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The organic carbon content of ancient rocks provides a fundamental record of the
biosphere on early Earth. For over 50 y, the high organic content of Archean (>2.5 Ga)
mudrocks has puzzled geologists and evolutionary biologists, because high biological
primary productivity was unexpected for the nascent biosphere before the rise of O,.
Here, we took a different approach to resolve this apparent paradox, by studying the
accumulation rates of Archean organic-rich mudrocks. We evaluated the sedimentation
rates of three sections of the Mount McRae Shale and Jeerinah Formation (2.68 to 2.48
Ga, Pilbara Craton, Australia) with new and recently published U-Pb zircon ages from
intraformational ash beds. For comparison, we compiled Phanerozoic (<500 Ma) data
from comparable depositional settings and developed an idealized model that considers
the sedimentation rates for predicting rock organic content. We found that organic-rich
Archean mudrocks were deposited under exceptionally low sedimentation rates (~1 m/
Ma), in sharp contrast to organic-rich rocks from the Phanerozoic Eon (10 to 100 m/
Ma). Constrained by observations, model results indicated that the Archean data reflect
low primary productivity (~100-fold lower than during the Phanerozoic) and enhanced
preservation under anoxic conditions, with the principal control on organic carbon
content provided by dilution with inorganic sediment. Thus, the high organic carbon
content which is typically attributed to high productivity instead reflects slow accumu-
lation, high preservation, and minimal inorganic dilution—reconciling the geological
evidence with a slow carbon cycle cadence during Archean time.

carbon burial | early biosphere | carbon cycle | Precambrian | primary productivity

The burial of organic matter in sedimentary basins is a principal carbon cycle export.
Consequently, the total organic carbon (TOC) content of sedimentary rocks provides a
valuable time-integrated measure of the operation of the carbon cycle at times in Earth’s
past. TOC contents reflect a balance of ecological and environmental processes that pro-
duce and consume organic carbon—primary production and carbon remineralization,
convolved with transport processes—benthic carbon delivery, O, exposure time, and
inorganic sedimentation. Contributions of each of these processes are expected to vary
over time making changes, or lack thereof, in TOC concentrations difficult to interpret.

Archean successions contain organic-rich mudrocks (“black shales”) with TOC contents
comparable to modern sediments (1), leading some to argue that carbon cycle dynamics
on early Earth were similar to today (2, 3), despite the nascent biosphere and different
redox states of the oceans and atmosphere (3, 4). However, TOC content alone cannot
serve as a direct measure of primary production and the subsequent organic delivery flux
to the sediments because it is significantly modified by degradation and by dilution with
inorganic sediments (5, 6). In more recent Earth history, TOC values reflect small differ-
ences between two big fluxes: high rates of primary production associated with oxygenic
photosynthesis, and high rates of remineralization fueled by aerobic respiration. In prin-
ciple, similarly high TOC contents could also result from lower rates of primary production
and commensurately lower carbon remineralization. To understand which of these inter-
pretations is correct, one must quantify the flux of organic carbon accumulation—fortu-
nately, this is possible with knowledge of sedimentation rates.

The sedimentation rate is a primary parameter dictating the amount of TOC in sedi-
mentary rocks (7-9), as it drives an interplay between the O, exposure time of the sediment
and the degree of dilution by clastic inorganic input. Well-constrained sedimentation rates
throughout Phanerozoic successions (<500 Ma) and in modern basins have allowed us to
understand this relationship. Regimes of low sedimentation rates are commonly associated
with low TOC content (5, 10), as they allow prolonged sediment exposure to O, and
subsequently longer intervals of organic oxidation (11). On the other hand, high sedi-
mentation rates rapidly bury organic carbon, improving organic matter preservation by
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reducing the O, exposure time, but diluting TOC contents
through the codeposition of clastic, often terrigenous sediments
(e.g., coastal or deltaic sediments) (12). Therefore, rocks with the
highest TOC contents are typically associated with moderate sed-
imentation rates, near 20 to 50 m Ma™' (6, 7), representing an
optimal balance between organic matter preservation and sedi-
ment dilution.

