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INTRODUCTION

The surface temperature of a planet is one of the key parameters that define its potential
habitablity. On Earth, the temperature regime sustained by the seawater column provided one
of the necessary conditions for the evolution and prosperity of life. Ancient marine chemical
sediments such as cherts and carbonates offer an opportunity to reconstruct the seawater
temperature throughout geologic history, due to temperature-dependent fractionation of
oxygen isotope ratios between the aqueous and mineral species. Pioneered by early work on
the fractionation of '80/!°O ratio between calcite and seawater (McCrea 1950; Epstein et al.
1951; Urey et al. 1951), isotope investigations of marine carbonates paved our knowledge of the
paleoclimate and advanced our understanding of the feedbacks that exist in nature, especially
those that are driven by the rise in atmospheric pCO, (Raymo and Ruddiman 1992; Veizer et
al. 1999; Berner and Kothavala 2001; Royer et al. 2004; Miller et al. 2005) The isotope ratio
of oxygen measured in marine foraminifera and carbonate sediments is a trusted proxy for
ocean temperatures during the past ~50 Myr (Imbrie et al. 1984; Berner and Kothavala 2001;
Lisiecki and Raymo 2005). Older sediments, including the early Cenozoic ones (Sexton et al.
2006; Raymo et al. 2018), and especially those exposed on land, require a great deal of detailed
analyses and careful treatment of uncertainties that originate from secondary processes such
as late diagenesis and metamorphism that together obscure the primary signal generated in the
seawater column. Siliceous sediments such as cherts, diatoms, and porcelanites are also used
as powerful temperature-sensitive seawater and lacustrine records (Brandriss et al. 1998; Leng
and Marshall 2004; Swann and Leng 2009). However, these samples, especially cherts, cannot
compare to the precision offered by carbonates because the rock is generated during diagenesis
and crystallization of microquartz from siliceous ooze sediments. Due to the conditions imposed
by this diagenetic recrystallization within the sediment, which might take place several million
years after the deposition, the microquartz oxygen isotope ratios do not record the seawater
column temperature, where the initial silica precipitation occurred biotically or abiotically.
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Nonetheless, regarding the ancient pre-Cenozoic marine record Kolodny and Epstein (1976)
rightfully noted that “in spite of these limitations, it is of interest to study 8'30 values of the
cherts as a possible imperfect indication of temperature variation of the ocean floor during the
Earth’s history beyond the time for which there are well-preserved carbonate skeletal remains.”

The key observation was made based on studies since the early 1970’s: the average
180/1%0 ratio of pre-Cenozoic and older carbonates and cherts decreases with age at the rate of
about 2%o per every 500 Ma (Fig. 1; Shields and Veizer 2002; Prokoph et al. 2008; Veizer and
Prokoph 2015 and references therein). The '80/'°O ratio of Archean cherts and carbonates is
10—-12%0 lower than the average of Phanerozoic counterparts, which, expressed in 8'30 relative
to Vienna Standard Mean Oceanic Water (VSMOW), has a value of +28%o (see Fig. 1). The
conventional delta notations used here are defined as 103'[Rsample/RVSMOW — 1], where R stands
for isotope ratios of oxygen and hydrogen, i.e., '30/'%0, 70/'°0O and D/H. This secular trend
has been interpreted in three different ways: i) precipitation in hotter oceans (see Fig. 1; up to
55-85°C in Knauth and Lowe 2003; Robert and Chaussidon 2006); ii) much lower 80/°0O
ratio of seawater while ocean temperature remains similar to modern (e.g., Kasting et al. 2006);
iii) diagenetic obliteration of the primary signal (Degens and Epstein 1964; Ryb and Eiler
2018). A combination of these three hypotheses is also a possibility (for review refer to Jaffrés
et al. (2007) and Discussion in Bindeman 2021, this volume). The first two interpretations
have very different and important implications for the secular evolution of Earth’s systems
during the vast majority of geologic history until about 400 Ma (Fig. 1). Significantly higher
temperatures in Precambrian oceans require high concentrations of atmospheric greenhouse
gases testing the extent of the ‘faint young Sun paradox’ (Kasting 1993; Pavlov et al. 2000;
Berner and Kothavala 2001). Such an explanation would be at odds with the multimillion year-
long snowball Earth glacial episodes of the Paleo- and Neoproterozoic (Hoffman et al. 1998;
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Figure 1. The oxygen isotope trend defined by carbonates (blue) and cherts (green) from the Archean
(to the right) to present day (at origin). The values are compiled from Shields and Veizer (2002), Knauth
(2005), and Prokoph et al. (2008). The moving averages (solid bands) are plotted using the local polyno-
mial regression LOESS method. The dotted lines approximate the composition of least-altered samples,
drawn based on the formula: mean + upper limit of the interquartile range multiplied by 1.5, i.e., without
the outliers. The temperature-dependent fractionation of §'*0 between silica and water in equilibrium is
shown on each side of the plot assuming that seawater oxygen isotope composition stayed around —1%o.
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Kirschvink et al. 2000). On the other hand, a significantly lower '30/'°O ratio of seawater is
difficult to maintain on geologically long time scales, as spreading at mid-ocean ridges and
seawater—basalt reactions produce fluids that are buffered by the oxygen isotope composition
of the oceanic crust (Muehlenbachs and Clayton 1972; Holland 1984). This would imply a
different isotope budget of the terrestrial hydrosphere in which dominant fluxes of exchanged
oxygen are not controlled by high-temperature reactions with mantle-derived rocks (i.e., oceanic
crust). However, previous investigations of ophiolites and Precambrian altered seafloor rocks
do not provide any evidence for such conditions on the geologic timescale (Muehlenbachs and
Clayton 1972; Holland 1984; Holmden and Muehlenbachs 1993; Muehlenbachs 1998; Furnes
2004; Turchyn et al. 2013; Sengupta and Pack 2018; Zakharov and Bindeman 2019).

Besides the explanations entailing significant differences in the ocean temperature or in
its oxygen isotope composition, this trend might also be attributed to the secular evolution of
diagenetic conditions. Recent advances in clumped carbonate measurements (Eiler 2011;
Cummins et al. 2014; Watkins and Hunt 2015; Bergmann et al. 2018; Ryb and Eiler 2018)
enable researchers to estimate the temperature of solid-state reordering in carbonate structure
independently of the isotope ratio of equilibrium fluid, which places constraints on the preservation
of original temperature signals making the effect of late diagenetic recrystallization resolvable.
However, there is no method like clumped isotopes that can help to resolve the extent of diagenetic
obliteration for siliceous sediments, yet low 8'80 meteoric waters and/or metamorphic overprints
(Perry and Lefticariu 2003; Liljestrand et al. 2020) are also frequently invoked to explain the
low '30/'%0 values of Precambrian chert. The effects of diagenetic transformations recorded
in ancient siliceous sediments have been previously demonstrated with silicon and oxygen
isotope in situ measurements by secondary ion probe mass spectrometry (SIMS). Such studies
(Robert and Chaussidon 2006; Marin et al. 2010; Marin-Carbonne et al. 2012; Stefurak et al.
2015; Cammack et al. 2018) highlighted the complexity of deposition and preservation of cherts
through time. While diagenetic effects are undoubtedly important for biogenic and chemical
precipitates, there is a potential for at least partial preservation of original seawater signals. These
previous in situ-based studies suggest that the original marine signals could be recognized by a
combination of methods, e.g., high-resolution measurements of isotope ratios, trace elements,
and non-traditional approaches such as triple oxygen and clumped isotopes.

Nonetheless, it is important to stress that the temporal oxygen isotope trend (Fig. 1) is
defined not only by carbonates and cherts, but also by shales (Bindeman et al. 2016, 2018),
phosphates (Karhu and Epstein 1986), and iron oxides (Galili et al. 2019), all of which show
a similar first-order transition from low to high '30/'°O ratios across the geologic timescale,
potentially reflecting a secular evolution of the hydrosphere. The oxygen isotope temporal
trend remains significant, yet its interpretation is one of the long-lasting debates in isotope
geochemistry that has not been fully reconciled.

With the advancing ability to measure triple oxygen isotopes with the precision of 0.01%o or
better, the fractionation of two isotope ratios, 7O/'°O and '80/'°0, gives rise to the opportunity
to distinguish between processes that accompany crystallization, deposition and alteration of
marine sediments (Matsuhisa et al. 1978; Rumble et al. 2007; Cao and Liu 2011; Pack and
Herwartz 2014; Sharp et al. 2016). The recent studies (Levin et al. 2014; Sengupta and Pack
2018; Hayles et al. 2019; Liljestrand et al. 2020) presented high-precision triple oxygen
isotope measurements of cherts spanning in age from Archean to Phanerozoic. These studies
demonstrate the simultaneous change in '7O/'°0 and '30/'°0 values of cherts across geologic
history. In theory, it could be possible to simultaneously constrain the temperature and the fluid
isotope composition using temperature-dependent calibrations and seawater evolution equations.
Conclusions about insignificantly different seawater oxygen-isotope composition across the
geologic time scale arise in the community, mostly calling for alteration of primary signals
recorded by cherts (see Sengupta and Pack 2018; Liljestrand et al. 2020).
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In this chapter, we focus on understanding the triple oxygen isotope signals recorded
in ancient siliceous sediments deposited during the first two thirds of geologic history,
particularly during the Archean (3.8-2.5 Ga) and the Paleoproterozoic (2.5-1.6 Ga), as it
should be possible to reconstruct original isotope signatures of marine signals provided careful
investigation of diagenetic conditions and provenance. In general, the Precambrian (4-0.5 Ga)
encompasses the period of Earth’s evolution when conditions critical for sustaining complex
life were established, permitting the biogeochemical cycles and biological diversification that
gave our planet its modern appearance (Broecker and Broecker 1985). Below we present an
overview of some emblematic Precambrian chert formations. We also provide an overview
of how triple oxygen isotopes can be used to gain additional insights into the origin of
silica. Further, new oxygen isotope data is presented. In this study we utilized two distinct
methods that operate on different scales (macro and micro) with the goal to develop a better
understanding of what signals are preserved in ancient cherts and how to interpret them. The
availability of published triple oxygen isotope calibrations (Sharp et al. 2016; Wostbrock et
al. 2018), combined with the large fractionation between silica and water at low temperatures,
offers a good opportunity to take a close look at the Precambrian chert record and attempt to
understand the overall increase in '#0/'°0 values across the geologic timescale. Furthermore,
silica is a simple matrix suitable for high-precision SIMS analysis of 580 with several um
resolution (Valley and Graham 1996; Kelly et al. 2007; Marin et al. 2010; Pollington et al.
2011; Cammack et al. 2018). The large radius SIMS is currently incapable of generating 5’0
with the required +0.01%o precision, but a combination of bulk triple oxygen isotopes based
on ~1 mg of material with high spatial resolution SIMS analyses for §'%0 is currently the
best available avenue to investigate the role of original depositional vs. secondary diagenetic
signals recorded in the chert samples. We pursue this in this Chapter.

PART I: PRECAMBRIAN CHERTS AS AN ARCHIVE OF
ANCIENT SILICA CYCLE

Chert is a common sedimentary rock that is composed mostly of silica (> 90 wt. % SiO,),
present either as opal, amorphous silica, or quartz. Despite this simple chemical formula
and relatively simple silica oxygen isotope fractionation, chert could be formed as a direct
precipitate from water, or by silicification, i.e., replacement of pre-existing rock. Precambrian
cherts are particularly interesting because they represent an ancient archive of marine silica
cycle prior to the advent of silica-secreting marine organisms such as radiolarians, sponges and
diatoms (Fig. 2). Modern seawater has a very low silica content, around 0.1 mmol/kg of H,SiO,,
that is biotically converted to opaline silica, opal-A, and then deposited on the seafloor. After
the deposition, silica undergoes a series of transitions to an aggregate of cristobalite and opal
(opal-CT) and finally to microcrystalline quartz (Hesse 1988; Maliva and Siever 1988; Maliva
et al. 1989). Voluminous chert deposits in the Precambrian document abiotic precipitation of
silica from silica-saturated seawater and/or silicification reactions that occurred close to the
seafloor interface (Fig. 2). The upper limit of dissolved marine silica throughout geologic
history can be perhaps be taken as the point of saturation of seawater with amorphous silica
that would occur at the concentration of around 3 mmol/kg, 22 °C and pH of 7.9 (Okamoto
et al. 1957; Siever 1992). Multiple prior studies (Knauth and Lowe 2003; Van den Boorn et
al. 2007) also have highlighted the complex origin of chert, especially during the Archean.
It is common to find Archean cherts as partially formed through silicification of a precursor
lithology (Van den Boorn et al. 2007). The precursors could be recognized by the relicts of
carbonates, evaporitic minerals, and altered volcanic fragments embedded into cherts, partially
or completely silicified. In other cases, bedded cherts appear to be purely chemical precipitates
from a seawater solution; even within the same stratigraphic context these differences are
apparent (Knauth and Lowe 1978). Furthermore, unlike the Phanerozoic chert deposits,
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Figure 2. Schematic and simplified drawing of Phanerozoic (A) and Precambrian (B) silica cycles. The
key distinction is the presence of a biologically-mediated silica cycle in the Phanerozoic and its absence
in the Precambrian. In addition, early Precambrian continents likely lacked vast subaerial exposures of
continental crust available for subaerial weathering. The important fluxes of dissolved silica are riverine
and hydrothermal contributions. In addition, low-temperature off-axis interaction between seawater, pore-
waters, siliceous sediments (oozes), and mid-ocean ridge basalts also contribute to the marine silica budget.
In the Precambrian, when silica-secreting critters were absent, the marine H,SiO, concentration was likely
higher, causing abiotic precipitation of amorphous silica. Panel C depicts deposition of opaline silica,
which is accompanied by submarine diagenetic reactions between siliceous sediments and pore fluids with
phase transitions to opal-A, opal-CT, and crystallization of quartz. The panel shows the ways to achieve
precipitation and early diagenesis of modern (solid triangle) and Precambrian silica (dotted). The figure
is adapted and modified from (Knauth 1994; Marin-Carbonne et al. 2013). The effects of late diagenesis,
metamorphism, and late hydrothermal cycling of fluids are shown with precipitation of megaquartz and
quartz veins, which frequently occur in samples of Precambrian cherts. The oxygen isotope values of pos-
sible silica-saturated fluids in modern oceans are shown.

