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1. Methods and materials

1.1 Using sedimentary pyrite trace element

Certain redox-sensitive trace elements (Mo, U, Cr, V, Zn) in black shales have
been used previously as paleoredox indicators of the water column (Algeo et al.,
2006; Tribovillard et al., 2006; Algeo et al., 2009; Algeo et al., 2012; Meyer et
al., 2008; Gordon et al., 2009; Sahoo et al.,, 2012; Sahoo et al., 2016). Also,
they have been used to track atmospheric oxygenation through time (Scott et
al., 2008; Partin et al., 2013; Lyons et al., 2014). Recently, Large et al. (2014)
proposed that trace element concentrations in sedimentary pyrite formed in
marine black shales could be used as proxies for ocean trace element chemistry
and atmospheric oxygenation. This proxy relies on the fact that most redox-
sensitive trace elements, in bottom waters and pore waters, are readily and
efficiently adsorbed by sedimentary pyrites (Huerta-Diaz and Morse, 1992;
Morse and Arakaki, 1993, Rickard et al., 2012; Gregory et al., 2014; Large et
al., 2014; Gregory et al.,, 2015, 2016; Mukherjee and Large, 2016). The
premise on which the technique is based, is that enhanced oxidative weathering
on land causes an increase in the supply of redox-sensitive trace elements in
the riverine flux (dominant source) in the ocean (Bertine et al., 1973; Taylor et
al., 1995; Scott et al., 2008; Sahoo et al., 2012; Crowe et al., 2013). On
encountering a redox-boundary, these become readily adsorbed by sedimentary
pyrites forming in anoxic black shales. Hence, redox sensitive trace element
concentrations in sedimentary pyrites act as an indirect proxy for atmospheric
oxygenation events (Gregory et al.,, 2014; Large et al., 2014; Gregory et al.,
2015a; Gregory et al., 2015; Mukherjee and Large, 2016) including the proof of
concept paper (Large et al., 2014).

There are several advantages of using a marine pyrite trace element approach
for understanding ocean chemistry. Firstly, the technique (LA-ICP-MS) is highly
sensitive and allow in situ analysis of the pyrites. Better detection limits by LA-
ICP-MS (particularly for elements like Se, Co and Mo) allow more robust trace
element concentrations at lower levels. Secondly, both techniques offer high



spatial resolution so measurements can be performed within a single grain
domain, avoiding the problem of variation in composition of shales. Many TE,
such as Mo, are partitioned between minerals in the shale (Tribovillard et al.,
2006), and thus variation in mineral composition affects the bulk rock analyses.
Thirdly and most importantly, the effects of diagenesis, metamorphism and
hydrothermal activity, all of which affect trace element concentrations, can
easily be detected by textural study of the pyrite before and after analyses. In
case of trace elements, Large et al. (2009) demonstrated that the process of
recrystallization of pyrite during diagenesis or metamorphism, releases most
trace elements and results in a subhedral to euhedral form of pyrite with low
trace element abundances. Hydrothermal pyrites, on the other hand, may be
enriched/depleted in trace elements depending on the conditions of formation
(temperature, salinity and proximity to vents). These concentrations therefore
do not reflect primary trace element concentrations of the sea water (Large et
al., 2014; Mukherjee and Large, 2017).

1.2 Sample details

Marine, least metamorphosed, undeformed organic matter rich-sedimentary
black shales aged between 500-2500 Ma, were chosen for the study from
various sedimentary basins around the world (Table S1a, b). Samples were
mainly collected in the form of drill cores in order to ensure the pyrite was well
preserved and not oxidised. For all the drill holes, rock specimens were collected
every ~10 m down-hole (approximately 20-30 samples per drill hole). From
each interval of interest, rock specimens were set in 2.5 cm diameter epoxy
molds and polished with 1-micron diamond paste. Polished laser mounts were
prepared for petrological analysis using reflected light microscope followed by
LA-ICP-MS pyrite analyses for trace elements at CODES, University of Tasmania.

Polished mounts were studied under reflected light in order to select samples
that contain fine grained early-formed sedimentary pyrite and discard coarse,
recrystallised and diagentically altered pyrite. Most samples comprised
sedimentary pyrite in the form of individual microcrystals, aggregates of
microcrystals, framboids and nodular concretions in black shales. Coarser
euhedral pyrites are present in some samples, that were not analysed as their



TE budget is affected because of recrystallization (Large et al., 2014; Gregory
et al., 2015; Mukherjee and Large, 2016).

