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Biosilicification has driven variation in the global Si cycle over geologic time. The
evolution of different eukaryotic lineages that convert dissolved Si (DSi) into mineralized
structures (higher plants, siliceous sponges, radiolarians, and diatoms) has driven a
secular decrease in DSi in the global ocean leading to the low DSi concentrations seen
today. Recent studies, however, have questioned the timing previously proposed for the
DSi decreases and the concentration changes through deep time, which would have
major implications for the cycling of carbon and other key nutrients in the ocean. Here,
we combine relevant genomic data with geological data and present new hypotheses
regarding the impact of the evolution of biosilicifying organisms on the DSi inventory
of the oceans throughout deep time. Although there is no fossil evidence for true
silica biomineralization until the late Precambrian, the timing of the evolution of silica
transporter genes suggests that bacterial silicon-related metabolism has been present
in the oceans since the Archean with eukaryotic silicon metabolism already occurring in
the Neoproterozoic. We hypothesize that biological processes have influenced oceanic
DSi concentrations since the beginning of oxygenic photosynthesis.

Keywords: silicates, diatoms, sponges, cyanobacteria, biogeochemical cycles

INTRODUCTION

Seminal work published a quarter of a century ago sketched a framework for the evolution of
the oceanic Si cycle through Earth’s history based on the geological record available at that time
(Figure 1A). The narrative given by Maliva et al. (1989) and Siever (1991) suggested that, in the
absence of silica biomineralizers, defined here as organisms that intentionally take dissolved Si
(DSi) up across their cell membrane and control its precipitation as particulate silica to form
a structure that is then used in a specific manner, the Precambrian Si cycle was dominated
by inorganic reactions and diagenetic silicification. These processes resulted in the widespread
deposition of cherts and ultimately controlled concentrations of DSi in the oceans. A biological
takeover of oceanic DSi occurred with the evolution of silica biomineralizing eukaryotes during
the Phanerozic and the subsequent deposition of DSi as biogenic Si (BSi). This simple framework
divides the ocean Si cycle into periods of relative stasis separated by stepwise drops in ocean DSi
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FIGURE 1 | The evolution of the oceanic Si cycle in the geologic record from the latest Precambrian to the present envisioned by Siever (1991). (A) In the absence of
biosilicifiers dissolved Si (DSi) concentrations were determined by inorganic reactions with respect to amorphous silica solubility and/or with other Si-bearing phases.
With the appearance of sponges and radiolarians in the early Phanerozoic biomineralization caused drawdown of DSi concentrations. However, DSi was rapidly
reduced with the evolution and diversification of diatoms during the Cenozoic time period. From Schneider and Boston (1991) by permission of The MIT Press. (B)
Quialitative interpretation of the relative role of the importance of radiolarians, sponges and diatoms present in the fossil record though geologic time (Redrawn from
Kidder and Erwin, 2001). Reproduced with permission ©2001, The University of Chicago Press.

concentrations related to the appearance of various Si
biomineralizing organisms starting with sponges and
radiolarians in the early Phanerozic, followed by the radiation
of diatoms in the Cenozoic (Figure 1B). In the decades since its
publication, this paradigm has guided thinking on the Si cycle
and on the evolution and distribution of Si biomineralizing
organisms.

Part of the reason for the longevity of this simple view is
that many features of the global Si cycle through geologic time
remain poorly characterized and understood. For example, we

do not have a good understanding of changes in the inputs
of DSi to the ocean from continental weathering, although the
flux of DSi solubilized from continental rocks has inevitably
varied appreciably over Earth history in response to changing
climatic or tectonic boundary conditions. One example of this
is orogeny, which plays a critical role in controlling weathering
intensity and secondary mineral formation, thereby influencing
both the total DSi flux and its isotopic composition (Frings
etal., 2015, 2016; Pogge von Strandmann and Hendersen, 2015).
Thus while it is tempting to interpret changes in the quality or
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quantity of siliceous marine sediments in the geologic record
in terms of the prevailing DSi concentrations in the ocean, or
evolutionary breakthroughs in biomineralization, there may also
be a climatic or tectonic component to the signal, independent
of biological cycling. Altogether, we lack a comprehensive
understanding of the evolution of the Si cycle through geologic
time.