many Archean cherts form fracture-filling, dike-like structures often interpreted as a result of
hydrothermal delivery of Si induced by chemical interaction between seawater and seafloor
(Knauth and Lowe 1978; Paris et al. 1985; Nijman and Valkering 1998; Hofmann and Bolhar
2007; Hofmann and Harris 2008). Vast occurrences of silicification and replacement textures
(e.g., komatiite with quartz-formed spinifex texture) inform of silica influx from submarine pore
or vent fluids and by adsorption onto pre-exiting mineral surfaces (Siever 1992). Production
of silica-rich fluids is commonly attributed to hydrothermal, exhalative activity caused by
seawater—rock interaction at greenstone belts (Paris et al. 1985; Konhauser et al. 2001). This
presents evidence that Archean cherts formed via multiple pathways of dissolved silica from
seawater to seafloor and sub-seafloor. Therefore, reconstructing oceanic paleotemperature
from a silicified volcanic precursor or a hydro-thermal silica deposit might not produce an
accurate temperature proxy of the ocean water above.
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The origin of Precambrian chert is further complicated by microtextural diversity and
micrometer-scale isotope heterogeneities. Petrographic and in situ studies have revealed that
even at a micrometer scale cherts can be highly heterogeneous in oxygen and silicon isotopes,
and thus have recorded multiple precipitation events (Knauth 1994; Marin-Carbonne et al.
2012; Stefurak et al. 2015; Cammack et al. 2018). Cherts frequently visibly combine multiple
morphologies: microcrystalline quartz, chalcedonic, megaquartz, and quartz veins (Knauth
1994). The most abundant silica phase is typically microquartz, which consists of a-quartz
crystals with size ranging between 2 to 20 um, irregular boundaries, and sweeping extinction
(Folk and Weaver 1952; Hattori et al. 1996; Maliva et al. 2005). Microquartz and chalcedonic
quartz are considered as the first silica phase formed during chert precipitation and thus
the most pristine (Knauth and Lowe 1978; Knauth 1994; Marin et al. 2010). Megaquartz
is composed of relatively large crystals with size greater than 20 um across with clear
granoblastic textures. It forms by secondary, replacement process, as void-filling cements,
and also appears in heavily metamorphosed species. As chert might have experienced further
post-depositional fluid circulation, quartz veins are often abundant and consist of quartz grains
with sizes between 10 and 200 pm. Fluid inclusions trapped in such quartz indicate that veins
formed as a result of fluid circulation at high temperatures, often between 150-300 °C (Harris
et al. 2009; Marin-Carbonne et al. 2011; Farber et al. 2015). These observations document the
prolonged history of fluid cycling and quartz recrystallization that occurred after the seafloor
deposition of marine silica (Fig. 2). Thus, it is important to document the texturally different
generations of silica phases and their isotope composition by SIMS.

The collection of early Precambrian cherts

As outlined above, it is critical to understand the petrographic and geologic context of
chert samples that are used to study the isotope composition of the terrestrial hydrosphere
on the time scales ranging from Archean to modern days. Extending to as early as ~3.8 Ga
and especially common in Archean greenstone belts, ancient cherts have been the subject of
numerous studies (Perry and Tan 1972; Knauth and Epstein 1976; Knauth and Lowe 2003;
Perry and Lefticariu 2003; Knauth 2005; Robert and Chaussidon 2006) that focused on the
temporal trend defined by their oxygen isotope values and the implications for the global
evolution of the planet. Being spatially and temporally close to banded iron formations (BIFs),
Archean and Proterozoic cherts are still actively studied with the goal of understanding the
geochemical cycles intrinsic to the first half of the Earth’s history, including the evolution of
atmospheric oxygen content and its consequences on marine species (Holland 1984; Siever
1992; Canfield 1998; André et al. 2006; Poulton and Canfield 2011; Bekker et al. 2014). Further,
cherts are well known to finely preserve morphological details of fossilized microorganisms in
the geological record dating back to the Paleoproterozoic eon (Javaux and Lepot 2018). The
emblematic Precambrian chert formations (see Fig. 3) that have been extensively studied came
from four different Archean greenstone belts and Proterozoic basins:

1. The 3.8 Ga Isua Greenstone Belt (Ueno et al. 2002; van Zuilen et al. 2003; André et
al. 2006; Whitehouse and Fedo 2007; Heck et al. 2011; Brengman et al. 2016)

2. The 3.5-3.4 Ga Warawoona Group from the Pilbara Craton (Knauth and Lowe 1978;
Robert and Chaussidon 2006; Van den Boorn et al. 2007; Marin-Carbonne et al.
2012; Cammack et al. 2018).

3. The 3.4-3.3 Ga Onverwacht Group from the Barberton Greenstone Belt (Knauth and
Lowe 1978; Robert and Chaussidon 2006; Abraham et al. 2011; Marin-Carbonne et
al. 2011; Geilert et al. 2014; Stefurak et al. 2015).

4. The 1.9 Ga Paleoproterozoic Gunflint Formation of the Animikie group (Winter and
Knauth 1992; Robert and Chaussidon 2006; Marin et al. 2010).
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Figure 3. Emblematic Archean and Proterozoic chert formations. A—Landscape view of the Dresser For-
mation at the North Pole locality and the outcrops of (B) stromatolitic chert, and (C) stromatolitic and
bedded cherts. D-Landscape view of the Buck Reef Chert with (E) white and black bedded chert, and
(F) evaporitic chert. G—Outcrops of the Mendon chert with laminated black and white cherts (H and I).
J—Kakabeka Falls, Ontario in Canada, a locality for the Gunflint Formation. (K) Schreiber Beach locality
with outcrops of stromatolitic chert. () A detailed view of the Schreiber Beach stromatolitic chert. Photo-
graphs are courtesy of N. Olivier, P. Sans-Jofre, C. Thomazo and R. Shapiro.

Here we will review the main characteristics of these emblematic chert formations, but
we will not discuss the Isua chert as these rocks have experienced a higher metamorphic grade
(amphibolite facies) and have a more complex history of post-depositional modifications
(Dauphas et al. 2004; André et al. 2006). In this study we do not consider the chert bands
associated with banded iron formations (BIFs). They are also very common in the Precambrian
and host large amounts of silica and iron oxides, reflecting high amounts of H,SiO4 and Fe**
dissolved in ancient seawater. Although their deposition occurred in deep and calm water of
the Precambrian oceans, the origin of BIF-associated chert deposits is often considered to be
different from the bedded cherts that were deposited in shallower environments. Moreover,
the BIF silica has very low 8%°Si (down to —4%o; Chakrabarti et al. 2012) and very low 8'30
values (down to 7%o; Heck et al. 2011) that potentially suggest a different pathway of silica
precipitation, involving hydrothermal fluids, diagenesis at high temperature, precipitation
induced by temperature variation in seawater column, and/or adsorption of silica on iron
oxides (Konhauser et al. 2017; Schad et al. 2019).
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The Warawoona Group (3.52-3.43 Ga, Pilbara Craton, Australia). The Warawoona
Group is located in the Pilbara Craton (Western Australia) and consists of alternating volcanic
units with sedimentary successions and it is well-known for the abundance of well-preserved
stromatolites (Fig. 3; Allwood et al. 2006). The Strelley Pool Formation unit consists of a
sedimentary succession that was initially deposited between 3.43 and 3.35 Ga in a shallow
marine environment (Hickman 2008). There, seven distinct stromatolite facies (see Fig. 3) that
vary within paleoenvironments of a shallow-water facies carbonate platform were described
(Allwood et al. 2007). Detailed multi-scale morphological and geochemical studies of the
stromatolites and organic matter have led to a broad consensus on the presence of early life
in this Formation (Wacey 2010; Bontognali et al. 2012; Flannery et al. 2018). The underlying
Dresser Formation (3.5 Ga) consists of an alternating succession of chert, evaporite, and pillow
basalt (Van Kranendonk 2006). The base unit consists of silicified carbonate. Most of the units
in the Pilbara craton have experienced hydrothermal fluid circulation and metamorphism (Lowe
1983; Buick and Dunlop 1990; Hickman 2008; Wacey 2010; Sugitani et al. 2013), thus high-
temperature vent fluids are suggested to be the source of the silicification of the chert. The Dresser
Formation has experienced extensive hydrothermal alteration in the range of 250—300 °C that has
led to the crystallization of barite (Van Kranendonk et al. 2008; Harris et al. 2009). One sample
from the Dresser Formation, PPRG 006, has been analyzed in this study. This sample has been
previously extensively studied for organic matter characterization (e.g., Binet et al. 2008) and for
O and Si isotope composition (Robert and Chaussidon 2006; Marin-Carbonne et al. 2011, 2012).

Onverwacht Group (3.55-3.26 Ga, Kaapvaal Craton, South Africa). The Onverwacht Group
(Fig. 3) is the oldest unit of the Barberton Greenstone Belt in the Kaapvaal craton and consists of
a sequence of ultramafic and volcanic rocks alternating with sedimentary chert layers (Lowe and
Byerly 1999). The Onverwacht includes several chert layers: the Sandspruit, Theespruit, Komati,
Hooggenoeg, Kromberg, and Mendon Formations. Cherts from the Onverwacht Group have
various proposed origins, from silicified volcanic rocks, like the Middle Marker chert (Lanier
and Lowe 1982), hydrothermal exhalative products (de Wit et al. 1982; Hofmann and Harris
2008), marine chemical sediments (Knauth and Lowe 1978; Tice and Lowe 2006). Bulk O and
Si isotope studies on 3 different volcanic chert successions from the Onverwacht Group have
also suggested that cherts were late stage silicified rocks formed from the alteration of basalt
(Abraham et al. 2011). Further O and Si isotope studies on the Buck Reef chert of the Kromberg
Formation have reported stratigraphic changes and support a marine origin for this chert (Hren
et al. 2009; Geilert et al. 2014; Stefurak et al. 2015). The Buck Reef chert (3.416 Ga; Fig. 3)
consists of the largest accumulation of pure and carbonaceous silica deposits of the Archean rock
record (Kruener et al. 1991; Lowe and Byerly 1999; de Vries et al. 2010). As some authors have
found no evidence for hydrothermal activity (Tice and Lowe 2004), others have proposed that
part of the Buck Reef chert was silicified during late hydrothermal circulation (Hofmann and
Bolhar 2007; Hofmann and Harris 2008). One of the samples (PPRG 193) in current study came
from a black band in the Buck Reef chert of the Kromberg Formation.

The Mendon Formation (3.34-3.26 Ga) is also a part of the Onverwacht group (Fig. 3)
and is characterized by 50-75 m of black, black and white, and ferruginous chert (Lowe and
Byerly 1999; Trower and Lowe 2016), and was deposited by slow sedimentation in quiet
water settings during a period of local volcanic quiescence (Stefurak et al. 2014). Previous
studies have highlighted the influence of post depositional fluid circulation, especially on
S and Fe isotope compositions (Busigny et al. 2017; Marin-Carbonne et al. 2020), and the
metamorphic overprint likely occurred at 300 °C (Lowe and Byerly 1999). Extensive study of
O and Si isotope ratios in some Mendon chert samples has revealed Si isotope variations on the
micrometer scale (Stefurak et al. 2015) and systematic texture-specific §°Si differences, while
there is no obvious correlation between the chert texture and 8'*0 values measured in the
same area. This study proposes that the bulk Si isotope ratios are likely preserved but cannot
be used as a robust quantitative paleothermometer due to the occurrence of inter-sediment
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fractionations distributed across multiple diagenetic silica phases. A previous study that
combined fluid inclusion thermometry and O-Si isotope measurements by ion probe (Marin-
Carbonne et al. 2011) also found heterogenous compositions. Further, a detailed petrographic
observation of the Mendon chert from the drillcore BARB4 have led the authors to propose
a new mode of silica deposition as granules (Stefurak et al. 2014). Three samples (PPRG
198, PPRG 200 and Onverwacht 2 of 16.09.65) have been previously studied for oxygen
and silicon isotope composition (Robert and Chaussidon 2006, Marin-Carbonne et al. 2011,
2012) and are used in this study for triple oxygen isotope analysis. Despite the preservation of
sedimentological features in some of the Barberton Belt cherts, it is important to keep in mind
that all of the units of the Onverwacht Group underwent metamorphism under greenschist
facies conditions at temperatures around 300-350°C. Numerous intrusions were emplaced
during and after the deposition of the Onverwacht Group of the Barberton Belt (de Ronde and
de Wit 1994; Lowe 1994) and promoted an elevated geothermal gradient, episodes of contact
metamorphism, and fluid circulation (e.g., de Ronde et al. 1994), all of which affected to some
extent the preservation of original marine signals.

Gunflint cherts (1.88 Ga, Canada). The Gunflint Iron Formation (Fig. 3) is the middle
unit of the Animikie group of Northwestern Ontario and is conformably overlain by the Rove
Formation (Floran and Papike 1978). The stratigraphy of the Gunflint Iron Formation was
previously described by several authors (e.g., Goodwin 1956; Simonson 1987) who defined
several members and lithofacies. Winter and Knauth (1992) defined facies ranging from deep
to shallow water environments. According to these studies, the Gunflint chert was deposited
in seawater with no evidence for a mixing between seawater and local precipitation (Carrigan
and Cameron 1991; Winter and Knauth 1992). The Gunflint Formation has experienced late
hydrothermal circulation and metamorphism due to the Penokean Orogeney (40 Myr after
the deposition of the Gunflint) and from the Duluth intrusion (1.1 Ga). These events induced
maturation of organic matter and isotope re-equilibration between constituent minerals of the
nearby Biwabik Iron Formation of the same Animikie group (Hyslop et al. 2008; Marin et al.
2010), yet the Gunflint Formation remained relatively well-preserved with a temperature of
metamorphism under 200 °C (Alleon et al. 2016). The 5 chert samples that have experienced
different diagenetic temperatures have been selected from the Precambrian Paleobiology
Research Group (PPRG 1,289 Schreiber Beach and PPRG 1,284 Frustration Bay) and
from the collection of Stanley Awramick (3 of 06/30/84, 5 of 06/28/84 and 1c of 06/29/84).
The samples studied here have already been previously investigated in great detail by Marin et
al. (2010), Alleon et al. (2016), and Marin-Carbonne et al. (2012).