Prior to the Great Oxygenation Event (GOE; 2.45 to 2.32 Ga),
the major pathways of organic matter remineralization are thought
to be distinct from dominant pathways in the Phanerozoic Eon,
potentially driving a different interplay between remineralization
and sedimentation rates. The major remineralization pathways
during Archean time were presumably fermentation and meth-
anogenesis (13, 14)—pathways that use organic matter or prod-
ucts of its decomposition as electron acceptors, instead of external
electron acceptors used in respiration (e.g., O,, NO;, SO,%),
which are typically limited in deep sedimentary pore fluids. Under
such conditions, remineralization rates may depend less on
proximity to the water—sediment interface, and therefore, low
sedimentation rates will not necessarily lead to lower TOC con-
centrations. This logic suggests that the relationship between sed-
imentation rates and TOC in Archean sedimentary rocks was
likely different from the pattern observed throughout the
Phanerozoic Eon. Thus far, interpretations of the TOC record in
Archean sedimentary rocks have not considered sedimentation
rates—largely because most geochronological constraints for
Archean basins remain inadequate for comparison with younger
intervals in Earth history. Here, we quantified the sedimentation
rates and constrained the rates of Archean carbon cycling (e.g.,
primary production and remineralization) based on new, and
recently published (15), intraformational U-Pb zircon ages from
thin, intercalated tuff beds in the stratigraphy. The results revealed
that organic-rich rocks were generated in a very different fashion
on the early Earth than they are today.

Results and Discussion

Extremely Low Sedimentation Rates of Archean Organic-Rich
Shales. The Mount McRae Shale and Jeerinah Formation of the
Hamersley and Fortescue groups (Pilbara Craton, Australia) are
Neoarchean organic-rich shales (mudrocks) that were deposited on
a marine platform during major marine transgressions (16). The
sedimentary succession from the base of the Jeerinah Formation
to the top of the Hamersley Group is interspersed with thin,
zircon-bearing ash layers that provide intraformational U-Pb
age constraints on the accumulation rates of the shales, banded
iron formations (BIFs), and carbonates (15-20). We calculated
the sedimentation rates for intervals within the Mount McRae
Shale and Jeerinah Formation (Fig. 14) based on both previously
published ages (15, 20), and new, improved age constraints that
we measured for the bottom tuff band of Jeerinah Formation in
drill-hole DDH186 (drill-depth 203.5 m) (S Appendix, Fig. S1
and Table S1). For the Mount McRae Shale, ages were generated
from mm-thick tuffs from the top of the shale (drill-hole WLT10,
drill depth 382.15 m, equivalent to 110.5 m in ABDP9, age of
2,483 + 7 Ma) and from near the base of the unit (drill-hole
ABDP?9 drill depth 175.6 m, age of 2,533 + 6 Ma) (15). For the
Jeerinah Formation, ages were generated from tuff beds in drill-
hole DDH186 (176.15 m, 2,664 + 7 Ma; 203.5 m 2,681 + 10
Ma) and drill-hole WRLI1 (2,632 + 7 Ma) for a tuff layer ~1.5 cm
above the regionally extensive Jeerinah Impact Layer (equivalent
to 146.0 m in DDH186) (20).

We calculated linear sedimentation rates for the Mount McRae
Shale, and the upper and lower zones of the Jeerinah Formation,
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by dividing the section thickness by its time span of deposition.
Because linear calculations can lead to underestimations of sedi-
mentation rates if the sections include episodic hiatuses, we
decreased the likelihood of significant hiatuses by only integrating
within strata bearing the same textures, sedimentary structures,
and absent lithological discontinuities (no paleosols, conglomer-
ates, sequence boundaries or other mappable discontinuities). For
a fair comparison, the same approach was employed to generate
the comparative Phanerozoic dataset [e.g., (7); Materials and
Methods). To evaluate the uncertainty of the ages, we applied a
full Monte Carlo approach—the reported sedimentation rates
marked the median of the Monte Carlo simulations, while the
errors reflected their 68% CI (calculations using mean ages yielded
similar sedimentation rates; Materials and Methods). Sedimentation
rates for the Mount McRae Shale and the upper and lower zones
of the Jeerinah Formation were 1.30 m Ma ™', 0.94 m Ma™', 1.61
m Ma ™', with 68% CI corresponding to rates of 1.10 to 1.59 m
Ma',0.82t01.11mMa,and 1.18t02.49 m Ma ™", respectively
(study section thicknesses were 27 m, 30 m, and 65 m, respec-
tively; Fig. 1A4).