At the same time, our understanding of the biological
components of the Si cycle has grown enormously since the
classic work of Siever, Maliva and co-workers. We appreciate the
ability of organisms to pump DSi across membranes (Hildebrand,
2000) and how sequestration of Si by biomineralizing organisms
influences the availability of DSi in aquatic ecosystems. We
also have a great appreciation of the ecological roles of Si
biomineralizers and their participation in other biogeochemical
cycles (Van Cappellen, 2003). Study of Si cycling through
ecologically important biomineralizing organisms in both
aquatic (Knoll, 2003) and terrestrial environments (Trembath-
Reichert et al., 2015) has identified and quantified many rates,
reservoirs, and processes whose development, expansion, and
variation over space and time has added complexity to not just
the Si cycle but to ecosystems and the biogeochemical cycles
intertwined with the Si cycle.

This is not just relevant to the Phanerozoic, when Si
biomineralization irrefutably exists. Although earlier fossil
evidence for silicifying organisms is scarce, and often
controversial (Porter and Knoll, 2000; Sperling et al.,, 2010;
Antcliffe et al., 2014; Chang et al., 2017), study of the evolutionary
history of Si transporters used in biosilicification indicates a
remarkably early appearance of transmembrane Si transport in
eukaryotes. This challenges the hypothesis that the Precambrian
oceans were controlled only by inorganic reactions. Instead, we
suggest that oceanic DSi concentrations have both influenced
and been influenced by the appearance and diversification of
the Silicon Transporter (SIT) gene family roughly 2 billion years
before the Phanerozoic (Marron et al., 2016).

In our analysis here, based on advances from fields ranging
from biogeochemistry (Baines et al., 2012; Frings et al., 2016)
to geogenomics (Baker et al., 2014; Marron et al.,, 2016), we
assess our state of knowledge of the global Si cycle emphasizing
the substantial advances that have emerged in the past quarter
of a century. We will explore the possible levels of DSi in the
oceans over geologic time based on evidence from the geologic
record as well as concerning the evolution of the SIT gene family.
Our aim with this assessment of the potential for biosilicification
over geologic time is to help establish a basis for future research
directions.

BIOGEOCHEMISTRY OF SILICA IN THE
OCEANS

Two reasons for studying the Si cycle are commonly put forward.
First, the process of the chemical weathering of silicate minerals
is a primary drawdown mechanism of atmospheric CO; and is
a key process in the geological C cycle (Walker et al., 1981).
Therefore, understanding the global Si cycle can provide insight
to the functioning of the weathering thermostat (Pogge von

Strandmann et al., 2017). Second, DSi is a required nutrient
for many organisms, both aquatic (Bowler et al., in review)
and terrestrial (Conley and Carey, 2015). The availability of DSi
in aquatic ecosystems controls the amount of diatom primary
productivity, which today account for 40% of ocean primary
productivity (Tréguer and De La Rocha, 2013).

Key aspects of the modern oceanic Si cycle have been explored
to quantify the processes, sources, reservoirs, and sinks in the
Si cycle (Tréguer and De La Rocha, 2013; Frings et al., 2016).
The primary Si source is low-temperature chemical weathering
of silicates in the continental crust (West et al., 2005; Misra
and Froelich, 2012; Pogge von Strandmann and Hendersen,
2015), a process mediated in no small part by biological activity
(Moulton and Berner, 1988). Other Si sources include high or
low temperature alteration of ocean crust (McKenzie et al., 2016),
and the dissolution of glacial (Hawkings et al., 2017), riverine,
or aeolian particulates containing Si (Frings et al., 2014). The
sources enter the ocean from rivers, meltwaters, groundwaters,
as hydrothermal fluids and from the atmosphere (Tréguer and
De La Rocha, 2013). The sinks include biosilicification and burial
(Knoll, 2003) and the authigenesis of clay minerals (Mackenzie
etal., 1967; Rahman et al., 2016).