The chert of the Gunflint Formation occupies a special place in Precambrian paleontology.
The discovery in the 1950s and 1960s of fossils of microorganisms in the Gunflint cherts (Tyler
and Barghoorn 1954; Barghoorn and Tyler 1965), coupled with geochronological analysis of
ash-hosted zircons (1878 +2 Ma; Fralick et al. 2002), changed the way scientists view the earliest
records of life on Earth (Knoll 1992). Morphologically distinct filamentous and spheroidal
microfossils were described in the Gunflint cherts, and were interpreted to be the remains of
oxygenic photosynthetic bacteria (cyanobacteria), sulfate reducing bacteria, iron-mineralizing
microorganisms, and heterotrophs (Barghoorn and Tyler 1965; Cloud et al. 1965; Awramik and
Barghoorn 1977; Strother and Tobin 1987; Lepot et al. 2017). Carbon isotopic compositions of
fossils identified as Huroniospora and Gunflintia minuta species were reported to be consistent
with oxygenic photosynthesis (House et al. 2000; Williford et al. 2013), although anoxygenic
photosynthesis, chemoautotrophy, or heterotrophy were also considered as plausible metabolisms
(Lepot et al. 2017). The excellent state of preservation and the diversity of fossilized forms in
the Gunflint cherts have led to a universal agreement on their authenticity, and they were thus
frequently used as a reference for evaluating the origin of organic microstructures in Archean
rocks (Schopf et al. 2002; Wacey et al. 2012; Brasier et al. 2015; Alleon et al. 2018).
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Silica precipitation and diagenesis, and the effect of oxygen isotopes

Our understanding of sedimentary chert genesis has little evolved since early work in
the 1970s (Knauth and Epstein 1975; Murata et al. 1977; Hesse 1988; Maliva and Siever
1988; Maliva et al. 1989, 2005; Matheney and Knauth 1993; Knauth 1994). Transfer of
marine oxygen isotope signatures starts with growth of skeletal silica, frustule in diatoms,
at seawater-column temperatures. After diatoms die, the frustules are deposited on the
seafloor to form siliceous ooze. This then undergoes a series of transitions at bottom-water
and subseafloor temperatures: from opaline frusta, to opal-A and opal-CT, to cristobalite and
finally to microquartz. These transitions are accompanied by dissolution—precipitation and
by the interaction between the siliceous sediment and pore fluids at the temperatures from
20 to 80°C. The timing of the transitions is then governed by the burial rates and the local
geothermal gradient (Kolodny and Epstein 1976; Hesse 1988; Behl et al. 1994; Geilert et al.
2014). Even in marine cores recovered from Tertiary and Cretaceous sediments that have never
undergone high-temperature metamorphism and were never exposed to the low 8'%0 meteoric
waters intrinsic to subaerial environments, the phase transitions from amorphous precursor to
microquartz are accompanied by several %o shifts in §'®0 (Knauth and Epstein 1975; Tatzel et
al. 2015; Yanchilina et al. 2020). Shifts of around 15%o were documented by Yanchilina et al.
(2020). The well-studied Miocene chert from the Monterey Shale Formation is a key locality
showing the evolution of oxygen isotope ratios also varying 10%o across these phase transitions
(Murata et al. 1977). Moreover, an about 8%o change in 8'%0 values is documented in diatom
frustules from antemortem to post-mortem states (Dodd et al. 2012). These variations are best
explained by step-wise maturation of the sediment that starts at sediment—water interface and
continues deep within the sediment at the local diagenetic conditions.

As cherts contain 1-2 wt. % water in form of hydroxyl groups bonded with atoms of silicon,
their 6D values have been used as an additional constraint for temperature and fluid sources
(Knauth and Epstein 1975). Interaction of cherts with diagenetic and meteoric fluids then can
be documented from coupled oxygen and hydrogen isotope analysis. The §'*0-8D relationship
measured in Phanerozoic formations exposed on land presents an illustrative example of meteoric
water influencing the composition of chert (Knauth and Epstein 1976). Moreover, combined
8'80-3D spatial profiling of a Jurassic chert nodule reveled antiphase multiple-%o variability
across a distance of 10-20 mm, emphasizing the role of temperature during diagenesis (Sharp et
al. 2002). Thus, the crystallized microquartz does not reflect equilibrium with pristine seawater
in a straightforward way. A logical question arises: how can one still use cherts across geological
history if diagenetic processes produce 10%o shifts in 5'30?

As described above, modern chert formation is initiated by precipitation of amorphous
silica, and its early transformation to opal-A and opal-CT (Hesse 1988, 1989). In the
Precambrian, so far there is no evidence for precipitation as amorphous silica or as opal-CT,
thus the isotope effect of these transitions is not well-established for ancient cherts. The likely
precursor of Archean chert is amorphous silica gel, either precipitated directly from seawater or
within the seafloor lithologies (Fig. 3). Following the pattern of modern amorphous silica, the
Precambrian silica gels were likely then totally dissolved and recrystallized during diagenesis
into microquartz (Winter and Knauth 1992; Knauth 1994). Logically, it is likely that the
dissolution—precipitation of amorphous silica gel during diagenesis also induced modification
of the oxygen isotope composition of quartz, similar to Phanerozoic silica deposits (Kolodny
and Epstein 1976; Murata et al. 1977; Jones and Knauth 1979; Knauth 1979).

A potential for isotope integrity of marine signals in Precambrian cherts is highlighted
by several microscale studies that collected oxygen isotope compositions measured from 10
to 20 um pits by SIMS (Fig. 4; Marin et al. 2010; Marin-Carbonne et al. 2011, 2012, 2013;
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by bulk laser fluorination GS-IRMS (right side). Depending on the spot size and the scale of heterogeneity,
the SIMS analysis is capable of documenting isotopically diverse generations of quartz present in chert sam-
ples. The spot sizes of 5 and 50 um (normally 10-20 pum) of the primary beam are used to illustrate the differ-
ence; the size of the beam is more important relative to the scale of heterogeneity. The curves are probability
density functions representing random sampling of a population with dominantly high §'30 values (24—25%0)
and a smaller population with values of 17-18%o (shown with grey bands). The bulk value determined by tra-
ditional laser fluorination GS-IRMS would present a very tight distribution centered around the mean value.
B and C-Microscale determinations of oxygen isotope ratios by SIMS in a sample from the Gunflint Forma-
tion (Schreiber Beach) across multiple petrographic varieties. The 8'%0 values are marked in %o VSMOW
next to the analyzed pits (red dots; scaled with size about 20 um). The composition with §'80=+24%o is con-
sidered as the closest to the value of the primary microquartz. D—reflected light image of the exact same area
depicted in C. This sample was previously analyzed by Cameca ion probes 3f, 1270 at CRPG-CNRS (Nancy,
France), and, the most recently, by 1280HR at the SwissSIMS facility (University of Lausanne). The arrows
point to the pits left by the primary ion beam during the analysis by the respective ion probes.
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Cunningham et al. 2012; Stefurak et al. 2015; Cammack et al. 2018). These studies recognized
multiple generations of quartz spanning a range of 3'30 values, up to 14%o within some samples.
These samples are mounted within epoxy as pieces of chert several cm across, along with
smaller grains of standards placed in the middle of the mount. The heterogeneous compositions
are present on the scale of 10—-100 um and are sometimes accompanied by variations in trace
element concentrations and cathodoluminescence textures but are often not visible otherwise.
These observations somewhat undermine the utility of the measurements done by conventional
gas-source isotope ratio mass spectrometers (GS-IRMS) as such analyses involve bulk liberation
of O, from 1-2 mg samples using the laser fluroination technique. A combination of texturally
controlled triple oxygen with SIMS measurements holds some promise that is explored below.

Triple oxygen isotopes in silica

The previously proposed interpretations of the #0/!°0 trend (Fig. 1), be it higher temperature
of oceans, lower 8'80 of seawater, or diagenetic overprint, are not mutually exclusive due to
the inability to uniquely reconstruct both fluid sources and temperatures from a single isotope
ratio. Adding a second isotope ratio, 7O/!°0, provides new opportunities. Here we focus on our
new and the recently published triple oxygen isotope datasets of Precambrian cherts (Fig. 5)
in the context of their microscale heterogeneities recorded by SIMS. Other isotope systems,
such as hydrogen or silicon, could be used as an additional control on the nature of oxygen
isotope fractionation (e.g., Robert and Chaussidon 2006; Hren et al. 2009). However, these
systems might be decoupled from each other, given that silicon isotopes appear to display large
fractionations controlled by precipitation mechanisms and rates (Geilert et al. 2014, 2015) and
that hydrogen isotopes are easily reset at low temperatures (Wenner and Taylor 1973; Knauth
and Epstein 1976; Kolodny and Epstein 1976; Kyser and Kerrich 1991). In more recent years,
the triple oxygen isotope ratios '70/'°0 and '*0/'°O have been used to gain new insights into
geologic processes, including temperature-dependent fractionation between fluids and minerals
as well fluid source fingerprinting (Levin et al. 2014; Pack and Herwartz 2014; Passey et al.
2014; Herwartz et al. 2015; Sharp et al. 2016, 2018; Zakharov et al. 2017, 2019a,b; Bindeman et
al. 2018; Wostbrock et al. 2018; Zakharov and Bindeman 2019; Peters et al. 2020a,b).

The slope of silica—water fractionation in the triple oxygen isotope coordinates is now
calibrated and varies with temperature. For example, at temperatures from 25 to 400°C, the
slope of silica—water equilibrium fractionation varies from 0.5244 to 0.5278 (Fig. 5; Sharp
et al. 2016; Wostbrock et al. 2018). This slope is expressed in 8''70-3""80 coordinates,
where each axis is a linearized notation of conventionally defined delta values, i.e.,
3"7130%0=10-In(1+8'180/10%). The &''70O-excess, expressed as A'70=570-0.528-5'1%0,
is a convenient way to demonstrate the offset between a point and a reference line with the slope
of 0.528 in the triple oxygen isotope coordinates. That means that for a given fluid composition,
the value of A""7Ogu~A"""Oyyer Would be small at high temperatures, approaching the slope
of 0.528. At infinitely high temperature, equilibrium fractionation in the triple oxygen isotope
system approaches the slope of 0.5305 (Matsuhisa et al. 1978). Since the analytical uncertainty
on the A'"V70 values is about 5-10 ppm (0.005-0.010%o0), equilibrium quartz and fluids would
have indistinguishable values at temperatures above about 400 °C, while 8'80 4y41,—8'*Oyyer i
+4.5%o. At temperatures below 40 °C, the 8’0 and A"'70 of quartz are at least 32.5%o higher and
0.1%o0 lower than that of equilibrium fluid, respectively, as shown with the isotope composition
of diatoms and sponge spiculas (Pack and Herwartz 2014; Sharp et al. 2016).

In theory, having two isotope ratios, 7O/'°0 and 80/'°0, it is possible to solve for two
unknowns, i.e., equilibrium fluid composition and temperature. In such case, the equations
could represent evolution of marine pore fluids, or meteoric water array, and silica—water
equilibrium fractionation. While the latter has been calibrated (Sharp et al. 2016) and the meteoric
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Figure 5. Triple oxygen isotope data on cherts compiled from previous studies (Levin et al. 2014; Hayles
et al. 2019; Liljestrand et al. 2020) and from this study recalibrated to a common silicate standard UWG-2
(Sharp and Wostbrock 2021, this volume). The data from (Levin et al. 2014) was recalibrated using the
two-point scheme using the UWG—-2 and NBS28 standards. Panel A presents the same general trend in the
triple oxygen isotope dataset as in the previous conventional '*0/'°0 analyses (see Figure 1). The accom-
panied A''70O values are shown in (B). Panel C shows the 8''80-A"70 values of cherts color coded by their
age including modern oceanic diatomaceous silica and one chert sample from (Sharp et al. 2016). The solid
curved line shows the isotope composition of quartz in equilibrium with modern seawater. The dotted line
shows silica—water fractionation at the same temperature range but in equilibrium with ice-free seawater.
The dashed line to the left shows equilibrium fractionation with meteoric water (8''%0 =-18%o). Calibra-
tion after Sharp et al. (2016). An arbitrary selection of equilibrium temperatures (5 through 300) is shown
with numbers in °C. As an example of mixed compositions, we show mixing between cherts in equilibrium
with seawater and meteoric water with a blue dash dotted curve and the percent of meteorically derived
component is indicated. The region of meteoric waters is shown in the left upper corner after analyses
presented in (Luz and Barkan 2010; Li et al. 2015; Surma et al. 2018; Passey and Ji 2019; Tian et al. 2019).
The composition of mid-ocean ridge basalt (MORB) is shown with an open square.

waters was characterized in detail (Landais et al. 2008; Luz and Barkan 2010; Passey and Ji 2019;
Tian et al. 2019). The exact effects of diagenesis are not known and there is no published analyses
of marine pore fluids that we are aware of. The early measurements of cherts were presented
by Levin et al. (2014), including some Archean and Cenozoic samples. In more recent years,
silica—water equilibrium fractionation has been constrained by measurements of modern marine
diatoms and geothermal silica (Pack and Herwartz 2014; Sharp et al. 2016; Wostbrock et al. 2018)
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as well as by theoretical determination of fractionation factors (Cao and Liu 2011; Hayles et
al. 2018). These studies provide grounds to explore the triple oxygen isotope imprint of the
terrestrial hydrosphere and diagenetic conditions recorded by cherts. One can expect that
Precambrian cherts would reflect, at least partially, the original marine signals as well as the late
diagenetic and metamorphic signals, resulting in a mixture of equilibrium compositions. The
recent studies (Hayles et al. 2019; Liljestrand et al. 2020) presented high-precision triple oxygen
isotope measurements of cherts spanning in age from the Archean to the Cenozoic (see Fig. 5).
These papers demonstrated that the Archean cherts are 15-20%0 lower in 8'%0 and about 0.1%o
higher in A’"7O than those of Phanerozoic age (Fig. 5). The effect of higher temperature of the
Archean seawater or during diagenesis cannot be easily ruled out because the data do not tightly
follow the silica—water fractionation curve. Instead, cherts plot as a ‘cloud’ under the curve (see
Fig. 5). Such compositions could be reconciled by mixing arrays between primary and secondary
silica. These arrays are curved and concave upward in 8''*O-A""7O coordinates. Combined with a
probabilistic treatment of diagenetic effects, the study by Liljestrand et al. (2020) showed that the
triple oxygen isotope values of cherts can be explained by recrystallization, emphasizing that the
8180 value of seawater did not have to change significantly to replicate the entire dataset.