Results revealed that the organic-rich black shales within the
Mount McRae and Jeerinah formations accumulated under excep-
tionally low sedimentation rates (~1 m Ma™")—rates akin to those
observed today beneath open ocean gyres (23), and in sharp con-
trast to the rates at which organic-rich rocks from Phanerozoic
basins accumulated (10 to 100 m Ma™'; data compilation in
Fig. 1B and references within Dataset S1). When plotted on a
TOC versus sedimentation rate diagram, the Archean shales sat
in a distinct region unpopulated by any Phanerozoic organic-rich
rocks (Fig. 1B). Further, we observed that the mean and the
median TOC content of Phanerozoic samples are two orders of
magnitude lower than Archean data within the same range of
sedimentation rates (0.82 to 2.49 m Ma™', which is the range of
the uncertainties of the Archean samples) (Fig. 1C). This result
highlights the importance of sedimentation regimes when inter-
preting TOC values of Archean rocks and contrasts sharply with
the hypothesis that Archean carbon fluxes were similar to those
during Phanerozoic time (2, 3, 24).

When comparing sedimentation rates among units of any age,
it is important to consider possible differences in time spans
between the two nearest geochronological age constraints since it
has been shown that integrating over larger time spans results in
systematically lower sedimentation rates—a phenomenon known
as the Sadler Effect (25). To evaluate this, we plotted our Archean
and Phanerozoic datasets on a “Sadler diagram” (22), which com-
pares the sedimentation rate against the integration time span of
samples compiled from various depositional environments
(Fig. 1D). For this comparison, we used a subset of the Phanerozoic
dataset, including all samples with TOC contents within the range
of the Archean samples, as we attempted to evaluate the difference
in the depositional settings of organic-rich rocks over the two
different time periods. It is important to emphasize that the sed-
imentation rate of the Phanerozoic samples was calculated by the
same method as for the Archean samples (Materials and Methods)—
by linear integration between two age constraints within sedimen-
tologically congruous lithotypes. These datasets capture and
compare organic-rich, lithified mudrocks (including oil window
to subgreenschist facies metamorphism), they were similarly sus-
ceptible to compaction, alteration, and erosion, and thus these
postdepositional factors are expected to be comparable. This anal-
ysis shows that the time span of integration between Archean and
Phanerozoic datasets is fair and comparable; put another way, the
“Sadler effect” is negligible relative to the sharp difference in sed-
imentation rates between organic-rich Archean and Phanerozoic
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Fig. 1. Archean organic-rich mudrocks accumulated at exceptionally low sedimentation rates. (A) Stratigraphic column from Hamersley Province [modified after
(21)], the U-Pb zircon dates of tuff beds are in orange and the linearly calculated sedimentation rates in red (faded red denotes the 68% Cl). The inset illustrates
the tuff beds texture. (B) Total organic carbon (TOC) content versus the sedimentation rate of Archean samples from the Jeerinah and Mount McRae shales (red
triangles, n = 64) compared with Phanerozoic rocks and sediments (blue circles, n = 1,052), compiled from various studies. (C) Cumulative frequency distributions
for TOC contents of Archean (red solid line) and Phanerozoic (blue solid line) samples that were deposited under similar sedimentation rates (0.82to 2.49 m Ma™,
range limits correspond to the Cl range of the Archean samples). Dashed vertical lines denote the mean TOC content of the datasets. (D) Phanerozoic rocks with
TOC within the range of the Archean shales and the Archean shales data plotted on a “Sadler diagram” (22), which examines the relationship between calculated
sedimentation rates and their time span of integration, in various depositional environments. The inset demonstrates that Archean samples are not within the

95% Cl of the extrapolated linear model, based on the Phanerozoic data.