Simple box models have been commonly used to provide
insight into the long-term marine Si cycle (De La Rocha
and Bickle, 2005; Yool and Tyrrell, 2005; Frings et al., 2016).
For periods of time longer than the oceanic turnover time
of DSi (ca. 10,000 years), global biosiliceous production is
regulated by both the sources and the sinks of Si to the oceans.
One of the key regulatory mechanisms is the dependence of
particulate amorphous Si dissolution rates on ambient DSi
concentrations, e.g.,

R= k'(l - DSiobs/DSisat) (1)

where R is the rate of dissolution and k is a rate constant, both in
units of inverse time. k depends on a variety of factors including
the specific surface area of the particle, its aluminum content,
and ambient pressure, pH and temperature (Van Cappellen
et al., 2002). DSigy is the apparent solubility and DSiyps is the
ambient DSi concentration. When DSi concentrations are high,
such as hypothesized for the Phanerozoic (Siever, 1992) the
rate of dissolution of particulate amorphous Si is slow and the
preservation efficiency is thus enhanced. This is also due to the
build-up of DSi in pore waters that enhances the preservation and
ultimate burial of BSi. Conversely, when the oceans are depleted
of DSi the larger difference between saturation and ambient
concentration drives the dissolution of particulate amorphous Si.

Several other important factors influence the preservation
of BSi in different geological settings. First, bacteria-mediated
degradation of the organic matrix covering biomineralized cells
enhances rates of BSi dissolution (Bidle and Azam, 1999),
an effect which is greater in warmer waters both due to
higher bacterial activity and by the more rapid dissolution of
the BSi thus exposed (Bidle et al., 2002). Secondly, during
periods when hypoxia and anoxia are prevalent there are fewer
benthic organisms to enhance dissolution rates by consuming
organic material and disturbing the sediments. The lack of
benthic organisms and especially of bioturbation leads to greater
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preservation of organic matter (Jessen et al., 2017) and BSi.
Finally, the dissolution rates of sponge spicules (Bertolino et al.,
2017), which are large, smooth and have low surface area (Uriz,
2006), are conspicuously slower (and sponge spicules are thus
more easily preserved) than diatoms or radiolarians, which are
riddled with pores, and can be amoured with spines.

CHANGING SI BIOGEOCHEMISTRY IN THE
PRECAMBRIAN OCEANS

Siever (1992) postulated that for the early period in the geologic
history of the Earth, the oceanic Si cycle must be thought of
as one primarily controlled by abiotic, inorganic reactions. The
diagenetic production of chert in marine environments was
widespread during the Precambrian (Maliva et al., 1989, 2005;
Siever, 1992; Konhauser et al., 2007) and Siever (1992) suggested
that DSi in the Precambrian ocean was close to saturation with
respect to amorphous Si, which would imply DSi concentrations
in the range of 1,250-2,200 uM (Gunnarsson and Arnorsson,
2000). However, recent work has highlighted the role of different
Si-bearing phases in controlling oceanic DSi concentrations (e.g.,
Fischer and Knoll, 2009; Zheng et al., 2016). Essentially, the
problem lies in determining which Si phase(s) that may have
occurred in the ancient ocean were governing the activity of
DSi. This is a complex function of mineral thermodynamics,
precipitation kinetics and ocean chemistry.

During much of the Archean, and more sporadically in
the Proterozoic, thinly bedded or laminated sedimentary rocks
containing on average 30% of iron and 40% or more of Si (Klein,
2005) were formed in marine basins in stratified water columns.
These banded iron formations (BIFs) were mostly deposited prior
to the initial rise of atmospheric oxygen at ~2.45 Ga (Kump,
2008) when the ocean was anoxic and rich in dissolved iron.
Dissolved ferrous iron, supplied from mid-ocean ridges and
hydrothermal vents, was oxidized by various processes to ferric
iron and deposited in association with Si in BIFs.