In essence, mixing between primary and secondary signals generated at different
temperatures results in masking the original equilibrium signal. Meteoric water as the source of
fluids responsible for low 8’80 values of the ancient silica deposits has been suggested numerous
times previously (Degens and Epstein 1964; Knauth and Epstein 1976; Robert and Chaussidon
2006; Tartese et al. 2018). Triple oxygen isotope fractionation during the hydrologic cycle (Luz
and Barkan 2010; Li et al. 2015) is now sufficiently characterized resulting in a quasilinear
relationship for 8% 0-A""7O values, similar to the meteoric line in conventional §'0-8D
coordinates (Craig 1961). Moreover, multiple stages of diagenesis and metamorphism in theory
would not permit using this treatment of ancient samples to reconstruct the composition of a
single reservoir, such as ancient seawater-derived fluids. In this paper we take the triple oxygen
isotope study of cherts one step further by attempting to resolve the influence of primary signals
and diagenetic overprints on a case-by-case basis. First, we describe the in situ techniques such
as secondary ion probe and Raman spectroscopy that we combine to get a detailed insight into
the complexity of isotope signatures recorded by the same set of samples.

Secondary ion mass spectrometry

Secondary ion mass spectrometry (SIMS) has been extensively used to determine oxygen
and silicon isotope compositions at high spatial resolutions (McKeegan 1987; Hervig et al.
1992; Valley and Graham 1996; Bindeman and Valley 2001; Peck et al. 2001; Kelly et al.
2007; Bindeman et al. 2008; Eiler 2011). Since the development of large ion microprobes
(series 1270—1300 from Cameca for example), it has been possible to measure oxygen and
silicon isotopes with high precision : 0.2%¢ and 0.4%o (2c) for oxygen and silicon isotopes
respectively (Kita et al. 2009; Whitehouse and Nemchin 2009), and therefore SIMS have been
applied to various research questions: igneous processes (e.g., Eiler et al. 1997; Gurenko and
Chaussidon 2002; Appleby et al. 2008), paleotemperature reconstruction from foraminifera
and coral (for example, Rollion-Bard et al. 2003; Kozdon et al. 2018), fluid—rock interactions
during metamorphism (Valley and Graham 1996; for recent examples see, Bonamici et al. 2014;
Bégué et al. 2019), and biogeochemical cycles (Alexandre et al. 2015). The pioneer study of
Robert and Chaussidon (2006) have measured both O and Si isotopes by SIMS on a set of chert
samples spanning from the Phanerozoic to the Archean and highlighted a secular correlation
between O and Si isotope compositions. That study used a large number of cherts but performed
only a few measurements per sample (3 to 5 depending on the samples) and used the average
value for the interpretation of the secular trend. Marin et al. (2010) and Heck et al. (2011)
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followed the analytical procedure described by Robert and Chaussidon (2006) with more
than 400 analyses in various chert samples from the Archean to the Proterozoic and observed
extreme isotopic variability at microscale for oxygen and silicon (see Fig. 4).

While it is possible to measure triple oxygen isotope ratios by SIMS (Tartese et al. 2018;
Bellucci et al. 2020), the applications remain within the realm of meteoritics, where the
A0 signals are large, spanning over 1%o (e.g., Krot et al. 2010). Due to the relatively large
uncertainties (+ 0.2%o) in '70/'°0 measured by SIMS, meaningful measurements of terrestrial
materials are limited. The required precision of +0.01%o is achieved by the traditional gas-
source isotope ratio mass spectrometers like the MAT 253 used here, yet the spatial resolution
is compromised by the relatively large sample size of 1-2 mg (several mm across), compared
to several nanograms analyzed by SIMS (see Fig. 5).

Raman spectroscopy

Further insight into cherts’ post-depositional histories can be provided by Raman
spectroscopy. Raman microspectroscopy is a nondestructive spatially resolved technique that
yields combined chemical and structural information on both inorganic and organic phases at
the micrometer scale, and is therefore widely used in Earth sciences (Dubessy et al. 2012).
As Precambrian cherts are almost exclusively made of quartz, they generally lack mineral
assemblages that can be used for mineral thermometry. Yet, these rocks usually contain
carbonaceous matter that has been often characterized using Raman spectroscopy in order to
inform on its thermal history (Tice et al. 2004; Schopf and Kudryavtsev 2005; Wacey et al.
2012; Sugitani et al. 2013; Alleon et al. 2016, 2019).

Raman spectral features of carbonaceous matter were indeed shown to evolve systematically
with metamorphic grade (Wopenka and Pasteris 1993; Yui et al. 1996). Over geologic timescales,
the structural evolution of carbonaceous matter is essentially governed by the maximum
temperature reached during metamorphism (Beyssac et al. 2002, 2004). By studying carbonaceous
matter in rocks with well-constrained P-T histories, Beyssac et al. (2002) first quantified a
phenomenological relation between Raman spectral characteristics and peak metamorphic
temperatures from 330-650°C. The authors decomposed the Raman signal into four different G
and D bands using a pseudo-Voigt function. In lower temperature contexts (200-300°C), Raman
spectra are more complex and additional bands are used to describe the signal and estimate the
peak temperature conditions that carbonaceous matter experienced (Rahl et al. 2005; Lahfid et
al. 2010). Figure 6 illustrates the impact of increasing metamorphic temperature on the Raman
spectra of carbonaceous matter preserved in Precambrian cherts studied here.

In the present study, we used Raman spectroscopy for the formations studied here by SIMS
and by laser fluorination GS-IRMS for triple oxygen isotopes. To estimate the upper limit for
the temperature of secondary dissolution—reprecipitation of quartz we utilized samples from the
Gunflint Formation (Alleon et al. 2016), Dresser Formation (Delarue et al. 2016), and the newly
collected chert samples of the Mendon Formation (Fig. 6). Raman data indicate that Gunflint
organic matter experienced maximum burial temperature conditions between 160 and 220°C
without clear petrographic evidence for recrystallization of microquartz at this temperature (see
Alleon et al. 2016a for details). Consequently, Gunflint microquartz likely recrystallized from a
silica precursor at temperature below, at temperatures ranging from 130 to 170°C as proposed
previously (Marin et al. 2010). On the other hand, Archean organic matter from Dresser and
Mendon Formations experienced higher peak temperatures during metamorphism (Fig. 6).
Recrystallization of quartz in Dresser and Mendon cherts could be bracketed by the range
300-360 °C, according to Raman spectral characteristics of carbonaceous matter. The analytical
details of Raman spectroscopy used here are described in the Methods section.
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Figure 6. Evolution of Raman spectra of Precambrian organic matter with increasing metamorphic grade. Ra-
man data and estimated peak temperatures for Gunflint and Strelley Pool organics are from Alleon et al. (2016)
and Alleon et al. (2018), respectively. Raman data for Mendon organics were acquired for the present study.
Estimation of the peak temperature was done following the methodology described by Kouketsu et al. (2014).

PART II: COMBINED SIMS AND
TRIPLE OXYGEN ISOTOPE ANALYSIS OF PRECAMBRIAN CHERTS

We use a unique collection of Precambrian cherts from the Dresser, Mendon and Gunflint
Formations, 3.5, 3.2 and 1.9 Ga, respectively, that were previously characterized in great
detail by in situ SIMS measurements of O and Si isotopes and trace elemental (Al, Ti, Fe, K)
concentrations (Marin et al. 2010; Marin-Carbonne et al. 2011, 2012, 2013). With the detailed
spatial data set (see Fig. 7), we attempt to ‘see-through’ the effects of provenance, secondary
processes such as early and late diagenetic and metamorphic transformations that together
define the triple oxygen isotope composition. At first, the procedure involves identification of
the low-Al and low-Ti compositions and their §'%0 and §*°Si values from the SIMS data set.
This subset of data is interpreted as the earliest low-temperature generation of silica, textually
identifiable as microquartz of early diagenetic origin. We then estimate the corresponding
88 0-A"70 compositions of this generation. Further, we resolve the triple oxygen isotope
composition of secondary quartz generations that resulted from post-depositional dissolution
and reprecipitation induced by burial and regional metamorphism.

In addition, to test for the hydrothermal origin of Archean silica (Perry and Lefticariu
2003; Van den Boorn et al. 2007), we provide triple oxygen isotope measurements of modern
amorphous silica that precipitated in a geothermal pipeline at the Reykjanes system of
Iceland at temperatures of 180—190°C (Hardardottir 2011). A similar work was also done by
Wostbrock et al. (2018) in a different Icelandic geothermal system with the goal to calibrate
the silica—water fractionation. In Reykjanes, seawater-dominated fluid reacts with basalt at
high temperature (350 °C). Upon depressurization and boiling of the fluid during geothermal
exploration, abundant amorphous silica precipitates as scales on the walls of the pipes at a
lower temperature of 188 °C (Hardardottir 2011). The silica scale was sampled from well
RN-9. This temperature regime and shallow water conditions are commonly envisioned for
the Archean silica-generating environment (De Ronde et al. 1997; Perry and Lefticariu 2003;
Van den Boorn et al. 2007). Consequently, we compare the modern-day amorphous silica scale
from Reykjanes to the reconstructed composition of primary silica represented by the Dresser
and Mendon Formation samples, where input of hydrothermal silica might have been high.
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Figure 7. The inventory of oxygen (A) and silicon (B) isotope data determined by secondary ion spectros-
copy (SIMS) in the samples used for triple oxygen isotope analyses. The trace elemental concentrations
were measured from the same pits also by SIMS. Aluminum (as Al,O5) and titanium (TiO,) concentrations
are shown as color-coded points plotted against their O and Si isotope ratios (C and D) and were incorpo-
rated here from the previous study (Marin-Carbonne et al. 2012).

Finally, we provide new hydrogen isotope and water content data for the same set of
samples. We explore the relationship between the reconstructed triple oxygen and hydrogen
isotope compositions as OH~ groups contained in microcrystalline quartz can be reflective
of the secondary equilibrium fluids originating during different stages of diagenetic
transformation of silica. In modern microquartz collected from the seafloor, hydrogen isotope
compositions reflect temperature-dependent fractionation with interstitial porewaters being
the likely equilibrium fluid (Knauth and Epstein 1975). However, in older counterparts of
Cenozoic age, the hydrogen isotope compositions of microquartz exhibit interaction with
meteoric water, forming an array of values parallel to the meteoric water line (Craig 1961).
Given that a similar meteoric water line exists for triple oxygen isotopes (e.g., Luz and Barkan
2010), its correlation with 8D values would help to disentangle the effect of post-depositional
alteration from the original marine signal.

Methods

Triple oxygen isotope measurements. The triple oxygen and hydrogen isotope analyses
were carried out at the University of Oregon Stable Isotope Lab. The methodology was
previously described in Zakharov et al. (2019b). Briefly, small chips of chert (1.5-2 mg)
excluding visible quartz veins were placed in a stainless steel holder inside an oven at 130°C
held under vacuum by a roughing pump for several hours. Later, they were placed in a stainless
steel vacuum chamber and pre-treated with BrFs overnight to remove the absorbed moisture
and reactive compounds. After laser-assisted fluorination of samples, the extracted oxygen
was purified from fluorination byproducts by a series of cryogenic traps and reaction with
Hg-vapor in a mercury diffusion pump. Then oxygen gas was trapped on a 5 A molecular sieve
by cooling to liquid nitrogen temperature. The released O, was carried though a GC-column
by He flow at 30mL/minute and room temperature. After about 3 minutes of elution time, the
0, was trapped on another 5 A molecular sieve at liquid nitrogen temperature. The gas was
further trapped on another, smaller volume 5 A molecular sieve immersed in liquid nitrogen and
introduced into a MAT 253 gas-source isotope ratio mass spectrometer (GS-IRMS) at 50-60 °C.
Each measurement consisted of 40 cycles of sample-reference gas comparisons in dual-inlet
mode with intermittent equilibration of pressure in the bellows of the mass spectrometer.
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In the study we used the previously characterized silica standards (Miller et al. 2020;
Wostbrock et al. 2020) to monitor the accuracy of triple oxygen isotope measurements.
Four UWG-2 garnet and two San Carlos (SCO) olivine measurements were made during
the analytical session between 24.09.2020 and 27.09.2020. The mean value of the
measured standards yielded (mean =1standard deviation): 8'"Oywg_»=3.137+0.073,
880uwG-2=6.109£0.159%0, 5'705c0=2.911£0.032, and '8 0gc0=5.684+0.052%c. In
addition, we ran a chert standard SKFS (Stevns Klint Flint Standard; Miller et al. 2020) that
returned 8'"Oggps=17.300 £0.012%0, 8'8Ogkrs=33.333 £0.003%o reported as mean = standard
error for a single measurement. We used the UWG-2 and SKFS values presented in this volume
to calibrate the measurements to the VSMOW-SLAP scale (8'"Oywg_»=2.94, 88 Oywg_>=5.7
and 8" Ogkps=17.57, 8'80gkrs =33.81; see Sharp and Wostbrock 2021, this volume). The two-
point calibration is used to address the instrument-specific non-linearity of the scale. However,
for the point of comparison with other datasets, where SKFS was not included, most figures
in this chapter present values relative to UWG-2. So far no significant scale compression/
stretching was found by analyses of SCO, UWG-2 and SKFS in other laboratories (Miller et
al. 2020; Sharp and Wostbrock 2021, this volume).