rocks (Fig. 1D, Inser). Additionally, the Sadler diagram emphasized
the unusual depositional settings of these Archean organic-rich
shales, as they overlapped with data from Cretaceous-Modern
abyssal clays (Fig. 1D), which, interestingly, tend to be the most
organic-lean part of modern basins. Although this analysis pointed
to remarkably low sedimentation rates for the Mount McRae and
Jeerinah shales given that they were not deposited in abyssal plain
settings, such low detrital sedimentation rates are consistent with
the geological settings of these units. Mount McRae and Jeerinah
shales were deposited in settings that resemble marine platforms—
above a thin continental crust, during maximum transgression of
the shoreline, stratigraphically far from any continentally derived

PNAS 2025 Vol.122 No.2 e2417673121

sandstone or conglomerate units (15). The sedimentary textures
indicated that the mode of sediment delivery was settling from
suspension, and volcanic ash is a major component of these shales
(15), suggesting that their clastic input was delivered primarily by
wind, rather than by rivers or currents. Therefore, this setting
might have been analogous to some modern marine carbonate
platforms, while the lack of planktonic skeletal carbonate precip-
itation led to much lower sedimentation rates than observed today
in such environments.

Post depositional processes may impact not only the apparent
sedimentation rates but also the organic content of the rocks. As
both Archean and Phanerozoic datasets include source rocks [e.g.,
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(7)], the effects of catagenesis and oil and gas generation and
migration are expected to be comparable as well. Although the
Archean Mount McRae and Jeerinah shales are not highly meta-
morphosed (subgreenschist facies), it is plausible that the shales
have experienced additional organic loss during thermal matura-
tion due to their antiquity. However, the consideration of a pre-
catagenesis, potentially higher organic matter content for the
Archean shales would only amplify the discrepancy between the
Archean and the Phanerozoic samples of comparable sedimenta-
tion rates (Fig. 1).

Estimating Rates of Archean Carbon Cycling using an Idealized
Model. To better understand and quantify the processes behind
the discrepancy between the Archean and Phanerozoic datasets
(Fig. 1), we established a simple model that predicts the TOC
content for a given sedimentation rate, considering the delivery
flux of organic carbon and the O, exposure time (for full model
description and sensitivity tests S/ Appendix). The model includes
five adjustable parameters: delivery flux of organic carbon (related
to primary productivity), O, penetration depth, rate constant of
aerobic remineralization, the burial efficiency of organic carbon
in anaerobic sediments, and sediment density. Overall, the model
predicts how different delivery fluxes of organic carbon would be
recorded as TOC contents for a given sedimentation rate, under
specific assumptions about the redox state of the environment.
To test the model on Phanerozoic samples, we defined a range
of adjustable parameters based on studies of modern sedimentary
basins (87 Appendix, Table S2). We then compared the TOC con-
tents predicted by the model to the measured TOC of Phanerozoic
rocks, considering their sedimentation rates (7 = 1,052). The

model readily described the Phanerozoic data with nonunique
combinations of delivery fluxes and O, penetration depths in the
typical ranges of modern sediments (Fig. 24 and SI Appendix,
Fig. S2). According to the model, the delivery flux that best
explained the Phanerozoic data was 20 gC m™ y™', considering
the typical range of O, penetration depths in most modern basins
(1 to 40 mm) (26). While delivery fluxes are expected to naturally
vary within limits both in space and time, this value agreed with
modern delivery fluxes observed locally (10, 27, 28) and with
estimated global fluxes (S7 Appendix, Table S3).

However, the model could not capture the high TOC contents
we observed for the Archean shales deposited under low sedimen-
tation rates (Fig. 2A), unless the adjustable parameters were sub-
stantially different from their modern/Phanerozoic values. To fit
the model to the Archean data, we needed either extremely ele-
vated primary productivity (enhanced primary productivity
model, delivery flux = 10,000 gC m ™y, O, penetration depth =
1 mm; Fig. 2B), or exceptionally low remineralization rates. Such
low remineralization rates could be easily established by simulating
fully anaerobic conditions. When anaerobic conditions were con-
sidered, the coupled primary productivity required to fit the
Archean data was significantly lower than that in the modern/
Phanerozoic model (anaerobic model: delivery flux = 0.33 gC m ™
y'l, O, penetration depth = 0; Fig. 2C).