A number of mechanisms have been proposed to account for
the massive deposition of Fe- and Si-rich sediments throughout
much of the Precambrian and most of them do not involve
biology (see Fischer and Knoll, 2009). However, oxidation of
iron by organisms, such as cyanobacteria, in the water column
may have played a key role in the formation of some of the
BIFs (Rasmussen et al.,, 2015). Once formed, this biologically
oxidized iron would have efficiently scavenged DSi from the
water around it (Yee et al., 2003) and settled to the seabed. Indeed,
recent studies have highlighted the importance of amorphous
Fe-Si gels in the Precambrian Si cycle (Fischer and Knoll, 2009;
Zheng et al., 2016). When ferrous iron is oxidized by anoxygenic
photosynthesis (e.g., Chi Fru et al., 2013) or by photo-oxidation
(e.g., Braterman et al., 1983) DSi readily adsorbs to the ferric
hydroxide surface leading to the formation of particles, e.g.,
amorphous Fe(IIT)-Si gels, that sink to the sediments from the
surface ocean along with organic matter (Fischer and Knoll,
2009).

If DSi concentrations in Precambrian seawater were
determined only by the solubility of amorphous Si, as well as

by sorption to minerals, oceanic DSi concentrations would
have ranged between 1,000 and 2,000 uM (Siever, 1992; Maliva
et al., 2005; Konhauser et al., 2007). By contrast, Si solubility
for Fe(III)-Si gels varies between 500 and 1,500 uM at 20°C
as a function of the Fe/Si ratio of the gel (Zheng et al., 2016),
significantly lower than that of pure amorphous Si (1,860 wM)
in water (Gunnarsson and Arndrsson, 2000). Thus Precambrian
seawater DSi concentrations in surface waters were likely
considerably lower than previous estimates.

Because the solubility of Fe(III)-Si gel varies with the Fe/Si
ratio in the water column, any temporal changes in aqueous
Fe contents in the Precambrian oceans, as might occur due to
changes in hydrothermal inputs or concentrations of oxygen,
may have also had an important impact on DSi concentrations
in Precambrian seawater as well as other elements, notably other
trace metals, such as P, As, Fe, Zn, and Cu (Rickaby, 2015; Chi
Fru et al., 2016).

Changing Fe and Si balances in the Archean and Proterozoic
oceans, reflecting changes in Si solubility driven by aqueous
Fe(II) levels, may help explain the secular trend in Si isotope
records (8%°Si) in cherts and BIFs deposited during the
Precambrian (Figure 2) (Reddy et al., 2016). Though the data are
noisy, Precambrian cherts record 8*°Si of ~0%o in the Archean,
rising to ~2%o in the Mesoproterozoic—with some isolated
individual values of >4%o—before declining to Archean values
in the late Neoproterozoic/early Phanerozoic. This long-term
pattern has been noted before (e.g., Robert and Chaussidon,
2006; Chakrabarti et al., 2012; Chakrabarti, 2015) but remains
enigmatic. Given that the BIF and chert 83°Si record is one of the
few windows to Precambrian Si cycling, understanding its drivers
should be a priority. Robert and Chaussidon (2006) interpret the
data as variable fractions of ocean Si removed by hydrothermal
silificication, while Chakrabarti et al. (2012) favor a combination
of different processes acting in concert.