Hydrogen isotopes. Hydrogen isotopes were analyzed at the University of Oregon using
a high temperature thermal conversion elemental analyzer (TC/EA) connected to the MAT
253 in a continuous flow mode, where gases from samples and standards are transported in
He carrier gas (Sharp et al. 2001; see recent application, Hudak and Bindeman 2020). Each
solid sample and standard were wrapped in a silver foil capsule and dried in the vacuum oven
overnight, then transported to the auto sampler where they were purged with He carrier gas.
Two datasets were produced for hydrogen isotopes using different amounts of cherts analyte.
The first session included between 3—4 mg of chert in each capsule and second dataset included
7-9 mg of chert. To test for homogeneity, we ran the same cherts but different pieces. In the
TC/EA’s furnace lined with a glassy carbon column, samples underwent pyrolysis at 1450 °C,
and all of the H,O in the minerals was pyrolyzed to H, and CO gas. Extracted gas was carried
by He into a gas chromatograph and further introduced into the mass spectrometer via the
CONFLOIII device. Mica standards, USGS57 and USGS58 with 8D=-91 and —28%o0 (Qi et
al. 2017), respectively, were included in each analytical session to monitor the accuracy of
analysis and to normalize data to VSMOW scale.

SIMS measurements of O and Si isotopes. The oxygen isotope compositions of two chert
samples from the Gunflint Formation (Schreiber Beach and Frustration Bay) and one Archean
sample (PPRG 193) from the Kromberg Formation were determined using the Cameca IMS 1270
ion microprobe at UCLA (Los Angeles, USA) and the Cameca 1280 HR (SwissSIMS, Lausanne,
Switzerland) during 3 different sessions, using procedures previously described (Marin-
Carbonne et al. 2012). The Schreiber Beach sample was also analyzed for silicon isotopes. A
meticulous microscopic observation has been carried out in all the samples in order to select the
purest microquartz area, free of any visible oxides and carbonates. Oxygen and silicon isotopic
compositions are reported here as per mil deviations from the international standards: VSMOW
(Vienna Standard Mean Ocean Water) for oxygen and NBS28 for silicon using the delta notation.

In each mount, in-house quartz standards QZCRWU (8% 0=+24.5%0; Marin 2009), and
UNIL-Q1 (8'80=+9.8%¢; Seitz et al. 2017) were embedded in epoxy together with the fragments
of cherts. The fragments were sputtered with a Cs* primary beam of 2-25 nA intensity, 10 kV
acceleration voltage, and of size ranging from 10 to 30 pm for oxygen and silicon isotopic
measurements, respectively. The electron gun was used for charge compensation. Negative
secondary ions were accelerated at 10 kV. The mass resolving power was set at ~ 4000. The
ions '°0~, 1807, 8Si~ and 3°Si~ were detected in multicollection mode using faraday cups; L2
trolley for 'O~ and 28Si~ (using a 10'° Q resistor) and H1 trolley for 0~ and *°Si~ (using a 10'' Q
resistor). The centering of the secondary beam in the field diaphragm and of the magnetic field
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were done automatically during the analyses. A pre-sputtering time of one minute was added for
the silicon isotope measurements. With such conditions, a counting statistic <+0.1%o is obtained
after few minutes counting (40 cycles of 5 s acquisition time and 60 s of pre-sputtering). The
external reproducibility for oxygen and silicon isotope measurements obtained on the QZCRWU
and UNIL-Q1 quartz during the three sessions of analyses was +0.2 and +£0.4%o at one sigma.

Raman spectroscopy. Raman data were obtained using a Horiba Jobin Yvon LabRAM 800
HR spectrometer (University of Lausanne, Switzerland) in a confocal configuration equipped
with an Ar* laser (532 nm) excitation source and a CCD detector. Raman microspectroscopy
measurements were performed at constant room temperature, directly on freshly exposed surfaces
of chert samples, to characterize the degree of structural organization of carbonaceous matter. The
laser beam was focused on the sample with a 300 um confocal hole using a long working distance
x50 objective (NA=0.70). This configuration provided a =2 um spot size for a laser power
delivered at the sample surface below 1 mW, thereby preventing irreversible laser-induced thermal
damage. The collected Raman spectra were used to estimate the peak metamorphic temperature
experienced by organic matter, following the methodology proposed by Kouketsu et al. (2014).

Results

Oxygen isotope values. In Figure 8, we compare the bulk isotope values plotted against
the average values of 8''30 determined by SIMS as well as the °°Si. In Figure 9, the triple
oxygen isotope values are shown in §''*0-A"70 coordinates with a reference slope of 0.528,
along with the samples of amorphous silica scale from Reykjanes. The Archean Mendon and
Dresser Formation cherts have 8''%0 values between 14 and 16%o consistent with the previous
values reported by SIMS in the exact same samples. Their A’7O values cluster at —=0.05+0.02%0
(Fig. 9). The early Paleoproterozoic cherts of the Gunflint Formation have distinctly higher &80
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Figure 8. Comparison of the data measured in bulk by laser fluorination GS-IRMS in this study versus the
average values of the same samples measured by SIMS. The vertical error bar in each plot represents the
total range of values measured by SIMS (e.g., length=58""80,,,,—8"'%0 ;). Panel A shows oxygen isotope
compositions of cherts measured by two different methods with the least-square regression line and 95%
confidence intervals shown with dashed lines. The equation of the line is displayed in the upper left cor-
ner with standard errors shown in parentheses. The black solid line has slope of 1 and xy-intercept of 0.
The oxygen isotope values versus average 5°°Si is shown in Panel B. The vertical bars show the range of
8%°Si determined by SIMS. The symbols with black rims are plotted as 8''*O values determined in bulk
analyses. The symbols without the black rim were plotted using the average 8''%0 values determined by
SIMS. The A0 values plotted against §*°Si are shown in C. The horizontal error bars in C are analytical.
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Figure 9. The triple oxygen isotope values of the samples measured in this (large circles) and previous
studies. Small circles are cherts from Liljestrand et al. (2020), small squares are values from Hayles et
al. (2019). The silica—water equilibria are shown with curved lines projecting from modern ice-free sea-
water (solid; 8''*0,,, =—1%0), modern seawater (dashed) and seawater-derived hydrothermal fluids (blue
dotted). The array of hydrothermal vent fluids that approach the composition of fluids in equilibrium with
mid-ocean ridge basalts (MORB) is shown with the thick blue dotted line. The spread of SIMS values
in samples measured here is shown at the bottom of the plot with density distributions. The tick marks
near each other on different curves all correspond to the same temperatures of silica—water equilibrium at
40, 80 and 175°C. All of the data shown is calibrated to the UWG-2 standard. Only samples containing
>80 wt.% quartz are shown for cherts from Liljestrand et al. (2020). The inset in the upper right corner
shows our data normalized using a two-point calibration using UWG-2 and SKFS standards (Miller et al.
2020; updated values in Sharp and Wosbrock 2021, this volume), demonstrating the negligible effect of
scale compression issues. The red points depict ‘stretched’ values, while black points are normalized us-
ing the single-point normalization (same as in the large plot).

values ranging between 19 and 25%o. Their A''7O values are varying within —0.08 £0.01%o,
significantly lower than that of the Mendon and Dresser Formations. The two samples of the
Reykjanes geothermal scale have 8''30 of +14.2 and +14.6%o, accompanied by a A''7O of
—0.03%o. The results of triple oxygen isotope analyses are reported in Supplementary Table 1.

The new SIMS values are reported for 2 samples from Schreiber Beach and Frustration
Bay (Gunflint Formation) and one sample PPRG193 (from the Kromberg Formation) in
Supplementary Table 2. The results of previous investigations by Marin-Carbonne et al. (2012)
are compiled in Supplementary Table 2 as well. PPRG193 returned the range of §''®0 values
between +14.2 and +15.2%o, with an average of +14.8 +0.3%0 (n=23). The §''#0 values range
between +18 and +26%o, with an average value of +23.7 +1.8%0 (mean +ao; n=90) for the two
Gunflint samples, Schreiber Beach and Frustration Bay. We found that in the Schreiber Beach
sample the 8’80 values vary on a scale of ~100 um by 8%o (Fig. 4). The megaquartz segregations
are particularly low in 8180, as low as 18%o, while microquartz and chalcedony reach values
of +26%o. These are shown in Figure 4B. The 8*°Si in Schreiber Beach varies between +0.8
and +2.5%0 with an average value of +1.9+0.4%o relative to NBS28. The linear regression
(Fig. 8) constructed based on the 680 bulk vs. mean &''%0 SIMS values yields a slope of
0.8+0.1 and a y-intercept of 4 + 2%o (mean = Ise). It is worth noting that the previous SIMS
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measurements were specifically designed to preferentially target microcrystalline 8''*0 quartz
resulting in somewhat higher (1-2%0) mean §'%0 values compared to the measurements by
bulk laser fluorination (Fig. 8). This suggests that bulk fluorination analyses inevitably contain
fragments of altered and recrystallized cherts with 8130 values lower than that of microquartz.

The overall 830 range of the samples is consistent with the values determined in previous
studies (Hayles et al. 2019; Liljestrand et al. 2020). However, the A''7O are mostly slightly
elevated compared to previous analyses of triple oxygen isotope values in Archean and early
Paleoproterozoic cherts produced by Liljestrand et al. (2020), but agree better with the values
determined by Hayles et al. (2019). To further improve the comparison, we only plotted samples
from Liljestrand et al. (2020) that contain >80 % quartz. The previously measured cherts from
Hayles et al. (2019) shown in Figure 9 are from the Gunflint Formation and Onverwacht group
that makes comparison even more accurate. Further, we attempted to re-normalize the previously
published analyses to the single scale defined by UWG-2 (see Figs. 5 and 9). Despite these
procedures, we cannot explain these differences in the datasets as purely related to calibration.
We thus suggest that these differences in A’'7O measured here and in previous studies are at
least partly a result of natural variations between samples. This is suggested by the excellent
agreement between the samples that come from the same well-preserved Gunflint Formation
from this study and from the study of Hayles et al. (2019). The samples from the Kromberg
Formation reported here and in Liljestrand et al. (2020) are more difficult to compare because
the formation includes multiple chert layers with variable §'30 values (Knauth and Lowe 2003).

Further, we observe a positive correlation between the &''0 values determined in bulk
samples and the average of the §3°Si values determined by SIMS (Fig. 8). Consequently, the
A'V70 values correlate negatively with 8%°Si. This relationship between the triple oxygen
isotope and silicon isotope values (Fig. 8) has not been identified in the previous studies. We
suggest that the 8''80-A"170-8%Si correlation documents preservation of distinct differences
between samples that, in turn, can be used to decipher the processes recorded in isotope signals.

The 3D values and water content. The hydrogen isotope values range between —110 and
—60%0 with water contents between 0.1 and 1.2 wt. % (Fig. 10). The Mendon and Dresser
cherts have the lowest water contents, below 0.2 wt. %, and 6D ranging from —100 to —60%..
The early Paleoproterozoic Gunflint cherts contain 0.3—1.2 wt. % water and 6D values between
—110 and —90%.. Within each group of samples there is no significant relationship between
hydrogen and oxygen isotope ratios or the water contents (Fig. 10). We observe no systematic
difference between the duplicated analysis of the same chert samples using 3—4 mg or 7-9 mg
of analyte. The 8D values are variable within ~10%¢ between the replicates with the exception
of two samples where the difference is close to 20%o, likely reflecting natural variability as the
analytical precision of this method is £1-3%o (Fig. 10). The water content of the duplicated
measurements varies within <0.05 wt. % with exception of two samples that gave a larger
difference in 8D. In these samples the water content exceeds 0.6 wt.%.

Discussion: various origins of Precambrian cherts and record of seawater

We observe that the cherts from each age group are defined by ranges of values that
have distinct differences: Archean samples are generally lower in 8''®0 and higher in A0
compared to the early Paleoproterozoic Gunflint cherts, consistent with the values determined
in the previous studies of Precambrian chert (Knauth 2005; Hayles et al. 2019; Liljestrand et
al. 2020). We interpret the scatter of 8''80-A'"7O values registered within each formation as
the result of precipitation of silica from different sources of fluids during: I) seafloor deposition
and seafloor-diagenesis, and II) later interaction with fluids and recrystallization during burial
metamorphism. We consider marine pore fluids or hydrothermal vent fluids as the possible
primary sources of silica in category I, while fluids of category II would be those derived from
meteoric sources or crustal/basinal fluids.
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Figure 10. The hydrogen isotope data plotted against the triple oxygen isotope values. The D-8''*0 diagram
(A) shows the composition of cherts from Dresser, Kromberg, Mendon and Gunflint Formations plotting in the
restricted range of values. The field of Paleozoic cherts is from (Knauth and Epstein 1976). The meteoric water
line is shown (Craig 1961) with parallel lines depicting the isotope composition of equilibrium silica. Frac-
tionation factors for oxygen (Sharp et al. 2016) and hydrogen (Sheppard and Gilg 1996) are combined to define
the isotope value of chert in equilibrium with meteoric waters. The thin dotted line shows the composition of
silica in equilibrium with meteoric water (8''30 = —10%o) at different temperatures. Line ‘A’ from (Knauth and
Epstein 1976) depicts cherts in equilibrium with the modern ocean. In addition, we show the field of crustal
fluids. Such fluids are generated as a result of reaction with crustal rocks. As an example, we show two different
meteoric waters reacting with crustal rocks at different water—rock ratios (marked with numbers 0.1 through
2.3). Panel (B) shows the relationship across the hydrogen and triple oxygen isotope ratios. The water content
plotted against the isotope parameters (C-E) display the difference between the Archean (Mendon, Kromberg,
Dresser) and the Paleoproterozoic (Gunflint) cherts. The low water content of the Archean cherts and their
generally high 3D values are clearly different from the more water-rich samples of the Gunflint Formation.
There is no correlation observed between water content and the isotope ratios when individual formations are
considered. The duplicated measurements of the same sample are shown as connected points (see Methods).
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Archean cherts: Dresser, Kromberg and Mendon Formations. The SIMS determinations
defined a range of heterogeneous 8'%0 values that span between +14 and +20%o in our collection
of Archean cherts. Among these samples, the 3*°Si values span between around —2%o and
+3%o (Fig. 7), mostly encompassing the values of igneous rocks (—1%o), modern seawater
(between +1 and +3%o), hydrothermal silica deposits (between —3 and 0%o0) and marine abiotic
sediments (between 0 and +2%o; see recent compilation in Kleine et al. 2018). In the context
of the Precambrian, the silicon isotope values below 0%o0 have been interpreted to reflect the
hydrothermal origin of the silica initially precipitated from vent fluids (Van den Boorn et al.
2007, 2010; Marin-Carbonne et al. 2012). Even lower §°°Si compositions are measured in
BIFs (between —4 and 0%o; Konhauser et al. 2017). Further, given that the Al and Ti content
of measured microquartz samples is quite low (see Fig. 7), we suggest that the involvement
of silicified material with igneous origin 5*°Si=—1%o in our samples is limited. Meanwhile,
microquartz with §3°Si above 0% is thought to represent a seawater component (Van den Boorn et
al. 2010; Stefurak et al. 2015). Although 53°Si within each sample tends to be extremely variable
and texture-specific (Stefurak et al. 2015), the average values correlate with the average §''*0
values of the same samples (see Figs. 7 and 8). Among the samples from our collection, only one
sample (PPRG 200) from the Mendon Formation has an average 8*°Si of above 0%o, which could
be used as an indication of the highest input of the marine signal. The §''*O values determined
by SIMS in this sample are also the highest (up to +20%0) compared to the other samples. We
thus suggest that the triple oxygen isotope values of the samples with the average negative §*°Si
values and 8'%0 of around +14%o can be used to trace the isotope values of seawater-derived vent
fluids, while the value of PPRG 200 should be closest to marine microquartz.