Archean Shales Reflect Slow Delivery and High Preservation of
Organic Carbon. Model results suggested that the co-occurrence
of low sedimentation rates and high organic carbon content
in the Archean shales could be explained by a regime of low
accumulation rates of organic carbon, limited input of inorganic
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Phanerozoic data with nonunique combinations of input parameters (organic carbon delivery flux, O, exposure time, and sedimentation rate). The green areas
represent model predictions for a constant delivery flux of 20 gC m™y™", and varying O, penetration depths from 1 to 40 mm (according to the legend). The beige
area (Bottom Left) represents the predicted TOC persistence range for oligotrophic sediments, based on (29) (for model details and sensitivity tests, S/ Appendix).
Archean TOC versus sedimentation rate data could potentially be explained by (B) enhanced primary productivity (PP) model or (C) anaerobic oceans. In both
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terrigenous sediments, and low rates of remineralization (Fig. 2C).
Alternatively, these sediments could have accumulated under very
high fluxes of organic carbon, and their TOC content remained
high despite their prolonged exposure to O, and extensive
remineralization (Fig. 2B). These two possible scenarios, however,
made very different predictions about how TOC content should
change at higher sedimentation rates: in the former, TOC content
should decrease with higher sedimentation rates due to dilution
by inorganic clastics (Fig. 2C), while in the latter, TOC content
should increase with sedimentation rate as O, exposure time is
ameliorated (Fig. 2B). Thus, to test which of these scenarios best
explains the Archean data, we used our idealized model to predict
TOC values across a wide range of sedimentation rates for the two
scenarios, and compared these results with observations of Archean
TOC data and limited examples wherein sedimentation rates were
established previously by other studies for different Archean rock
types (e.g., carbonates and BIF; Dataset S2).

Based on our model results, the enhanced primary productivity
scenario would require a delivery flux of organic carbon of
10,000 gC m ™ y" (while O, penetration depth = 1 mm) to barely
reach the TOC values measured within the least organic-rich samples
of the Archean data (Fig. 2B and SI Appendix, Table S4). This delivery
flux is roughly 2 to 3 orders of magnitude higher than estimates of
modern fluxes (6, 28). In contrast, the anaerobic scenario easily
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explained the Archean data, based on model runs with anoxic con-
ditions (i.e., O, penetration depth = 0 mm) and a delivery flux of
organic carbon of only ~0.33 gC m™ y'—approximately 60-fold
lower than in the Phanerozoic model (Fig. 2C and S/ Appendix,
Table S4). We also considered a subscenario wherein prior to the
GOE, the degree of anacrobic remineralization was lower than during
the Phanerozoic and only ~10% of the organic matter was reminer-
alized (13), since sulfate reduction (a principal mode of anaerobic
respiration in marine basins today) is thought to have been limited
by low seawater sulfate (30). Such a scenario required a delivery flux
of 0.1 gC m™y", which is approximately 200-fold lower than in the
Phanerozoic model and modern estimates (S Appendix, Table S4).
We compared the TOC values predicted by the model with a
comprehensive database of TOC measurements of samples from
Archean basins deposited across a range of sedimentary facies and
depositional conditions [z = 1,992; Dataset S3, compiled after
(31)], to test the plausibility of the two carbon cycling scenarios
that could in principle explain the Archean shales data (Fig. 3 A
and B). We first defined a sedimentation rate distribution as a
model input. Since extensive data for Archean sedimentation rates
are lacking, we used the sedimentation rates captured by the
Phanerozoic data compilation, because the basin dynamics during
Neoarchean time are thought to be similar to those of Phanerozoic
basins (32, 33). The results of this comparison demonstrate that
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Fig. 3. Comparing the Archean model scenarios to broader Archean datasets. (A) A rank order plot of the TOC concentrations predicted by the enhanced primary
productivity model (green dots) and the anaerobic model (purple dots; original models are presented in Fig. 2 B and C, respectively). (B) A rank order plot of a
data compilation of measured TOC of Archean rocks (n = 1,992). In panels (A) and (B) the area shaded in gray represents the TOC range of Jeerinah and Mount
McRae shales. (C) A Kernel density distribution of TOC content for Archean rocks, grouped by lithology—shales (blue), carbonate (beige), and iron formations
(pink), dashed lines denote the medians. (D) The dilution-controlled Anaerobic model (gray dashed line and gray shaded area), plotted with compiled TOC and
sedimentation rate (16) data of Archean formations of the Hamersley Group, “x” symbols denote outliers.
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the model predictions matched the compiled TOC data only in
the anaerobic scenario (Fig. 3 4 and B), in which the organic
carbon delivery flux is 1 to 2 orders of magnitude lower than
modern fluxes (S Appendix, Table S4). These results support pre-
viously published estimates, which suggest that Archean primary
productivity was lower than the Phanerozoic by 1 to 3 orders of
magnitude (34-37). These results also support the hypothesis that
the organic burial efficiency in Archean basins was higher than
the modern (38, 39), as the modeled scenarios that fit the data
require high burial efficiency and low rates of remineralization

