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Supplementary Discussion
Deviation of equations and sensitivity test

REY complexation in seawater is generally dominated by the formation of
carbonate complexes REYCO;*, and then REY(COs), (/). Therefore, the oxidation of
trivalent Ce can be written as below, and similar equations have been derived by Cao et al.

(2) and references therein:

3 1
CeCOF + EHZO + ZOZ = HCO3 + 2H* + Ce0, [1]

3 1
CeCO; +EH20 + ZOZ = 603_ + 3H+ + C602 [2]

3 1
Ce(CO3); +5H,0 + 70, = 2HCO; + H* + CeO, [3]

3 1
Ce(CO3); +5H,0 +7 0, = 2005 + 3H + Ce0, [4]

In these equations, we assume that when Ce" oxidizes to Ce*, it precipitates from
the aqueous system as Ce oxide and only Ce** is incorporated into carbonates. We assume
dissolved O was in equilibrium with atmospheric O> in shallow-marine environments.
Thus, no matter what Ce complexation equation one uses, the Ce oxidation model can be

generalized with the following equation using Henry’s Law:
10g(Cce(coyy;) = —logK —;1og(p0,) + log{X} — YpH [5],
where K is equilibrium constant, activity of water = 1, Cce(co,); = total  dissoved
trivalent Ce, X = sum of HCO3 and CO§", andY =1,2,3.
Therefore, assiming all other variables are consistenat in eqn [5], we can derive a

relationship between total dissolve Ce concentration (Cce(co,);) and partial pressure of

oxygen in the atmosphere (p0,) and pH.

1

[6]

Cee(coyy; ~ — 1
{p0O2}4

108(C6e(co3);) ~—YpH [7]



Assuming that the Nd and Pr concentration in the water column did not change

significantly, then the Ce anomaly mainly reflects changes in Cce(co,);. If we use the
common definition of Ce/Ce* = Ce X Nd/Pr? (3) and assume Ce*', Pr’**, and Nd*' have
similar solubilities in the oceans and the relative partitioning of Ce vs. Pr and Nd into
carbonates has remained the same through time, the atmospheric p0O, and seawater Ce/Ce*
are reflected in the Ce/Ce* ratios of shallow-marine carbonates.

Therefore, assuming that pH and K did not vary significantly, we can use the

C 1
c:* = 1 [8].
{p02}4

following relationship to quantify changes in p0O, using Ce/Ce*:

We can then write the equation as

Ce M
p0,” = (u )* - p0, 9],

(c)

in which superscripts P and M indicate the past and modern parameters, where p0,” is
the partial pressure of atmospheric oxygen in the atmosphere at any time in Earth’s history,
p0,M is the partial pressure of atmospheric oxygen in the modern atmosphere. We can
then calculate p0,” at any given time of Earth’s history if well-preserved carbonate

Ce/Ce* values are available.
Sensitivity test for pH and alkalinity

We have derived the general Ce oxidation model with the following equation:
log(Cce) = —logK — ;1og(p0;) + log{X} — YpH [5],

where C, = total dissolved trivalent Ce, X = sum (HCO3,C035),andY = 1,2, 3.



Therefore, depending on alkalinity (combined bicarbonate and carbonate concentrations),
pH change could have different degrees of influence. The present-day seawater has a pH

of ~8.1 (M stands for modern in the equation below). If we assume a lower pH in the past
(P stands for past in the equation below), we get the following pH-dependent relationship

using equation [5]:

Y

Ce M CP
p0,” = (%) : <C((Z—:))> -p0,™ [10], where Y = 1, 2 or 3 depending on carbonate
Ce* H

vs. bicarbonate concentrations in seawater.

Consequently, if pH was lower in the past (4-6), this would have caused
underestimation in our calculations of p0,. This is shown by the relationship between pH
and p0, in Supplementary Figure la, and Y and pO, in Supplementary Figure 1b, which
illustrate dependence on pH and carbonate complexation. For example, if pH was 7.9 in
the Paleoproterozoic surface ocean, our best estimate for pO, would increase from 0.8%
to 1.3% or 3.2% for Y equal to 3 instead of 1. This implies that our best pO, estimates are

the minimum values if seawater pH was indeed lower in the past.
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Supplementary Figure 1. a. pH vs. pO, (% PAL) plot with Y =1.b. Y vs. pO, (% PAL)
plot for pH = 7.9. Note that the modern seawater pH of 8.1.