The constraint of mass-balance in the Si cycle is a useful
place to start—even for an ocean saturated with respect to Si,
the residence time of Si would be ca. 200,000 years, assuming
that the inputs were not drastically different to present. This
means the weighted mean of the isotopic composition of the
outputs must match the inputs over timescales longer than
this. The Archean data (Figure 2B) thus have a straightforward
interpretation: BIFs have low 8°Si, perhaps accentuated by the
relatively large and negative fractionation between DSi and Fe-
Si gels (A3%Si = —3.2 to —2.3%o at 23°C, depending on the
Fe species present; Zheng et al., 2016). This would act to push
the residual seawater toward higher 8°°Si, so the peritidal, early
diagenetic Si deposits that eventually became cherts also have
higher 8%°Si, and the two outputs together bracket ca. —1.5
to +1%o, a range which includes reasonable values for the
weighted average of the inputs. Yet the situation in the Meso- and
Neoproterozoic is not so straightforward; chert 83°Si is higher,
yet BIF deposition (providing the necessary complementary low
$30Si sink) largely ceases after the Great Oxidation Event (GOE)
at 2.45 Ga (Fischer and Knoll, 2009). This requires the presence
of another, low 8*'Si Si sink in the later Proterozoic. Could
such a sink be related to cyanobacteria shuttling Si to the deep
ocean?
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FIGURE 2 | Variations of $30Si in cherts (A) and BIFs (B) with geological age.
The data are clustered into 100 My bins. Numbers represent the amount of
individual datapoints used in the whisker boxes. Data from André et al. (2006),
Robert and Chaussidon (2006), van den Boorn et al. (2007, 2010), Steinhoefel
et al. (2009, 2010), Abraham et al. (2011), Heck et al. (2011), Chakrabarti et al.
(2012), Delvigne (2012), Marin-Carbonne et al. (2014), Hu et al. (2013),
Ramseyer et al. (2013), Geilert et al. (2014), Li et al. (2014), Brengman (2015),
Stefurak et al. (2015), Delvigne et al. (2012), Wen et al. (2016), and Ding et al.
(2017).

Recently, Ding et al. (2017) reported 8°Si data for cherts from
early and middle Proterozoic carbonate rocks and proposed that
there was a drastic decrease in oceanic DSi concentrations and
an increase in 3°°Si due to biological activity and the formation
of stromatolites. The microbial role in hot spring silicification
of stromatolites is well established and plays an important
templating role for Si deposition (Konhauser et al, 2004),
although they have been shown to contribute only marginally to
the magnitude of silicification.

Another intriguing wrinkle to the Precambrian Si cycle has
to do with cyanobacteria. Synchrotron XRF microscopy of
natural and cultured individual cells of the modern marine

photosynthetic picocyanobacteria Synechococcus, suggests that
they accumulate Si at Si:P levels approaching that of diatoms
(Baines et al., 2012). Further, decomposition of Synechococcus has
been shown to produce extracellular polymeric substances (EPS)
that themselves drive the production of minuscule “microblebs”
of silica that, by adding dense ballast to aggregates, may
enhance the export of picoplankton-derived material from the
euphotic zone (Tang et al., 2014). These findings were initially
controversial, especially as they have potentially significant
importance to both carbon and Si cycling.

During the past few decades significant efforts have been
made to infer the age of major evolutionary events along
the tree of life using fossil-calibrated molecular clock-based
methods (Eme et al., 2014). Molecular clocks use the mutation
rate of biomolecules to deduce the time in prehistory when
two or more life forms diverged. The main problems with
molecular clocks include differences in fossil-based calibration
points, differences in molecular clock rate models, differences
in amino acid substitution rates among various parts of the
dataset and uncertainty in the phylogenetic tree, thus limiting the
precision that can be achieved in estimates of ancient molecular
timescales (dos Reis et al., 2015). Cyanobacteria are at least 2.3-
3 Ga old from molecular clock studies (Dvordk et al., 2014;
Sanchez-Baracaldo, 2015), whereas fossil evidence (stromatolites,
microfossils, carbon isotopes, biomarkers, signs of oxygen) from
Greenland, Australia and elsewhere have raised the possibility of
cyanobacteria older than 3 Gy, although these claims are disputed
(Schirrmeister et al., 2016).