(SI Appendix, Tables S5 and S6).

Archean Organic Carbon Content was Principally Controlled by
Sediment Dilution. In the absence of O,, the main factor limiting
TOC concentrations of Archean rocks would have been dilution
by inorganic sediment. Such a dilution effect may explain the
typical TOC distribution between different lithologies in the
Archean rock record (Fig. 3C), as often TOC negatively correlates
with the characteristic sedimentation rate of the lithology (Fig. 3
C and D). Under an anaerobic scenario (Fig. 2C), our model
links sedimentation rate and TOC by a power law function, with
a slope of -1 on a log-log scale (assuming a uniform organic
matter delivery flux; for calculations SI Appendix). When we
examined the limited available data from shales, carbonate, and
iron formations of the Hamersley Group on a log-log scale, the
TOC and sedimentation rates followed this power law (Fig. 3D),
as expected when TOC is determined primarily by the dilution
effect (ST Appendix).

Furthermore, the dilution effect may help explain the iconic
low TOC contents of iron formations (40-42), as they were depos-
ited under comparatively high sedimentation rates (16) (Fig. 3D).
Since data from iron formations plotted on the dilution trend
(Fig. 3D), our model indicated that their overall low TOC content
could be a depositional feature controlled by dilution with inor-
ganic chemical sediment. Although this does not rule out micro-
bial Fe(III) reduction as an explanation for the low TOC content
of iron formations, it offers an alternative, simple path for obtain-
ing low TOC under high fluxes of inorganic chemical precipita-
tion. This supports previous petrographic studies suggesting that
microbial Fe(IlT) reduction was not the dominant pathway for
forming Fe(II)-bearing phases in iron formations and that the
primary phase of iron formation precipitation included a signifi-
cant Fe(II) component (43).

Conclusions

Over fifty years ago, it was recognized that Archean mudrocks
can have very high organic contents (44)—a feature unanticipated
for the early biosphere because it is typically attributed to high
biological productivity in Modern environments. Altogether our
geochronological observations and the ability to constrain rates
established that Archean organic-rich black mudrocks developed
under remarkably low sedimentation rates and that the high
organic carbon contents of Archean mudrocks instead reflect a
regime of slow carbon cycling with low delivery rates and high
preservation. To fit the observations, model results estimated that
both the organic carbon delivery and remineralization rates were
roughly two orders of magnitude lower in late Archean time than
they were in Phanerozoic basins (87 Appendix, Tables S4 and S6).
The accumulation of organic-rich mudrocks at extremely low
sedimentation rates points to a mode of organic matter deposition
apparently unique to an era prior to the GOE, marked by
enhanced organic carbon preservation and very low primary
productivity.