We find that in triple oxygen isotope space (Fig. 11) most samples, even PPRG200,
plot below the equilibrium curve that projects from ice-free world seawater. Based on the
possible fluid sources resulting from seawater—basalt reactions and the Raman-based record of
metamorphism, we construct a field of possible equilibrium and mixed compositions (Fig. 11).
Assuming that the original equilibrium fluids were derived from seawater with a §''80+2%o
of modern seawater, encompassing hydrothermal vent fluid compositions or ice-free world
seawater (Fig. 9), the primary Archean microquartz with low &°°Si values is best explained
by high-temperature equilibrium fractionation at 150-170°C. The sample PPRG 200 with a
high 6%°Si value seems to be also affected by hydrothermal input as its A’'7O value is quite
low, shifted towards the compositions in equilibrium with vent fluids. Using the Raman-based
estimate of the metamorphic overprint of 300-360 °C, the secondary low-A’"7O quartz formed
in equilibrium with fluids with 830 of crustal values (+3 to +5%o) and with A""7O close to
—0.05%o. Although quartz did not necessarily recrystallize at the temperature recorded by Raman
spectroscopy, we suggest that it formed at relatively high temperature due to the presence of
fluid inclusions hosted in cherts from Onverwacht group that homogenize at temperatures up to
300°C (Marin-Carbonne et al. 2011). In addition, we show a low temperature quartz with §'80
of +22%o (Fig. 11) that could have precipitated from minimally modified seawater as suggested
by previous detailed investigations of Barberton Belt cherts (Knauth and Lowe 2003)

We suggest that initial precipitation of microquartz might have occurred in equilibrium
with vent fluids, or from a mixture of seawater and vent fluid sources. The A''7O of primary
silica deposits would be dependent on temperature and the water—rock ratios during seawater—
basalt reaction. Exchange reactions at low water-rock ratios induce oxygen isotope shifts
experienced by vent fluids towards the composition of rocks. In our dataset, a sample from the
Kromberg Formation for example plots on the modern seawater equilibrium curve at 150 °C
(Fig. 11) , which could be explained by the minimal interaction between seawater and basalts,
i.e., high water—rock ratios (mass ratio of 2 and above), resulting in negligible oxygen isotope
shifts of vent fluids (e.g., Shanks and Seyfried 1987). Further interaction with crustal and
basinal fluids (i.e., those that reacted with crustal rocks during burial and metamorphism)
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and precipitation of equilibrium quartz would also contribute to lowering the bulk A’'O value.
Although there is no unique way to reconstruct the late generation quartz compositions, a
combination of mixing arrays such as shown in Fig. 11 might help explaining the low A’'70

signature of many chert samples of the Archean that underwent metamorphism.
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Figure 11. Triple oxygen isotope diagram with Archean (A) and Paleoproterozoic (B) samples divided into
separate panels. Based on isotope ratios measured by SIMS, average 6*°Si values and peak metamorphic
temperatures, we attempt to resolve provenance and distinguish between the early and late generations
of quartz (see Discussion). The quartz—water fractionation is shown with the concave-down curves. The
solid curve depicts equilibrium with ice-free world seawater. The dotted curves show silica in equilibrium
with fluids that underwent reaction either with oceanic crust (blue; submarine vent fluids) or continental
crustal rocks (grey; crustal fluids). In the Archean (A), where hydrothermal cycling of seawater might have
been important, the silica might have inherited some of the low A''7O values (blue dotted lines) and low
5%Si from vent fluids (shown with the blue field). Those match the §''*0 values determined by SIMS in
low-8%°Si samples. Further, precipitation of quartz from crustal fluids at 300 °C during metamorphism is
shown with a curve projecting from the respective field. This is the lowest range of metamorphic condi-
tions registered by the Raman spectroscopy and fluid inclusion data (Marin-Carbonne et al. 2011) in our
collection of Archean cherts. Mixing with quartz that precipitated at 80 °C is shown with the concave-up
dashed-dotted line, as some cherts in the Barberton Belt reach +22%o in §''*0 (Knauth and Lowe 2003).
The red curved arrow and question mark show a possible trajectory taken by cherts that formed as a mixture
of seawater and hydrothermally sourced silica. The question mark shows seawater-derived cherts that
originally precipitated at ~80 °C. In case of the Gunflint Formation (B), several samples plot near the equi-
librium fractionation line with seawater at ~70 °C. The 8''®0 of such samples match the &''30 measured by
SIMS in the early microquartz. The marine porewater fluids are shown with the pink field and equilibrium
silica is depicted with the pink dotted line. The composition of secondary quartz is constructed based on
the 880 value of +18%0 measured by SIMS in megaquartz segregations. The equilibrium temperatures
of 130 and 170°C are picked as the possible temperature range of quartz recrystallization in presence of
crustal fluids. Alternatively, equilibrium with pristine meteoric water would yield a similar composition
of secondary quartz, however at much lower temperatures, around 40 °C (shown with a question mark).
These trends are demonstrative of possible origins of low A’'70 values in the studies’ samples and intend
to describe the variability determined by SIMS in this study and by previous determinations within cherts
of the same age (Hayles et al. 2019; Liljestrand et al. 2020).
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The early Paleoproterozoic Gunflint chert. Similarly to the procedure outlined above,
we use the isotopic values determined by SIMS to distinguish the triple oxygen isotope
values of the early from the late generations of silica. In the case of the Gunflint Formation,
the Al,O; and TiO, contents are uniformly low, rarely exceeding 500 and 50 ppm (Fig. 7),
respectively, generally reflecting the well-preserved early Paleoproterozoic silica deposits and
the absence of silicified lithologies in our collection. The cherts of the Gunflint Formation
used here were collected from Schreiber Beach and Frustration Bat, localities far-removed
from the Duluth intrusion and thus minimally affected by hydrothermal activity and passing
all microanalytical criteria presented previously (Marin-Carbonne et al. 2011, 2012). In this
case, the earliest generation is best explained by early transformation of the marine silica
precursor into microquartz acquiring the high 8°°Si values between 0 and +3%o (Fig. 7). The
new SIMS measurements presented here show that the microquartz has values between 23 and
26%o, while some (but not all) megaquartz segregations with granoblastic textures have §''*0
vales as low as 18%o (Fig. 4). The textural and modeling evidence allowed us to distinguish the
signal defining the original early diagenetic silica corresponding to the highest 8''%0 values,
that should be close to the mean of the range (Marin-Carbonne et al. 2012).

Using the criteria outlined in Marin-Carbonne et al. (2012) and our new measurements,
we assign the 880 value of +24%o as the isotope signature of the early diagenetic silica,
i.e., the most primary microquartz. The corresponding A"'7O of this microquartz is —0.08%o
as evident from bulk laser fluorination measurements (Fig. 11). The lower range of §''0
values previously measured by SIMS is interpreted as the late stage cycling of fluids during
metamorphism (Marin et al. 2010). The triple oxygen isotope values corresponding to this
generation of quartz are §''80=+18%o and were measured directly in this study (see Fig. 4B).
One sample (5 of 06.28.84) measured for triple oxygen isotope composition yields a §''%0 of
+19.7%o, close to the granoblastic quartz measured by SIMS, and A''7O = —0.092%o. Such
a composition could be used to derive the general trend induced by alteration during the
metamorphic event at the temperature recorded by Raman spectroscopy. Then the Gunflint
chert can be explained by primary high-8''%0 microquartz that precipitated in equilibrium
with fluids with 880 of —4 to —1%e, similar to the values of modern sediment-hosted pore
fluids (e.g., Aagaard et al. 1989). The corresponding equilibrium temperature recorded by this
generation is between 60 and 80 °C, depending on the exact choice of the equilibrium fluid
value. The secondary generation of quartz formed via dissolution—reprecipitation at elevated
temperatures between 130 and 170°C during metamorphism, as constrained by Raman
spectroscopy of organic matter (Alleon et al. 2016). The reconstructed equilibrium fluid yields
a 8'180 between +2 and +5, and a A’'7O of around —0.08%o (Fig. 11).

Triple oxygen isotope signature of the primary fluids. In each chert-bearing formation
studied here, the depositional environment is undoubtedly marine, thus we assume that the main
reservoirs responsible for the precipitation of primary silica and early diagenesis are: I) seawater,
II) submarine pore fluids, and III) hydrothermal vent fluids (see Fig. 11). The distinction in
slopes of these processes in §''0-A""7O space is generated via different temperature and
different water—rock balances of exchange reactions between seawater and seafloor lithologies.
The isotope signatures of the fluid reservoirs are then imprinted in the primary microquartz as
shown with their triple oxygen isotopes of modern oceanic quartz, geothermal silica, and chert
(Fig. 12). As an example of transfer of isotope signature from the seawater-derived vent fluids, we
use the Reykjanes scale silica measured in this study and the previously presented compositions
of oceanic quartz and geothermal fluids (Zakharov and Bindeman 2019; Zakharov et al. 2019b).
These samples record the triple oxygen isotope composition of seawater that underwent isotope
exchange with basalt and might serve as a point of comparison for mechanisms of Precambrian
silica precipitation that involved hydrothermal cycling (Fig. 13).
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Hydrothermal fluids, Reykjanes silica scale: a comparison with Archean silica. In the
case of the studied Archean formations, our interpretation of the primary hydrothermal origin
of cherts conforms to the previous results based on the field relationships, isotope studies
and trace elemental concentrations (de Ronde et al. 1994; Van den Boorn et al. 2007, 2010;
Hofmann and Harris 2008; Cammack et al. 2018; Alleon et al. 2019; Lowe et al. 2019).
These suggest that many Archean chert deposits and silicified basalts were produced during
reactive circulation of seawater rather than precipitation of silica in the deep ocean from cold
seawater. However, we should note that the high-8''*0 cherts (up to +22%o) of the Barberton
Belt presented by Knauth and Lowe (2003) carry a potential to provide insights into a lower
temperature environment, where a marine-dominated signal can be better distinguished.

From reaction with basalt at high temperatures, modern submarine vent fluids are 1-2%o
higher in 8180 than ambient seawater (Shanks 2001) and 0.01-0.03%o lower in A''7O (Zakharov
and Bindeman 2019; Zakharov et al. 2019b). Consequently, we use the geothermal silica scales
to demonstrate the possible triple oxygen isotope signature carried by silica-saturated fluids at
~180-190°C. Our measurements are in close agreement with this temperature. They yield an
equilibrium temperature of 175 °C and equilibrium seawater-derived fluids reacted at high water—
rock ratio (Fig. 12). These fluids initially resulted from circulation in hot basaltic wall rocks
at temperature of around 320-350°C and subsequently cooled to about 188 °C (Hardardottir
2011). The cooling is accompanied by boiling, steam loss, and precipitation of amorphous silica
along with precipitation of minor carbonate and sulfides on the walls of the geothermal pipes
downstream. For more information on these samples refer to Hardardottir (2011). Some meteoric
water component has been inferred in the Reykjanes system, although the salinity of the fluid is
that of seawater (Olafsson and Riley 1978; Pope et al. 2009). Despite this potential involvement
of local precipitation, we do not see a significant enrichment of A’'’O values in our Reykjanes
scales (Fig. 9). Some of the Precambrian cherts from the Barberton Belt and the Pilbara craton
form dikes, fracture-filling aggregates, and inter-bedded layers in silicified komatiitic basalts
(e.g., Hofmann and Bolhar 2007; Hofmann and Harris 2008; Lowe et al. 2019) and they might
document a similar style of silica precipitation as these modern silica scales.

The well fluid compositions of the Reyakjanes geothermal field were measured previously
with 880 between —0.2 and +1.1%0 and A’'70O between —0.025 and —0.015%0 (Zakharov et al.
2019b). Such values are in agreement with the seawater—basalt reaction that took place at water—
rock ratios of about 1 (Fig. 12). These might be viewed as the parental fluids for the silica scales as
some of the samples were extracted from the same well (RN-9). The reconstructed compositions
of the earliest generation silica in the Archean Mendon, Kromberg and Dresser Formations are
accordingly consistent with precipitation from such a vent fluid (Fig. 12). Lowering the water—
rock ratio of seawater—basalt reaction would increase the §''*0 and lower the A’7O of chert-
forming fluids. At much higher temperatures (300—-350°C), the effect of low water—rock ratio
is depicted with the values of oceanic quartz crystals extracted from the altered oceanic crust
drilled at the Oceanic Drilling Project site 504B (Alt et al. 1996) that were previously analyzed
in Zakharov and Bindeman (2019). With these measurements, the seawater evolution line upon
reaction with basalt is clearly constructed and has a slope of around 0.51 in the §''70-8''80
coordinates, which gives its steep negative slope in 8''*0-A"70 coordinates (Fig. 12A).