The major lineage of planktonic marine Synechococcus
evolved approximately 650-600 Ma, based on molecular clock
analyses (Sanchez-Baracaldo, 2015; Sanchez-Baracaldoa et al.,
2017), with alternative clock analyses based on large genomic
datasets suggesting an origin ~1.5 Ga (Dvordk et al, 2014).
Today this cyanobacterial group accounts for 25% of oceanic
net primary production (Flombaum et al., 2013). Marron et al.
(2016) has observed SIT-like (SIT-L) genes in two strains of
Synechococcus. These Si transporters probably arose initially to
prevent intracellular Si toxicity in the high DSi Precambrian
oceans (Marron et al., 2016), meaning that they were used to
transport Si out of the cell, or to sites where Si could be safely
accumulated and sequestered. This would have been critical for
survival, for in the absence of such a Si homeostasis mechanisms
DSi could diffuse into cells from the surrounding DSi saturated
seawater and reach concentrations where it would precipitate
freely within the cytoplasm, interfering with cellular processes
and disabling the functioning of the cell (Marron et al., 2016).
Si transporting proteins can also have the ability to move other
metalloids such as Ge (Durak et al., 2016) and As (Ma et al., 2008)
across the cell membrane. Therefore Precambrian organisms,
long before the advent of silica biomineralization, may have
possessed and utilized Si transporting proteins as a detoxification
mechanism particularly necessary in the high DSi environments
at this time.

The reduced requirement for Si homeostasis in the modern
low DSi oceans is postulated to be the reason for the widespread
absence of SIT-Ls in most bacteria. However, some Synechococcus
still possess SIT-Ls and accumulate Si suggests an important role
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for Si within these cells (Baines et al.,, 2012; Ohnemus et al,,
2016). Indeed, the water column inventory of Si in Synechococcus
can exceed that of diatoms in some cases, although in today’s
DSi depleted oceans it is believed that most of the nanoparticles
produced by Synechococcus are recycled within surface waters
(Baines et al., 2012). However, BSi-like material deposited on fast
settling particles containing extracellular polymeric substances
associated with decomposing picophytoplankton (Figure 3) has
been shown to be a relevant source of sinking particulate
amorphous Si and could account for as much as 43% of the
C export production at the Bermuda Time Series station (Tang
etal., 2014).

These discoveries regarding Synechococcus support the idea
that Fe-Si nanoparticles were important in the genesis of the
banded iron formations (Rasmussen et al., 2015). Stefurak
et al. (2014) presented evidence that many Archean cherts were
deposited predominately as primary Si grains that precipitated
within oceanic waters. However, the irregular size and shape of
the Si granules in cherts show that aggregates are compacted
and typically Si cemented (Stefurak et al., 2014). Our hypothesis
is that nanoparticles produced by Synechococcus-like bacteria,
along with those inorganically formed Fe-Si nanoparticles, were
deposited and accumulated in Precambrian sediments and
formed the origin of the Si grains in Archean cherts (Stefurak
et al., 2014).

What follows from this hypothesis is that some form
of biologically-mediated silica production by prokaryotes, if
not bona fide intracellularly controlled and intentional Si
biomineralization, likely occurred in the Precambrian ocean and
participated in the removal of DSi from the water column.
Calculation of pools and fluxes of Si nanoparticles produced
by Synechococcus need to be made to assess the potential
contribution to the oceanic Si cycle first for modern assemblages
and then through geologic time.

Geogenomic studies have identified that gene families of
active Si transporters (the SIT/SIT-L and Lsi2-like transporters)
are present in multiple eukaryotic supergroups (Marron et al.,
2016). Furthermore, phylogenetic analyses of these genes suggest
that they have an origin in the Precambrian, possibly in the
last common ancestor of all eukaryotes, an organism which is
estimated to have lived approximately 1.7 Ga (Parfrey et al,
2011). Certainly there is good evidence from the available
sequence data that Si transporters were present at the origin
of major eukaryotic groups such as metazoans, haptophytes
and ochrophyte stramenopiles, which have all been placed as
occurring in the Precambrian (Neoproterozoic) by molecular
clock analyses (Brown and Sorhannus, 2010; Parfrey et al,
2011).