https://doi.org/10.1073/pnas.2417673121

Materials and Methods

Geochronological Constraints for the Jeerinah Formation. Zircon crystals
from a thin tuff band in the lower Jeerinah Formation in drill-hole DDH186
(drill-depth 203.5 m) were identified petrographically and drilled from polished
thin sections and cast in a 25-mm-diameter epoxy mount. Zircon crystals were
analyzed using the Sensitive High-Resolution lon MicroProbe (SHRIMP) housed
in the John de Laeter Centre, Perth, Western Australia. Analytical procedures fol-
lowed established methodology for small-spot in situ analysis of zircon from
microtuffs (20), using O, primary ion beam focused onto an ellipsoidal spot
~10 um in dimension. Zircon standards were set in separate mounts that were
cleaned and gold-coated in conjunction with the sample mounts. Zircon U-Pb
data were acquired in two analytical sessions. During both sessions, the mass
resolution (M/AM at 1% peak height) was >5,100. Eight scans of the mass
spectrum were recorded for each analysis. BR266 [2Pb/**U age = 559 Ma,
U =903 ppm; (45)] was used as a primary reference standard for calibrations of
Pb/U and U concentrations, and 0G1 (*”’Pb/2%Pb age = 3,465 Ma) was used as
asecondary standard to monitor instrumental mass fractionation of “’Pb/2*Pb
(46).Throughout the analgtical sessions, a total of seven analyses on 0G1 yielded
aweighted mean 2%Pb/**°U age of 3,464 + 11 Ma (MSWD = 1.18),in agreement
with the reference value.

Zircon U-Ph data are provided in S/ Appendix, Table S1. Squid 2 (47) was used
for data reduction, and Isoplot 4 (48) was used for the age calculation and data
visualization. Data were evaluated and screened based on discordance of U-Pb
data, calculated as 100 [t(”’ Pb/2*Pb)-t(***Pb/>*U)]{*’ Pb/2**Pb], and apparent
common Pb level (fraction of nonradiogenic *°Pb, denoted as f,q). SHRIMP U-
Pb data with 1o precisions include the propagated uncertainty in common-Ph
correction and reproducibility in Pb/U for reference standard.

The zircon grains we observed from the tuff bed were small (typically <50 um)
and euhedral. Some of the grains were composites, comprising 2 or 3 distinct
zircon crystals. We obtained a total of 24 analyses from mount BR21-08 during
the two analytical sessions. These new data were combined with the 11 analyses
previously acquired from the same tuff (20). The combined dataset was evaluated
based on discordance and common Pb criteria. Eleven analyses that displayed large
discordance (disc. >10%) and/or high common Pb (f,,, >1.3%) were considered
unreliable and subsequently disregarded in age interpretation. The remaining
data were subdivided into three groups: Group 1 included analyses that are con-
cordant (disc. <5%) and contained low common Ph (f,g, <1%); Group 2 included
analyses that were either near-concordant (disc. = 5 to 9%) and displayed <1%
common Pb or concordant but with marginally higher common Pb (4, = 1.0 to
1.3%); and Group 3 were analyses that met the criteria for Group 1 or Group 2 but
yielded apparentyounger®”’Pb/*Ph dates i.e., <2,620 Ma), classified as "young
outliers." The concordant and near-concordant young outliers may have suffered
ancient P loss (49) and hence were not used in age determination calculations.

Twelve analyses of the most robust data (Group 1) gave a weighted mean
207pp/2%ph age of 2,681 + 12 Ma (MSWD = 1.4). By including 8 analyses with
slighter higher common Pb (1.0 to 1.3%) and/or expanded discordance (+5 to
9%) (Group 2), the weighted mean **’Pb/***Pb age became 2680.8 = 9.5 Ma
(n=20; MSWD = 1.4) (5 Appendix, Fig. S1). Thus, we interpreted 2,681 = 10
Ma to be the best estimate for the age of the tuff.

Estimating Mount McRae and Jeerinah Sedimentation Rate. The sedimen-
tation rates of Mount McRae and Jeerinah shales were calculated based on the
stratigraphic section thickness divided by the time span of deposition, revealed by
previously published (15,20)and new geochronological constraints (Fig. 14 and
SIAppendix, Fig.S1,Table S1).To estimate the uncertainties on the sedimentation
rates given the uncertainties in the ages, 68% Cl were calculated by Monte Carlo
subsampling simulations, by applying the Monte Carlo error propagation Matlab
function (50). We applied a Gaussian error distribution to the ages in the Monte
Carlo simulation. The number of Monte Carlo subsamples was 100,000, following
the default function settings. The reported sedimentation rates represent the
median of all simulations and were very similar to the results of the equivalent
calculation using the mean ages.

