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Supplementary Information Text

Kasegalik Formation microbarites. Standard heavy mineral separation techniques were used
on 5-10 cm thick sandstones of the Kasegalik Formation. This yielded microbarites roughly 200
um in width, and weighing approximately 10-20 mg in total, from rock samples of 1015 kg (~ 1
ppm). Owing to their small sample sizes, only one sample was analyzed for A'’0, yielding a value
of -0.16%o. 5'**1**Ba measurements (n = 9) covered a wide range from -0.51 to +0.16. Owing to
the very large surface area to volume ratio of these microbarites compared to Costello Formation
macrobarites, we regard the A'’O value of this sample as having been largely reset. The §'*¥'**Ba
values suggest a different source of Ba than that of the Costello Formation macrobarites due to their
different mean value and much larger variation (mean of 0.00 + 0.20%o for Kasegalik Formation
microbarites, compared to 0.10 = 0.02%o for Costello Formation macrobarites).

The relationship of A'7O values to various measures of primary photosynthetic
production. The first links between A'’O values of tropospheric O, and the productivity of the
biosphere were put forward by ref. 1. This work related A'’O values of atmospheric O, to gross
biospheric production (GBP) as well as A'’O values of dissolved O, to gross primary production
(GPP) in the photic zone of lakes and oceans. However, the term GPP can refer to fluxes of oxygen,
carbon or energy (2) leading to the adoption of ‘gross oxygen production’ (GOP) by the
oceanographic community when primary production was assessed through triple oxygen isotopes.
Although A'O values in practice reflect gross oxygen production, GOP is closely related to GPP
through the stoichiometry of C-fixation to O-generation during oxygenic photosynthesis, albeit
with important deviations due to photorespiration and the Mehler reaction [i.e., processes that can
consume O, independent of C-fixation; (3)]. In fact, these processes lead GOP to overestimate
carbon-based GPP (4). Similar to GPP, net primary production [NPP; the difference between gross
primary production and the consequences of autotrophic respiration; (5)] suffers from an ambiguity
depending on whether it is defined on the basis of carbon, oxygen, or energy fluxes. Comparison
of oxygen-based measurements of GPP and oxygen-based and carbon-based measurements of NPP
in the modern marine environment, display a wide range of GPP-NPP ratios of between 2.7-9 (4).
This suggests that, although NPP is proportional to GPP, A'’O-based measurements of primary
production truly are gross, rather than net, monitors of photosynthetic primary production in
modern marine environments. The relationships among GPP-GOP-NPP may be different under
the variable O, production, O, consumption and atmospheric oxygen regimes that have been
suggested throughout Earth history, which is an important subject of further research. In light of
the significant uncertainties in many of the other control parameters relating GOP to A'’O values
of sedimentary sulfate, as well as the current restriction of the term ‘GOP’ to the oceanographic
community, we choose to express our estimates of gross photosynthetic oxygen production as GPP,
which is a term, albeit slightly more vague, but has a greater familiarity to the broad audience this
study aims to target. We acknowledge however, it may be possible that, under extremely low
atmospheric oxygen conditions, that the bulk of photosynthetically produced O, may be utilized
for autotrophic respiration before it escapes the cell. Such a scenario would complicate the
generalized relationship between GPP, GOP, and NPP drawn here, and would motivate the new
investigation of how ancient A'’O measurements relate to the ancient carbon cycle.



Methods

Oxygen isotopes. Oxygen isotope analyses were conducted at the Louisiana State University
Oxy-Anion Stable Isotope Consortium lab. All samples were cut to remove weathered edges, and
then crushed by hand in a cleaned agate mortar and pestle. In order to remove any oxygen bearing
species (such as NOs) that could contaminate measurements, ~ 20 mg of barite sample powder was
then dissolved into a 1 M sodium hydroxide (NaOH) and 0.05 M diethylenetriaminepentaacetic
acid (DTPA) solution and shaken for > 12 hours (6). Samples were then filtered, acidified with
double distilled 6 N HCI, and heated to 80 °C followed by the addition of drops of concentrated
BaCl, solution that allowed samples to reprecipitate as pure barite. Samples were allowed to sit for
> 12 hours followed by centrifuging and washing with deionized water three times. Barite
precipitates were then dried for 24 hours. This total procedure was then repeated once more before
analysis (6). Similar to ref. 7, pyrite oxidation within unpurified BaSO4 samples was not calculated
to be a significant enough of a contaminant to justify removal through a chromium reduction
solution.