1.3 LA-ICP-MS analyses of pyrite data processing

Analyses were carried out using a New Wave Research UP-193ss laser
microprobe coupled to an Agilent 7700s quadrupole ICP-MS for the following
elements and their respective isotopes, '3C, 23Na, 2*Mg, 27Al, 2%Si, 34S, 39K, 43Ca,
49Ti, 51V, 53Cr, 55Mn, 57Fe, 5°Co, ®°Ni, 65Cu, ®6Zn, 75As, 7’Se, &Rb, 8Sr, %Zr, %Mo,
107Ag, 111Cd, 1185n’ 121Sb, 125Te, 137Ba’ 157Gd, 178Hf’ 181Ta, 182W’ 195Pt, 197Au, zozHg’
205T|, 206pp, 207Pp  208Py  209Bj  232Th and 238U. STGL2b2 (in-house standard for
primary calibration; Danyushevsky et al., 2011), GSD-1G (USGS reference
material; Jochum et al., 2005) and a pure stoichiometric pyrite crystal (Gilbert
et al., 2014) were the three primary reference materials used for the analyses;
viz. quantifying siderophile and chalcophile elements, lithophile elements and
sulphur abundances, respectively. The standards were analysed before
unknowns and thereafter every two samples (~every 1.5 hours) as well as at
the end of each run, in order to measure any analytical drift. Backgrounds were
analysed for 30-seconds before the signal from the ablated sample was
acquired for 40-60 seconds. The laser instrument operated with ~3.5 J/cm?
laser fluence and 5 Hz laser repetition rate. Samples were ablated in an
atmosphere of pure He flowing at a rate of 0.8 |I/min, immediately after which
He carrier gas was mixed with Ar (0.85 |I/min) for improved efficiency of aerosol
transport within the cell.

Both ICP-MS instruments were optimized to maximize sensitivity on mid to high-
mass isotopes (in the range 80- 240 amu) and production of molecular oxide
species (i.e., ?232Th'®0*/?32Th*) and doubly charged ion species (i.e.,
140Ce++/140Ce*) were maintained at levels below 0.2%. Dwell times on each mass
varied between 5 and 30 msec, depending on the count rates and total sweep
time (time required to measure all isotopes once) was 0.76 sec (similar to
Large et al.,, 2014). A total of ~10 or more spot analyses, with spot size
ranging from 15-35 um, of sedimentary pyrites were performed on each
sample. Also, 5 spot analyses of black shales (material surrounding the pyrites)
on each sample were carried out to measure composition of silicate matrix in
the black shales. Matrix analyses were also used in the data reduction process in



order to account for matrix contamination during LA-ICP-MS analyses of pyrite
grains.

The data were processed by data reduction software that uses a linear
regression based algorithm for determining chalcophile and siderophile
abundances relative to sulphur, for calculation of sulfide composition. The
conversion of raw data (counts per seconds) into concentrations in ppm
involved splitting the integration curve (curve obtained from counts per second
vs analysis time) into five segments of equal duration. Each of these segments
was calculated using time-equivalent calibration standards. The data (in counts
per seconds) were then converted to preliminary ppm values according to
standard methods (Longerich et al.,, 1996), using Fe as the internal standard
element. The method assumes a constant stoichiometric Fe content of pyrite
for calculating preliminary compositions which are then normalized to a 100%
total of siderophile, chalocophile and oxides of lithophile elements. To calculate
the final concentrations, a linear regression equation using S content was
employed such that the sum of the chalcophile and siderophile elements
including S was 100%. Additionally, regression fits for individual analyses was
visually inspected. The resulting compositions were close to major element
composition of stoichiometric pyrite. The precision of the analyses was
calculated using regression analysis. The errors vary from analysis to analysis,
depending on quality of regression fit, concentration of element, abundance of
measured isotope etc. Elements such as Se, As, Sb, Ni, Zn, Cu, Pb and Co at
high concentrations, relative error is under 20% for 75% of analyses. However,
uncertainty increases at lower concentrations. The analytical errors sourced
from the uncertainty on composition of the reference materials is estimated
under 5% (Danyushevsky et al., 2011). Considering that variations between
grains in a sample typically is about 100% and concentration of an element can
span 2-3 orders of magnitude different samples, we conclude that observed
trends are outside of analytical uncertainty.

The analytical procedure was corrected for the laser-induced element
fractionation of elements with different volatilities by the application of three



calibration standards: pure pyrite for control of Fe-S fractionation; GSD-2 glass
for lithophile elements; and, in-house Li-B glass STGL3 for chalcophile elements.
The correction for down-hole fractionation was achieved by splitting the
analyses into five segments of equal duration and calculation of elemental
concentrations using time-equivalent calibration standards.

