basin are shown in SI Appendix, Figs. S4–S36. 

Paleoproterozoic 𝜹 13 C Inference. Essential aspects of our Bayesian statistical 
model are summarized in the main text, and the model is extensively described 
and tested in Edmonsond and Dyer (36). The model is available as an open-source 
Python package, StratMC (https://stratmc.readthedocs.io/) (83), which is built 
on the probabilistic programming package PyMC (84). Here, we expand on the 
model structure and detail the parameters used to reconstruct Paleoproterozoic 
𝛿 13C. 

The prior age model for each section encompasses depositional histories 
ranging from continuous to highly episodic. We assume only that sample ages 
decrease upsection (stratigraphic superposition) and that the age of each sample 
must respect superposition with any over- and underlying geochronological age 
constraints. All geochronological ages are modeled as normal distributions with 
mean and SD equal to the reported age and its uncertainty. Geochronological 
ages that directly date a given 𝛿 13C observation (e.g., carbonate Pb-Pb dates), 
rather than providing a minimum or maximum constraint on its age, are enforced 
via a term in the model likelihood function. 

The shared (global) 𝛿 13C signal as a function of time, f(t), is modeled as a 
Gaussian process (GP). A GP defines a distribution of random functions described 
by their mean, m(t), and covariance, k(t, t ) (82): 

f(t) ∼ GP(m(t), k(t, t  )) [1] 

We set the GP covariance function to the sum of a radial basis function (RBF) 
kernel and a white noise kernel with variance equal to 0.1. The GP mean function 
is a constant, and its prior is a normal distribution with 𝜇 and 𝜎 equal to the 
mean and SD of the 𝛿 13C observations. 

The prior for the RBF kernel lengthscale is attuned to detect 𝛿 13C oscillations 
on the timescale of interest. Since we aim to reconstruct sustained changes in 
𝛿 13C across the LJE, which has a minimum duration of 128 Myr (9), we define 
the lengthscale prior such that changes in 𝛿 13C occurring on significantly shorter 
timescales are ignored. Specifically, the lengthscale prior is a Wald distribution 
with 𝜇 = 25 and 𝜆 = 50 that has been translated by +60. Restricting the 
prior lengthscale is necessary to ensure the long-term 𝛿 13C trend is not masked 
by higher-frequency variability. 

Previous observations suggest the 𝛿 13C values recorded by any given 
stratigraphic section may be influenced by local processes (e.g., local carbon 
cycling and diagenesis) that are unrelated to the global signal (34). To capture this 
expectation, the 𝛿 13C value of each sample is modeled as a normal distribution 
with a mean equal to the sum of the GP evaluated at the sample age and a 
per-section offset term (𝜙section), and SD equal to the sum of measurement 
uncertainty (𝜎sample) and a per-section geologic noise term (𝜂section): 

𝛿 13C sample ∼ Normal(f(t) + 𝜙section, 𝜎sample + 𝜂section) [2] 

The per-section offset priors are Laplace distributions with 𝜇 = 0 and 
b = 2, while the per-section geologic noise priors are half-Cauchy (positive 
only) distributions with 𝛽 = 1. Both of these distributions assign the highest 
prior probability to solutions with no local deviations from the global signal but 
have fat tails (high kurtosis) that allow for a wide range of offset and noise values. 

The posterior distributions are sampled using the No-U-Turn Sampler 
(85) implemented in PyMC (84). The model posterior is sampled by at 
least 100 independent Markov chains. Each simulation is run for 3,000 
steps, with the first 2,000 samples used for tuning (sampler “burn-in”) 
and then discarded. Convergence is evaluated using criteria detailed in 
SI Appendix. 

Data, Materials, and Software Availability. All data, code, and model results 
used in this work are available on Zenodo (https://doi.org/10.5281/zenodo. 
15460760) (86). 
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