For analysis ~ 10 mg of purified BaSO4 was loaded onto a 316L stainless steel plate and placed in
a chamber which was then flooded with BrFsy). Samples were then heated with a CO, laser
releasing Oy from BaSOs) with an ~ 25-35% yield. Samples were then passed through a series
of -196°C cold-traps to remove impurities and then finally collected onto SA mol-sieve at -196°C.
Samples of pure Oy, were then analyzed on a Thermo MAT-253 in dual inlet mode. Repeated
measurements of inter-laboratory standards yielded a maximum uncertainty (1) on the entire
analytical procedure to be < 0.05%o. Although sample yields from lazing are not 100%, repeated
tests by ref. 8 determined no significant fractionations during this process, therefore we argue
measured A'’O results are reflective of original SO, values.

Sulfur isotopes. Sulfur isotope analyses for this study were conducted at McGill University’s
Stable [sotope Laboratory. Samples were crushed and ~ 10 mg were placed into a Thode reduction
solution (9) and then heated. This process converted SO4s) to HaS(g) which was then carried in a
Ny stream through a chilled column and bubbled through a zinc acetate solution to convert H>Sg)
to ZnS(s). ZnS) was then converted to AgxSs) through reaction with a AgNOs solution. Ag:Ss) was
dried and weighed into ~ 3 mg portions for analysis. For measurements, Ag>S.) was converted to
SFe() by reaction with Fa) and heating. SFe() was purified through several cold traps at -196°C and
-120°C followed by gas chromatography and measured on a Thermo MAT-253 in dual inlet mode.
Estimated total error (16) on the total analytical procedure is < 0.1%o for §**S and 0.01 for A**S
measurements.

Barium isotopes. Barium isotopic analyses were conducted in the NIRVANA laboratory at Woods
Hole Oceanographic Institution. Before wet chemistry commenced, labware was acid cleaned and
reagents (e.g., Na,COs) were purified in order to eliminate non-sample sources of Ba. Following
ref. 10, ~ 10 mg aliquots of barite samples were reacted with the purified 1 M Na,COj; at 90°C for
> 18 hrs, allowing for BaSO4 to covert to BaCOs. To ensure 100% conversion, this step was
repeated 3 times. Following this step samples were rinsed with deionized water to remove any
unreacted Na,COs. BaCOs3; was then dissolved in 2 M double distilled HCI. Aliquots of Ba
containing solution were then analyzed for their Ba concentration via inductively coupled plasma
mass spectrometry (ICP-MS) on a Thermo iCap-RQ. Following ICP-MS analysis ~100 ng of Ba in
solution was taken from individual samples and combined with a '**Ba-'**Ba double spike of known
concentration. Ba was purified from samples via column chromatography using cleaned (6 N HCI)
AG-50W-X8 resin. Isotopic analyses were then performed using a Thermo Neptune multi-collector
ICP-MS and are reported as '**Ba/"*B ratios relative to NIST 3104a. Uncertainty for individual



analyses for the entire analytical procedure is < 0.03%o (20). Please refer to ref. 11 for complete
analytical procedures.
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Figure S1. Evaporite minerals of the Belcher Group. A) Macrobarites in the Costello
Formation exhibit well-developed crystal habits and are 1-4 cm in length. B) Silica-
replaced gypsum pseudomorphs have been observed along a single stratigraphic horizon
in the McLeary Formation. C) Silica-replaced pseudomorphs of gypsum twins and rosettes
are very common in the Kasegalik Formation and range from mm-scale to cm-scale in size.
D) Halite casts in the Kasegalik Formation occur less frequently than gypsum
pseudomorphs, and range in size from approximately 1-3 cm.
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Figure S2. Schematic diagram of the triple oxygen (A!’O) system from generation of mass
independent isotope anomalies in the stratosphere to progressive dilution with oxygen from
seawater through tropospheric and sedimentary reservoirs. Note that fo combines both the
S-oxidation and S-cycling steps in the figure.
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Fig. S3. The impacts of changing fo> on GPP estimates. The 0% reduction in fo2 scenario
corresponds to 8-15% of oxygen in SO4 being sourced from atmospheric O,. At 50%, 4-
7.5% of oxygen in sulfate is from atmospheric O. At 75%, 2-3.75% of oxygen in sulfate
is from atmospheric Oa. To explain the decrease in A’O between syn-GOE and post-GOE
samples (represented here by the Belcher Group) solely by changes in fo, would require a
75% decrease of atmospheric O incorporated into SOs4 from experimentally derived
estimates (17).