Data filtering

Diagenetic alteration can affect the signal recorded by the chemical composition of
carbonate rocks; therefore, we carefully screened carbonates for a range of diagenetic effects
by combining geologic, petrographic, and elemental and isotopic data. For analyses from the
published literature, we compiled data only for samples that are considered to reflect primary
depositional environments. For our own analyses, we selected samples with known
sedimentological and stratigraphic contexts, most of them were previously analyzed for other
proxies. Petrographic analysis was used to select sample areas preserving original sedimentary
texture, well-preserved crystalline cements, and the most finely crystalline (e.g. micritic)
components, which together suggest minimal recrystallization in the presence of diagenetic
fluids; samples were micro-drilled from these spots. To identify the effect of diagenesis not
observable in thin sections, we screened samples based on previously intentified classic
geochemical tracers of late diagenesis, including major and minor elements (e.g., Ca, Mg, Fe,
Mn, and Sr) as well as C and O isotopic signatures. Please see Supplementary Dataset 1 for
invididual papers that reported detailed geological, sedimentological, and geochemical

information on our samples.

We have observed a correlation between Y/Ho ratios and Ce/Ce* when Y/Ho ratios are
less than 20 (Supplementary Figure 2). We recognize that the modern marine carbonates
usually have Y/Ho ratios of 44 to 70 (7). However, for ancient carbonates, these ratios are
common to fall below 44 and even lower than the chondritic value of 28 (8). These lower
values may come from contamination with non-carbonate phases. Although we adopted the
selection criteria used by individual researchers, as published in their original descriptions, we

also used an Y/Ho ratio of larger than or equal to 20 as an additional filter for all our own



samples. In addition, we checked REY patterns and Eu anomalies to exclude samples
influenced by hydrothermal alteration (9-17). For REY patterns, we mostly checked for
consistency to exclude samples with non-seawater like patterns. We show two examples — a
seawater-like REY pattern and a non seawater-like pattern with Eu anomaly to be excluded in

Supplementary Figures 2¢ and 2d, respectively.

a 1.8 b 15 -
g Q
1.5 1.2 ]
1.2 200 |
) 0.9
CelCe* 0.9 CelCe*
06 1
0.6 |
i Q
03 03
00 1— 0.0 | , : :
0 0 5 10 15 20
Y/Ho
c 1.00 d 1.00

«Vempalle and Tadpatri Formation, East India

/\

T T~
_ N
m//\\/‘\
e \—.

Gunflnit formation, Canada
-<Rosh Pinah Formation

Sample/PAAS
o
)
Sample/PAAS
o
)

«Chattisgarh, India

Spitsbergen FM., Greenland \ /

~-Shaler Group, Arctic Canada

0.01

La Ce Pr NdSmEu Gd Tb Dy Y Ho Er Tm Yb Lu La Ce Pr Nd SmEu Gd Tb Dy Y Ho Er Tm Yb Lu

Supplementary Figure 2. a. Ce anomaly (Ce/Ce*) vs. Y/Ho ratio plot for all data in this study.
b. In cases with Y/Ho less than 20, Ce/Ce* positively correlates with Y/Ho. c. PAAS (Post
Archean Austrialian Shale) normalized REY pattern examples that are included. These patterns
are characterized by LREEs depleteion compared to HREEs with high Y/Ho ratios. d. PAAS
normalized REY pattern that are filtered out because they display inconsisitent REY patterns
without the typical seawater-like feature likely indicating non-carbonate phase contamination
and Eu anomalies indicating potential hythrothermal influence.