Compiling Phanerozoic TOC and Sedimentation Rates. To compare the

Mount McRae and Jeerinah shales (Archean shales) with Phanerozoic samples,
we aimed to include Phanerozoic samples that 1) captured a wide range of

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2417673121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2417673121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2417673121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2417673121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2417673121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2417673121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2417673121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2417673121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2417673121#supplementary-materials

Downloaded from https://www.pnas.org by CALIFORNIA INST OF TECHNOLOGY ; CALTECH LIBRARY SERVICES on January 6, 2025 from | P address 131.215.220.163.

sedimentation rates, including those similar to Archean shales, and 2) captured
awide range of organic carbon contents, particularly organic-rich rocks with TOC
contents similar to our Archean shales. For this comparison, we used only datasets
that included both the TOC content and the sedimentation rate of the sampled
section. Many Phanerozoic rocks and sediments are not comparable with the
Archean shales in their sedimentation rates, as the Archean sedimentation rates
are exceptionally low. Therefore to augment the dataset at low sedimentation
rates, we used data from Cretaceous to modern sediments below the South
Pacific Gyre, from I0DP Expedition 329 (23). Due to the lack of intraformational
geochronological constraints for Proterozoic rocks, our comparison includes a
geologic gap, however, as Phanerozoic sedimentation regimes were thoroughly
studied, the Phanerozoic data provide a useful framework for interpreting the
Archean depositional settings.

For comparing Mount McRae and Jeerinah shales with Phanerozoic samples
of similar TOC content, we used Mesozoic and Cenozoic data from a comprehen-
sive study of organic carbon and sedimentation data from Deep Sea Drilling
Project cores (7). As this study focuses on petroleum source rocks, it includes
organic-rich shales, with TOC contents within the range of the Archean shales.
This dataset includes coupled TOC and sedimentation rate measurements and
was incorporated into Dataset S1.

To examine a broader age range of Phanerozoic marine sedimentary rocks,
we additionally used TOC data generated from various studies (Dataset S1). The
ages of the rocks considered ranged from 539 to 180 Ma, with a mix of lithotypes
including a majority of carbonates. For this dataset, the sedimentation rates were
not previously published but calculated based on intraformational age constraints
and stratigraphic height, while age models and stratigraphic thickness were from
the original publication orfollowing (51). The sedimentation rates were calculated
by dividing the section thickness by the time span of deposition. For studies that
included radiometric ages or stage-level assignments of the lithostratigraphy, the
sedimentation rates were calculated for sections confined between two independ-
ent age constraints. To calculate the sedimentation rates of stratigraphic sections
that were coupled to continuous age models, but did not include stage-level age
constraints, the boundaries of the integrated sections were chosen arbitrarily, while
integrating over similartime spans (~1 Ma) to minimize the "Sadler Effect.” Overall,
the integrated time spans for the sedimentation rates calculated in this study varied
between 0.6 and 8.9 Ma. For comparation, the variations in integrated time spans
in previously published sedimentation rates from (7), which are also part of the
Phanerozoic compilation (Dataset S1), ranged between 0.1 and 26.1 Ma.

Modeling TOC as a Function of Sedimentation Rate. To understand and
quantify the processes leading to the differences between the Archean and
Phanerozoic TOC datasets, we developed a model that predicts the TOC concen-
tration for a given sedimentation rate, considering the delivery flux of organic
carbon and the O, exposure time (11). The TOC concentration of the initially
deposited surface sediments was calculated by S/ Appendix, Eq. S1 (the organic
carbon delivery flux is an adjustable parameter). The values substituted for the
tunable parameters were taken from prior studies for the Phanerozoic model
(51 Appendix, Table S2), while for the Archean model, the organic carbon delivery
fluxand O, penetration depth were adjusted to fit the Archean data, according to
different hypothetical scenarios (S/ Appendix, Table S4). Our model predictions
also considered an empirical term that describes the typical persistence of TOC
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study, coupled with TOC data from ref. 52 for the Mount McRae Shale and (53) for
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simulations to account for the uncertainty on the ages. Sedimentation rates for the
Jeerinah Formation were calculated based on both new and previously published
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exhaustive Archean database. In Fig. 3C, we used the same compiled database,
but focused on its lithologic classification, to compare the TOC values of Archean
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