In the case of the Archean, the reconstructed 8’30 values of vent fluids at the Barberton
Belt range between +0.9 to +1.6%o, as constrained from the fluid inclusion microthermometry
and oxygen isotope measurements of hydrothermal quartz hosted in altered komatiitic rocks
spatially associated with the cherts (De Ronde et al. 1997; Farber et al. 2015). The A0
value of such a fluid would be dependent on the initial value of seawater and the extent
of water-rock reaction. If the seawater value was 0 or —1%o, then the A’'7O of such fluids
would plot along the same trajectory as the modern fluids, without a significant difference.
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Figure 12. Panel A depicts the systematics of the modern oceanic silica phases. Precipitation of original
silica from seawater or seawater-derived fluids (pore and hydrothermal fluids) is shown with pink and
blue curves encompassing the temperature range between 5 °C and infinity (intermediate temperatures are
shown), with the 8''%0 fluid values between +3 and —4%o of modern seawater. As an example of hydrother-
mal vent fluids we show the composition of seawater-dominated well fluids (shown as Z2019; Zakharov et
al. 2019) and amorphous silica scale from the pipelines of the Reykjanes system (this study). Further, the
oceanic quartz extracted from high-temperature altered oceanic crust (ZB2019; Zakharov and Bindeman
2019) depicts equilibrium with evolved seawater-derived fluids at 345 °C. The seawater evolution path
induced by hydrothermal circulation is shown with blue dotted lines using modern and ice-free seawater
values (collectively shown as an oval). Modern marine chert (S2016; Sharp et al. 2016) and Cretaceous
chert (SKFS standard measured here) are shown with squares. The samples studied here are shown with
shaded circles. The Archean seawater path is shown with the dotted arrow and the equilibrium quartz
composition is shown with a dotted curve (model after Sengupta and Pack, 2018; see main text below).
In Panel B we show the compilation of chert values (Levin et al. 2014; Hayles et al. 2019; Liljestrand et
al. 2020; this study) and the modern oceanic silica samples from panel A (black unfilled shapes). The
overarching feature of these datasets is their A"'7O lower than silica in equilibrium with seawater-derived
sources (as depicted in A). Secondary quartz in equilibrium with pristine meteoric waters of different com-
position is shown with an array of grey curves. We also show quartz crystallized from fluids that underwent
isotope exchange with crustal rocks at variable water—rock ratios. Precipitation of quartz from pristine or
modified meteoric water would require temperatures mostly below 55 and 175 °C, respectively, to explain
mixing between primary and secondary quartz. In addition, we show the seawater evolution path in absence
of continental weathering and with enhanced oceanic weathering (red arrow; see main text). The compo-
sition of such seawater becomes similar to that of meteoric water; however, it does not extend below the
value of ~ —4%o (see text). The contribution from hydrothermal cycling of seawater is shown with the blue
arrow and equilibrium silica composition is outlined with the blue dotted curve.
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Thus, the positive 8180 values of the fluids would be accompanied by negative A’'7O values
toward the composition of basalt (§''*0=+5.6 and A’'’O=-0.06%o; Eiler et al. 2001; Cano et
al. 2020). The compositions of analyzed Archean cherts in fact are more consistent with this
origin of the fluids resulting from exchange with basaltic rocks. This trend is consistent with
the hypothesis of a vent-fluid origin of at least some of the Archean cherts, supported by their
low 8°Si values. Further, this suggests that the seawater value must have not been significantly
different in the Archean from the range between —2 and 0%o. (Holmden and Muehlenbachs
1993; Furnes et al. 2007; Pope et al. 2012; Zakharov and Bindeman 2019). However, it is not
possible to reconstruct the ambient seawater temperature directly from these measurements as
the vent fluid temperature is not reflective of ambient conditions.

Interstitial pore fluids. Contrary to the Archean counterparts, the Proterozoic cherts of the
Gunflint Formation are found within shallow to deep marine sequences indicating precipitation
from the seawater column and with minimal contribution of vent fluid solutions. The high §*°Si
values measured in post-Archean cherts are also in agreement with limited contribution from
basalt-derived hydrothermal silica and primary contribution by diagenetic solutions initially
sourced from seawater dissolved silica (Tatzel et al. 2015). In modern siliceous sediments the
crystallization of microquartz is accompanied by interaction with marine pore water fluids.
Consequently, we propose that the triple oxygen isotope composition of the Gunflint chert
sheds light on the composition of sediment-hosted pore water fluids at the temperature of
early marine diagenesis. Pore fluids in oceanic crust are routinely measured (e.g., Aagaard
et al. 1989; Hesse et al. 2000), yielding 8''*0 values several%o lower, between —4 to —1%o,
compared to that of the ambient seawater. Using the corresponding A''’O shift measured in
authigenic minerals (Sengupta and Pack 2018; Bindeman et al. 2019; Bindeman 2021, this
volume), we propose that the value of pore fluids must be positive in A’'7O compared to the
parental seawater value. Since such fluids are likely representative of the equilibrium fluids
for the early diagenetic microquartz that formed within seafloor sediment, the corresponding
equilibrium temperature is 60—-80 °C (Figs. 11 and 12). Analogously to the modern pore water
fluids retrieved from the siliceous sediments, the signature of the Gunflint Formation chert is
best explained by a fluid with 8''%0 of around —2%o (Fig. 12).

Secondary fluids: burial metamorphism and post-depositional recrystallization. The textural
complexity of silica phases and the several per mil range in &''®0 and §%Si values within each
sample reflect several stages of interaction with diagenetic and secondary fluids, and dissolution—
reprecipitation at temperatures different from the initial precipitation. Depending on the history of
individual formation, such fluids could originate from local meteorically charged ground waters, as
well as water expelled from hydrous minerals of surrounding lithological units at higher temperature
during phase transitions (e.g., illite—smectite or smectite—chlorite transitions; see Bindeman 2021,
this volume). Upon further burial and metamorphism, crustal fluids might become important. Their
isotope compositions are dominated by rock-buffered reactions at high temperature with crustal
rocks that on average have a §''%0 of around +11%o (Bindeman et al. 2019).

It is evident that the Archean cherts studied here were modified by a metamorphic event
which affected all lithologies of the hosting greenstone belts (e.g Xie et al. 1997; Knauth and
Lowe 2003). Assuming that quartz recrystallized in metamorphic conditions (at least ~300 °C
for Mendon and Dresser Formations, as documented by Raman spectroscopy and fluid inclusion
studies; Marin-Carbonne et al. 2011), the reconstructed fluids would have to have §''30 values
of around +3%o to explain the equilibrium secondary silica with a low A’'7O value (Fig. 11).
These fluids would be similar to those formed at low water—rock ratios and could be calculated
in the triple oxygen isotope space given high-temperature fractionation with crustal rocks
(water—rock ratios below ~0.3; Fig. 11). The proposed fluids with a §''*0 around +3-5%0
would have a A0 of —0.1%0, which are best explained by rock-buffered reactions that
occur in the crust, i.e., crustal fluids (Wilkinson et al. 1995; Baumgartner and Valley 2001;
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Bindeman 2021, this volume). Similarly, in the case of the Gunflint Formation, the late
generation silica could have formed at temperatures as high as 170 °C, as indicated by Raman
spectroscopy data (Alleon et al. 2016), which yields the corresponding equilibrium fluids with
a 8'1%0 of +2 to +5%¢ and a A"V70 of —0.10%c. Such a fluid signature could be a result of basinal
brines (also known as formation waters) contributing to the late diagenetic transformations
(e.g., Clayton et al. 1966; Hitchon and Friedman 1969).

In fact, many previous studies explained the low 8''%0 values of Precambrian cherts
by diagenetic interaction with meteoric waters (see Fig. 12). With the triple oxygen isotope
approach, it seems difficult to explain all of the low A’'7O values by interaction with pristine
meteoric water because in such cases the precipitation and dissolution of microquartz had
to occur at relatively low temperatures (40-70°C; Fig. 12) , in equilibrium with fluids with
8'180 between —25 and 0% (Liljestrand et al. 2020), and presumably at high water—rock ratios
above 1. The modified crustal fluids would be able to induce the same effect by precipitation of
quartz at temperatures between 55 and 175 °C (see Fig. 12). The sign of change in 8’0 from
original microquartz to altered chert would depend on its original value and the temperature of
interaction with crustal fluids, yet the A’'7O values would change in one direction, negatively
(see Fig. 12). Further evidence for interaction between such fluids and sedimentary silica has
been documented using in situ SIMS analysis of quartz overgrowth formed in sandstones that
experienced several kilometers of burial depth (Williams et al. 1997; Pollington et al. 2011).
Further, in other geological situations, where metamorphism involves other lithologies, it is
common to observe increased 530 values due to interaction with crustal fluids. For example,
the early Paleoproterozoic Scourie dikes of NW Scotland with initially low 8'30 magmatic
values spanning between —2 to +2%o. experienced recrystallization in presence of crustal
fluids near shear zones and in high-grade metamorphosed parts of the terranes. The attendant
increase in the 8'30 bulk value is 4—5%o (Cartwright and Valley 1992; Zakharov et al. 2019a).
Unlike cherts, these rocks are composed of multiple minerals, thus making identification of
preserved and metamorphosed precursors more manageable. While direct measurements of
basinal and crustal fluids for triple oxygen isotopes have not been reported yet, their A’'70O
must be low due to exchange with rocks that are isotopically distinct from the surface sources
of fluids (Fig. 12). Due to high-temperature fractionation at several kilometers burial depth, the
crustal fluid A'"7O would be governed by that of rocks, between —0.06 and —0.1%o, spanning
between mantle-derived and metamorphic rocks (see Bindeman 2021, this volume).

Water content and cherts’ hydrogen isotope composition. Measured hydrogen isotope
compositions of cherts give us an opportunity to cross-validate the model of the origin of
secondary quartz, since the bulk 8D values of chert are more sensitive to the involvement
of meteoric water (Fig. 10). This is confirmed by homogeneous 3D values measured from
multiple chunks of the same samples that only vary about +£10%0 on average. The generally
low 0D values between —110 and —60%o likely point towards involvement of meteorically
derived fluid (Fig. 10). Even if we assume that water is held by phases with large H,O—OH
fractionations defined by low-temperature equilibrium (Sheppard and Gilg 1996), we still
expect that the low oD values of cherts trace involvement of meteoric waters. Alteration of 5D
values of chert could also readily occur under ambient temperature due to the low hydrogen
content and small grain size of microquartz. Even Jurassic and Cretaceous cherts exhibit very
low and variable 8D compositions owing to low-temperature exchange with local precipitation
(Fig. 10; Knauth and Epstein 1976). Moreover, the presence of organic material with low 8D
values in the cherts probably influenced the measured values. For example, the reported total
organic carbon in the Dresser Formation varies on the order of 0.1 % (Ueno et al. 2004), and
would be higher for the well-preserved Gunflint Formation. The weakly bonded hydrogen
would have been a subject to modification due to thermal maturation of organic molecules and
devolatilization, favoring heavy (high D) H,O loss.
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Triple oxygen isotope evolution of seawater

Both interstitial pore fluids and vent fluids are considered here as possible sources of
equilibrium fluids during the transformation of amorphous silica into microquartz. Such fluids
originate from interaction between pristine seawater and oceanic crust, however, their isotope
compositions are directly related to the primary seawater signature. We can first consider the
secular evolution of seawater composition in terms of dominant processes that control the
isotope ratios of the terrestrial hydrosphere (Fig. 13). The contributions from high-temperature
alteration of oceanic crust and from low-temperature weathering reactions provide the two
largest volumes of exchanged oxygen delivered into the oceans. The effect produced by each
process has been considered in numerous previous publications (Muehlenbachs and Clayton
1972; Holland 1984; Muehlenbachs 1998; Kasting et al. 2006; Kanzaki 2020), including those
focused on the triple oxygen isotope ratios (Sengupta and Pack 2018; Bindeman 2021, this
volume; Wostbrock and Sharp 2021, this volume). The dominant amount of exchanged oxygen
is provided by high-temperature reactions between seawater and oceanic crust at mid-ocean
ridges that exert positive shifts in 8''*0 and negative in A’'70, close to +1.5%0 and —0.03%o,
respectively (Fig. 13). These isotope shifts are clearly detected by the previously measured
8'80 values of altered oceanic crust (Alt et al. 1986, 1996; Alt and Teagle 2000; Alt and Bach
2006) and hydrothermal fluids (Shanks and Seyfried 1987; Bach and Humphris 1999; Shanks
2001). These measurements show that the oceanic crust is lower in '%0/!°0O than pristine
unaltered MORB, while vent fluids are higher compared to ambient seawater. They evolve
along similar trajectories in 8''80-A"0O space but with opposite sign.

Next are the weathering reactions that provide less voluminous but significant amounts of
exchanged oxygen. Traced by isotope measurements of weathering products such as submarine
clays and terrigenous sediments (Bindeman et al. 2018, 2019; Sengupta and Pack 2018),
the collective input of weathering is characterized by values —3%¢ in 8''%0 and +0.040%0 in
A0 compared to the values of contemporaneous hydrosphere. These are average values for
the combined submarine and terrestrial weathering processes, with the difference shown in
Figure 13. Most importantly, these contributions deliver fluids that are shifted in the opposite
direction compared to the fluids derived from alteration of oceanic crust. Today these processes
balance seawater at its modern value of around 0%o (Fig. 13). The relative contributions of
these fluxes through time is still poorly understood, especially regarding the off-axis alteration
of oceanic crust, and may undergo revisions in the near future. We currently adopt the flux
figures (g/yr) of Muehlenbachs (1998).