Variations in drill rate and ablation yield were also taken into account. Pyrite has
substantially higher ablation yield then silicate minerals. However, the
normalisation of the analyses in total results in estimation of the proportion of
pyrite and sedimentary matrix in the mixed signal and hence provided a
correction for this effect. Another consequence of difference in ablation yield of
pyrite and sedimentary matrix is that analyses of matrix have substantially
higher detection limits than the analyses of pyrite. This effect was mitigated by
measurement of matrix composition with larger spot size (=50 pm). The
instrumental sensitivity drift was tracked by the measurements of the
calibration standards before and after the analyses and by the application of
linear corrections to the analyses. Typically, drift in instrumental sensitivity was
below 5%. Precision was calculated using regression analysis. The uncertainties
in values were quantified as 90% confidence intervals, which were obtained
from the regression assuming identical errors on the measurements.

1.4 Se and Se/Co in pyrite as oxygenation proxies

Trace elements such as Mo, Zn, Se, Pb, Co, Cu, Bi, As are known to be redox-
sensitive (i.e. multiple valence states), and respond to changes in atmosphere-
ocean redox conditions (Calvert and Pedersen, 1993; Jones and Manning, 1994;
Wignall, 1994; Crusius et al.,, 1996; Dean et al., 1997, 1999; Yarincik et al.,
2000; Morford et al., 2001; Pailler et al., 2002). Oxidative weathering results in
the oxidized form of these trace elements, while reduced forms occur on
encountering the redox boundary in the water column or sediment-water
interface where they form complexes with organic acids and become
incorporated into authigenic sulphides. Not all redox sensitive elements in pyrite
can be used to infer atmospheric redox conditions because of partitioning into
different phases (organic, detrital) other than pyrite. For instance, Ni and Cu
may be adsorbed onto organic complexes and Fe-Mn oxides/hydroxides in the
sedimentary process. Silver and Tl are not redox sensitive; however, Tl in pyrite



is can be used to screen pyrites with hydrothermal effects (Mukherjee and
Large, 2016). Some redox sensitive elements (Pb, As) in pyrites may not record
any oxygenation trend solely due to their abundant supply in the water column
(high source flux). Arsenic is particularly problematic due it being relatively
more mobile under reducing conditions than other redox sensitive TE (Smedley
and Kinniburgh, 2002).

An increase in redox sensitive elements such as Se suggests a possible
increased supply of these elements into the water column via oxidative
weathering on land. Decrease in concentrations of elements such as Co and Bi
can be used to support the oxidative weathering process on land because these
elements tend to be retained by Fe-Mn hydroxides and oxides during oxidative
weathering (Pickering, 1979; Jackson, 1998; Huang and Germida, 2002; Sparks,
2003; Violante et al., 2008). Cobalt, owing to its cationic speciation, is strongly
retained by ferro-manganese hydroxides and more so by manganese oxides and
its supply to the ocean is inhibited by oxidative processes on land (Pickering,
1979; Jackson, 1998; Huang and Germida, 2002; Sparks, 2003; Violante et al.,
2008). Thermodynamic modelling of the concentration of Co in the oceans
(Zerkle et al., 2005) as well Co in sedimentary pyrite (Large et al.,, 2015) and
Co/Ti in iron formations (Swanner et al., 2014) confirm this behavior where a
decrease in Co concentrations through time has been observed. The element Bi
enters the marine realm via two main sources; atmospheric inputs i.e., eolian
dust of volcanic origin (Lee et al., 1985; 1986) or river influx, both being
comparable as source material (Bertine et al., 1996). Bismuth, owing to its
extensive hydrolytic activity and strong particle reactivity, is also retained in
oxyhydroxides, particularly manganese phases (Barnes, 1967; Fowler et al.,
2010). Currently there is no thermodynamically modelled trend for Bi in the
oceans through time. Nevertheless, Large et al. (2014) pointed out that Bi was
one of the least abundant trace elements in the ocean today with a very short
residence time (on the order of 20 years) and, like Co, likely decreased in
concentration with increasing atmosphere oxygenation.

We propose that the use ratios of two elements that exhibit an antithetic
behavior i.e., one element commonly increases in concentration with
atmosphere oxidation (e.g., Se, Zn, Mo, Ni), and the other decreases in



concentration (e.g., Co, Bi) is a more robust way to evaluate atmosphere
oxygenation.
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Fig SI 1 Plot of the log-ratio of Se to Co against geologic age. Shown are boxplots for

each sample. The median trend is shown as a solid line.
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