We have also plotted Ce/Ce* vs. time as well as its temporal distribution combined
with grouping based on mineralogy (see Supplementary Figures 3 and 4). We conclude that

mineralogy did not significantly influence Ce/Ce*.
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Supplementary Figure 3. Ce anomaly (Ce/Ce*) vs. age plot showing limestone and dolostone
separately.
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Supplementary Figure 4. Histogram of Ce anomaly (Ce/Ce*) for dolostone and limestone.
The mean Ce/Ce* values are 0.87 and 0.85 for dolostone and limestone, respectively. The

standard derivation of Ce/Ce* in both groups is 0.21.



Statistical analysis of data

Despite the rigorous application of these screening techniques, we expect that the
chemical reactivity of carbonates resulted in at least minimal diagenesis of every carbonate
sample we studied. Additionally, since Ce/Ce* shifts towards unity with burial diagenesis
(7), and because we are investigating a wide range of samples that represent different
conditions of burial, on a variety of time scales, we developed a statistical treatment of our

data.

Temporal data sets are subject to biases associated with sampling: recent geological
eras are commonly represented by more samples, formations are represented by an unequal
number of analyses, and each unit has experienced at least some diagenesis during burial.
Furthermore, we do not know exactly how diagenesis, local primary productivity,
mineralogy, and kinetics influence Ce/Ce* values. Therefore, we adopted approach to
statistically evaluate Ce anomaly data through time, with the goal of investigating the
population behavior. First, we divided the entire sample population into five groups of
different duration to make sure each group has a statistically significant sample number,
where all groups contain n > 100. Groups were also chosen to reflect current models for
pO, evolution through time (72, 13). Besides, we divided into separate groups the early
Phanerozoic (Cambrian-Silurian) and late Phanerozoic (Devonian and later) samples to
explore existing models concerning atmospheric oxygen increase resulting from the rise of
land plants (74). Each group contains samples from at least two different formations. For
example, the first bin is from 3.5 to 2.5 Ga, which is the pre-GOE time, where we expect
low p0O,, and we observe high Ce/Ce* with little variation. We divide the following

samples into 2.5 — 1.6 Ga and 1.6 — 0.65 Ga bins, to have a statistically significant number



of samples in each bin. We then divide the younger group of samples into two bins, a late
Neoproterozoic to Early Devonian (650 — 400 Ma) and a mid-Paleozoic to modern bin (400

— 0 Ma) to make self-consistent and statistically meaningful sample subsets.

We then created a box-whisker plot for all data within the five bins (Supplementary
Figure 5), where median, 50%, and outliers (outside of three sigmas of the population) of
Ce anomaly values were calculated for each bin and are shown with middle lines, blue
boxes, and black crosses, respectively, on Supplementary Figure 5. In a second approach,
we divided data into the same five bins as in the previous approach, but we plotted
histograms for each group (Supplementary Figure 6). Data in nearly all groups follow the
normal distribution. Finally, we generated a box-whisker plot for all Ce/Ce* values using

100-million-year bins (Supplementary Figure 7).
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Supplementary Figure 5. Box-whisker plot for all samples. The sample population is
divided into five bins (Bin 1. Archean: 3.5 — 2.5 Ga, Bin 2. Paleoproterozoic: 2.5 - 1.6 Ga,
Bin 3. Mesoproterozoic — Early Neoproterozoic: 1.6 Ga — 650 Ma, Bin 4. Late
Neoproterozoic — Early Paleozoic: 650 — 400 Ma, Bin 5. Mid-Paleozoic to Modern: 400 —
0 Ma). Median values are indicated by the black lines and each individual boxes include
50% samples and whiskers mark the 3 sigma boundaries of the group population. Black
crosses fall out of whiskers and are considered outliers.
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Supplementary Figure 6. Histograms of Ce/Ce* values with normal fitting. We group all
data into five age bins (see text above and Supplementary Figure 5 for ages for each bin),
and plot distribution and calculate normal fitting for each bin.
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Supplementary Figure 7. Box-whisker plot of Ce/Ce* values for 100 million year bins.

Median values are indicated with the middle lines. Each individual box includes 50% of
samples and black lines mark the three sigma boundaries of the bin population.
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