The isotope contributions of other processes such as cycling of water through the
mantle wedge at subduction zones, growth of continental crust, and increasing proportion
of exposed sedimentary blanket complete the isotope budget of terrestrial hydrosphere,
however the volume of exchanged oxygen produced by these processes is small, less than
10 %, compared to the effect of seawater—basalt reaction and weathering (Muehlenbachs
1998). Moreover, the isotope effects produced by these process are difficult to quantify by
direct measurements. Given that about 3 km? of oceanic floor is being produced each year that
subsequently undergoes high-temperature alteration at depths between 1 and 3 km (Alt and
Teagle 2000), the seawater—basalt reaction provides the dominant flux of exchanged oxygen
into the terrestrial hydrosphere, accounting for 60 % when considered against the contribution
from weathering. That is 1.8-10'% g/year of exchanged oxygen produced by the hydrothermal
alteration of oceanic crust (Muehlenbachs 1998). The combined estimated flux of weathering
in submarine and terrestrial settings equates to 1.2-10'° g/year, as estimated from the thickness
of low-temperature altered crust and the suspended load of clay fraction carried by rivers
(Holland 1984; Muehlenbachs 1998). Even in the modern world, these figures are subject to
uncertainties due to our inability to directly estimate how much material actually undergoes
isotope exchange. It is further complicated by the presence of diverse lithologies of the exposed
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Figure 13. The effects and fluxes (g/yr) of the main contributions to the isotope budget of the terrestrial
hydrosphere visualized in the triple oxygen isotope coordinates. The high temperature alteration of oceanic
crust (Fy,) represents the largest flux of exchanged oxygen into the oceans (flux figures from Muehlen-
bachs 1998). The slope of the isotope exchange produced by hydrothermal input is constrained based on
previous studies of hydrothermal fluids and epidotes (Zakharov et al. 2019b). The values of exchanged
water produced by oceanic and continental weathering (F,,, and F.,, respectively) are based on previous
measurements of weathered products (Sengupta and Pack 2018; Bindeman et al. 2019). The relative pro-
portion of the two weathering fluxes in the modern mass-balance model is shown with the cross on the
dotted line. The effect of converting 10% of the hydrosphere into continental glacial ice is shown with
the double-sided arrow yielding the seawater 8''*0 value of about +0.5%o. A potential explanation for
the moderately low '80/'°0 ratio of Archean seawater (e.g., Bindeman 2021, this volume) is possible by
enhanced weathering fluxes and/or lower hydrothermal activity. The outputs of the Monte-Carlo simulation
of the steady state solution with variable fluxes are shown with the concentrically colored-coded density
distribution. The warmer colors represent higher relative density distribution. The continental weathering
and hydrothermal inputs were varied between 50 and 150% of their modern-day values, while oceanic
weathering was varied between 50 and 300%. The outputs of the simulation form an array with a slope of
0.516+0.001 in 8'"70-8""¥0 coordinates. In addition, if all continental weathering is suppressed (0 g/yr),
the values of seawater will vary along a slope of 0.519 (shown with dashed arrow).

continental crust that contain already-weathered material that is in isotope equilibrium with
the weathering fluids. As for the Precambrian world, the spreading rates are not known, while
contributions from weathering might have been enhanced by CO, rich atmospheres. However,
the enhanced weathering would be counter-balanced by limited subaerial exposure of Archean
continental land (Flament et al. 2013; Bindeman et al. 2018). Consequently, it is difficult
to imagine that the weathering flux of exchanged oxygen was overwhelming relative to the
hydrothermal input in the early Precambrian, causing the dramatically lower '80/'°O ratios of
seawater. A potential solution is offered by a hypothesis in which Archean mid-ocean ridges
were exposed above seawater, providing a significantly higher proportion of low-temperature
interaction between seawater and the ocean floor (Walker and Lohmann 1989).

Nonetheless, we can operate with these simple estimates to reproduce the array of
possible compositions of ancient seawater, in a manner similar to the study of Sengupta
and Pack (2018). In this simplistic approach, we consider that the ratio of fluxes produced
by hydrothermal and weathering processes is what exerts the main control on the isotope
composition of seawater. A budget that is dominated by the hydrothermal contribution
would produce the seawater that is positive in 8''%0 and negative A'V70, i.e., shifted towards
composition of fluids in equilibrium with mid-ocean ridge basalts. In the other scenario, where
weathering contributions exceed their modern proportion, the isotope ratio of seawater would
evolve along a steep slope in 8''*O-A""0 coordinates (Fig. 13; note that the corresponding
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slope is gentle in 8''70-8'130 coordinates). The change in the isotope composition of seawater
governed by these contributions is described as the sum of flux figures (F;) multiplied by the
isotope effects (A8'¥170;) exerted on contemporaneous seawater by the respective processes:

d(18/170hYd) - [ZE -ASIS/WO,}

dt My

where 8'¥170,,4 and rmj,,q are the isotope value and mass of oxygen contained in the hydrosphere,
which is essentially seawater and continental glacial ice. The steady state is reached after
about 150 Myr with the values of seawater being &''80=-0.2%0 and A"70=+0.001%c. In
addition, we performed a Monte-Carlo simulation of this model, where the contributing fluxes
were randomly changed to anywhere from 50 to 150 % of their modern values using uniform
distributions. To make this simulation applicable to the Archean, when the Earth was mostly
covered by oceanic crust, we extended the upper variability limit of the oceanic weathering
flux to 300 % of its modern value. The locus of steady state solutions is shown in Figure 13.
The direction of changing compositions varies along the slope of 0.516+0.001 when expressed
in 8'170-8"180 coordinates, similar to what was found by Sengupta and Pack (2018). The §''*0
in the output of the simulations varies within —2 to +1%o, and is accompanied by variation in
A0 between —0.01 and +0.02%0 (Fig. 13).

Further, if we consider the Archean world, where continental exposure might have been
minimal (Flament et al. 2013; Bindeman et al. 2018), the fluxes of exchanged oxygen would
be merely controlled by equilibrium fractionation between seawater and minerals of basaltic
composition at low (off-axis) and high (on-axis) temperatures. In such a case, seawater would
possibly evolve along a simple path between values around —4 and +1.5%0 with the slope
of 0.519 in the triple oxygen isotope system as defined by equilibrium fractionation factors
(Fig. 13). This limited variability might offer reconciliation for some low '80/!°O ratios
recorded by marine sediments, however not many low A’'’O compositions in the present
datasets can be exclusively explained that way (Fig. 12).

This is a characteristic array of seawater values that can be used as a theoretical constraint
when considering the triple oxygen isotope evolution of the sedimentary record. That array
is shown with the measurements of cherts in Fig. 12. If the change is small, for example the
Archean seawater was —4%o, the accompanying shift in §''*0-A""7O would be similar to
that exhibited by the difference between seawater and near-coastal meteoric water (Fig. 12).
Our reconstructed primary compositions agree with precipitation from seawater-derived
fluids, either vent fluids or marine pore fluids (Fig. 12), and a range of seawater 8''*0 values
between —4 and +2%o is permitted. Such a range of seawater values can offer only a limited
range of solutions explaining the carbonate and chert records without invoking higher ocean
temperatures (> 60 °C; see Fig. 1). However, given that carbonates are even more soluble than
quartz, the complexity of diagenetic interactions with fluids must bear a significant impact
on the isotope signature of ancient sediments. Moreover, recent clumped isotope studies of
early Phanerozoic carbonates show that many samples experienced diagenetic alteration
(Cummins et al. 2014; Bergmann et al. 2018; Ryb and Eiler 2018), and that the preserved
samples do not bear evidence for exceptionally high oceanic temperatures or for drastically
low seawater 8'30. Similarly to microanalytical investigations of cherts, ancient (post-
Cenozoic) carbonates require detailed imaging and trace elemental measurements to define
the best preserved domains (Grossman 2012). Bergmann et al. (2018) provided estimates
for Ordovician and Cambrian seawater that range between —2.5 and + 3%o in §'®0 and with
temperatures between 26 and 38 °C. However, the recent iron oxide sedimentary record
(Galili et al. 2019) presents yet another challenging evidence for the change in oxygen isotope
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values of seawater through time, where Cambrian and Precambrian time was characterized
by seawater with §'80 at least 5%o lower than today, inconsistent with the clumped isotope
studies of the early Phanerozoic and with the model presented in Figure 13. Though the iron
oxide record has not been explored in detailed by in situ methods, it presents an interesting
low-solubility archive of both the redox and isotope evolution of terrestrial oceans.

In our suite of samples, the oxygen isotope variations do not require a significantly
different triple oxygen isotope composition of seawater outside the realm of variable fluxes
(Fig. 13). Recrystallization during late diagenesis or metamorphism is likely to disturb the
primary signal shifting the triple oxygen isotope composition downward in terms of A0,
towards the composition of fluids that reacted with crustal rocks.

FUTURE DIRECTION AND CONCLUSIONS

Fractionation of triple oxygen isotopes between fluids and minerals is a powerful tool
recently added to the arsenal of geochemists studying ancient marine record. Theoretically,
the 8''80-A'"70 values measured in a pristine microquartz that formed during the last silica
transformation within the subseafloor setting should reflect the temperature of the transition and
the isotope signature of marine pore water fluids. In the realm of Precambrian chert deposits
that underwent multiple episodes of recrystallization induced by diagenesis and metamorphism,
the measured &''30-A""70O values likely represent a mixture of equilibrium compositions
generated asynchronously. This is evident from the SIMS analyses that reveal several-%o
spatial heterogeneity in &''®0 values within each sample. Sometimes, but not always, the
heterogeneities are accompanied by petrographic distinction, e.g., low 8130 veins in high 8130
microquartz. The distance between several-%o heterogeneities varies on the scale of 10—100 pm.
Consequently, the currently available triple oxygen isotope values of cherts produced by bulk
laser fluorination GS-IRMS measurements of ~1 mm? samples are unlikely to give completely
accurate reflections of the original marine pore fluids and equilibrium temperatures. The
question then is, which composition measured by SIMS corresponds to the seafloor-deposited
silica that underwent just the early stage of marine diagenesis? Is it possible to reconstruct
the 8''80-A"170 values of this phase? We suggest that future triple oxygen isotope endeavors
should include careful investigation of chert samples with identification of multiple generations
of silica. Then, selection of the best-preserved domains could be assessed by trace element
measurements, CL-imaging, and §''%0 and &°°Si values measured in situ. Following that, the
triple oxygen isotope composition should be measured on these distinct generations of quartz,
perhaps using micro-drilling of the samples or partial fluorination. Additional triple oxygen
isotope measurements of modern silica sediments carried out across the phase transitions, aided
by measurements of local geothermal gradient and pore water fluids (see example in Yanchilina
et al. 2020) would greatly assist our understanding of the ancient silica cycle.

In this study we examined the triple oxygen isotope compositions of Precambrian cherts
accompanied by SIMS measurements. We provided an attempt to disentangle triple oxygen
isotope signals of early and late quartz generations in the Precambrian cherts of the well-
studied Dresser, Kromberg, Mendon and Gunflint Formations using SIMS-determined &80
and 8°°Si values that span several %o within the samples. Aided by measurements of Al and Ti
concentrations, 5*°Si values, and Raman spectroscopy, we provide estimates for the triple oxygen
isotope signature of the early microquartz and late-stage recrystallized quartz on a case-by-case
basis. Using the Raman spectroscopy of organic matter hosted in these samples, we derived the
maximum possible temperature at which recrystallization might have occurred. Further, by using
4D values measured in the same samples we tested for the involvement of meteoric water during
the recrystallization of the cherts. We found that the data set is best explained by the following:
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The Archean 3.5 Ga Dresser, 3.4 Ga Kromberg and 3.2 Ga Mendon cherts contain
low-Al microquartz that was likely the earliest generation of silica precipitated in an
environment with mixed hydrothermal and seawater input. The triple oxygen isotope
signature of samples with negative 3°°Si values is consistent with precipitation of
microquartz at 150—170°C and some contributions from vent fluids. The extrapolation
of vent fluids towards pristine seawater does not require a hydrosphere significantly
different from the modern-day and ice-free world values. This interpretation applies
to the samples studied here, which does not mean that all Archean cherts formed from
mixed hydrothermal solutions. However, each chert deposit needs to be evaluated for the
influence of marine vs hydrothermal contributions to its isotope composition.

The triple oxygen isotope signature of modern amorphous silica scale precipitated in
pipelines of the seawater-dominated hydrothermal system at Reykjanes, Iceland is used
here as a possible analogue of Archean chert deposits that resulted from reaction between
seawater and basalt. The Reykjanes silica formed at ~188 °C due to high-temperature
reaction between basalt and seawater. The §''0—-A""7O values of such silica are is in
good agreement with this temperature and previous measurements of the Reykjanes well
fluids. Based on the triple oxygen isotopes, we suggest that at least some of the Archean
chert deposits might reflect a similar regime of silica precipitation. Such cherts would
have 8''80-A"""0 values defined by high-temperature exchange reactions with basaltic
rocks at different water—rock ratios. At decreasing water—rock ratios, the silica acquires
A0 values lower than that of silica in equilibrium with pristine seawater.

The Paleoproterozoic Gunflint chert contains a high-8''80 generation of microquartz
that is thought to originally crystallized from marine siliceous sediment based on trace
element concentrations and silicon isotope measurements. We interpret the triple oxygen
isotope signature of such microquartz as a record of marine pore fluids. The §''0-A""70O
of such quartz is consistent with an equilibrium temperature of 60—80°C, given that the
pore fluid values had 8130 of around —2%o.

Triple oxygen isotope values of secondary quartz resulting from dissolution—
reprecipitation of original material indicates involvement of crustal fluids, akin to
modern basinal brines. The temperature of the imposed signature is estimated from
Raman-spectroscopy at 330+30°C and 160+30°C for the Archean and Paleoproterozoic
formations, respectively. These estimates help to assess the preservation state of the
original microquartz. They do not necessarily indicate that oxygen isotope exchange
occurred at these temperatures, however in the case of Onverwacht group cherts, these
temperatures are close to the homogenization temperatures measured in chert-hosted fluid
inclusions (Marin-Carbonne et al. 2011). These temperatures also allow us to suggest that
the fluids altering primary signals might have ranged between +2 and +5%o, and that their
A0 values are low, close to —0.1%o, characteristic of crustal origin. Such fluids would
cause cherts to become low in A''70, between —0.06 and —0.1%o, offering a generalized
explanation for some of the low-A"'7O cherts present in the global dataset (Fig. 12).

Triple oxygen isotope investigation of Precambrian cherts, even in combination with high-

resolution methods, demonstrates their polygenic nature and limited utility to directly read
isotopic values of the seawater and the Earth’s surface temperatures. Despite the complexity of
chert deposition and its cycle through diagenetic and metamorphic transformations, the recorded
secular isotope trend is still best explained by the temperature control, but not in a straightforward

way

as a reflection of ocean temperatures. The high-temperature early diagenetic and

hydrothermal processes fueled by circulation of seawater within seafloor sediments can account
for the signature of some Archean cherts without the need to invoke a significantly different
oxygen isotope value of the terrestrial hydrosphere. Future triple oxygen isotope investigations
of cherts should involve samples that underwent careful examination in the context of geological
setting, trace elemental and mineralogical composition, as well as microscale isotope variations.
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