Table S1. Summary of oxygen, sulfur and barium isotope results. The associated errors with
analytical procedures are presented in the Methods section. Note that only one A'’O measurement,
and no &**S, A**S, or A**S measurements were conducted on microbarite-bearing samples due to
orders-of-magnitude less sulfate than in macrobarite samples.

Sample type | Sample A0 31313, | 38 A®S A*SS (%o)
(%) (%) (%) (%)
A - 0.12 232 -0.09 0.30
-0.55 0.08 28.3 -0.05 0.29
-0.76 0.12,0.10 | 19.6 -0.11 0.19
Costello D -0.64 0.10 20.1 -0.07 0.20
Formation MB1713.103.0 0,08
Macrobarite E -0.78 : 21.4 -0.09 0.27
F -0.68 0.11 214 -0.09 1.05
G -0.70 - 24.1 -0.07 0.30
H -0.72 - 23.9 -0.09 0.31
1 -0.71 --- 22.4 -0.09 0.29
203.6 | — 0.11
3502 | — 0.16
MB1601 3739 | — 0.10
Kasegalik 504.6 | -0.16 0.06 --- --- ---
Formation 174.7 | --- -0.51 --- --- ---
Microbarite MB1701 800.0 | --- 0.10 --- --- ---
9440 | — 0.03
MB1702 581.1 | --- -0.03 - - -
MB1703 139.2 | --- 0.04 - - -
Analvtical uncertaint <0.05%0 | <0.03%0 <0.1%o0 | <0.01%0 | <0.2%o
Y Y (10) (20) (o) | (1o) (o)




Table S2. Summary of input parameters into model GPP calculations. Refer to Table
S3 for pO: and pCO: parameters for each scenario.

Parameter Value Reference
p0O: at 1 Pre-Anthropogenic Level (PAL) 1 PAL = 209500 ppmv -
pCO2 at 1 Pre-Anthropogenic Level (PAL) 1 PAL = 280 ppmv -
Reference pO2-pCOxz ratio at 1 Pre-Anthropogenic Level | 748.21 -
(PAL)

pCOarange in calculations 7-58 PAL 12-14
Pre-Anthropogenic O: residence time 1244 yr 15
A0 of modern O using arithmetic definition for A'’O | -0.546%o 16
and slope of 0.5305

Fraction of Oz incorporation during sulfide oxidation 0.08 —0.15 17
Rate constant for stratosphere-troposphere exchange 0.0426 yr! 18-20
Fraction of Oz in stratospheric 02-03-COz cycles 0.1156 20
Reference pO2-pCO2 ratio in 02-03-CO: isotope | 1.23 21
fractionation experiments

End-member low pO2/pCO; ratio §'*0coz-02 value in Oz- | 64%o 21
03-CO:z isotope fractionation experiments at low pO2

End-member high pO2/pCO; ratio §'*0coz-02 value in Oz2- | 146%o0 21
03-COz isotope fractionation experiments at low pO2

Slope to fit §'®0coz-02 and A'"Ocoz-02 using arithmetic | 0.5167 21,22
definition for A'’O and slope of 0.5305

Intercept of fit to §"O0cor02 and A'Ocozo02 using | -8.025%o 21,22
arithmetic definition for A'’O and slope of 0.5305




Table S3. Summary of GPP calculation results. Refer to Table S2 for all Monte Carlo

arameters other than pQO; and pCO.,.

Costello Fm Myrtle Shale Sibley Group Syn-GOE Syn-GOE Syn-GOE
202 (% modern) 0.1-1.0 0.1-1.0 0.1-1.0 0.1-1.0 1.0-10.0 10.0 - 100.0
pCO2 (PAL) 7-58 5-40 2-30 8.5-100 8.5-100 8.5-100
Total number of | 10000 10000 10000 10000 10000 10000
values
Number of | 0 0 0 0 0 0
excluded values
Number of | 10000 10000 10000 10000 10000 10000
binned values
Minimum 0.003 0.001 -0.001 0 0.019 0.514
25% Percentile 0.032 0.036 0.033 0.155 0.360 6.79
Median 0.060 0.067 0.062 0.297 0.618 11.3
75% Percentile 0.111 0.124 0.116 0.564 1.07 18.2
Maximum 0.560 0.589 0.824 478 8.30 110
Mean 0.081 0.090 0.087 0.434 0.805 14.3
Std. Deviation 0.067 0.073 0.077 0.430 0.629 11.2
Std. Error of
Mean 0.001 0.001 0.001 0.004 0.006 0.112
Lower 95% CI of
mean 0.080 0.089 0.086 0.426 0.793 14.1
Upper 95% CI of
mean 0.082 0.091 0.089 0.443 0.817 14.6
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