The phylogenetic distribution of SITs, SIT-Ls, and Lsi2-
like genes identified from modern eukaryotes indicates
that widespread, independent losses of some or all of these
transporters occurred independently in multiple lineages
(Marron et al., 2016). This is exemplified by the distribution
of Si transporters in the metazoans and their sister group, the
choanoflagellates (Marron et al., 2013). SIT-Ls were identified
from all three of the main bilaterian groups: lophotrochozoans
(polychaete annelid worms), ecdysozoans (copepods) and

deuterostomes (tunicates). The branching relationships of these
metazoan SIT-Ls reflects the evolutionary relationships between
the bilaterian groups, supporting the hypothesis that SIT-Ls were
present in their last common ancestor, with gene loss events
explaining their patchy distribution (Dunn et al., 2008).

Lsi2-like transporter genes, on the other hand, are found
in siliceous choanoflagellates, siliceous sponges and silicifying
lophotrochozoans (brachiopods, limpets and polychaete annelid
worms). Once again, the gene tree mirrors the phylogenetic
relationships, with the Lsi2-like sequences from siliceous
choanoflagellates having sister-group relationships to the
metazoan genes, and within that siliceous sponges and
lophotrochozoans each forming two distinct clades (Marron
et al,, 2016). This points toward the last common ancestor of
choanoflagellates and metazoans possessing an Lsi2-like gene,
but with it being lost in the non-siliceous choanoflagellates,
non-siliceous sponges and in many bilaterian lineages.

This restricts the timing of the origin of these Si transporters
to at least before the evolution of the metazoans, i.e., before the
earliest animal fossils appear in the Ediacaran. Similarly, we can
restrict the widespread loss of SIT-L and Lsi2-like genes in the
metazoans until after the divergence of the three main bilaterian
clades, an event dated by molecular clock analyses as occurring
688-615Ma (dos Reis et al., 2015; Cunningham et al., 2017).
There exists the potential for metazoans, in addition to other
eukaryotes, to have biological interactions with DSi at this time
and to have played a role in the Precambrian Si cycle.

The question as to the extent of this interaction remains open.
Fossil remains of biomineralization are limited until the late
Neoproterozoic (e.g., the Ediacaran calcifying animals Cloudinia
and Namacalathus, Cunningham et al, 2017). Furthermore,
confirmed fossil evidence of Precambrian Si biomineralization by
eukaryotes is scant: microfossils proposed to represent siliceous
testate amoebae date to ~740Ma (Porter and Knoll, 2000),
while fossil siliceous sponge spicules in the Precambrian remain
controversial (Antcliffe et al., 2014; Chang et al.,, 2017). It is
possible that biosilicification did occur in the Ediacaran oceans,
and that there exists a long missing record of (for example)
siliceous sponge spicules from that time that has been long
lost to the ravages of geologic time (Sperling et al., 2010).
Alternatively, it could be that eukaryotic biosilicification evolved
convergently in different groups in the late Neoproterozoic, with
several different sponge groups, but importantly also various
protistan eukaryote taxa, independently utilizing DSi to construct
skeletal elements and other structures. This hypothesis has some
support from molecular biology, with some components of the
biosilicification machinery (e.g., Si transporters for DSi uptake)
having an ancient origin but other components (e.g., using
polyamines for Si precipitation, use of collagen or chitin as
scaffold molecules) apparently being independently recruited in
different eukaryotic groups (Marron et al., 2016 and references
therein).

These two theories notwithstanding, the massive proliferation
of biomineralization and BSi in the fossil record at the end of the
Proterozoic and into the early Palacozoic saw large reductions in
DSi, as evidenced by changes in the loci of chert precipitation
in the sedimentary record (see below). The implication is that
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this removed the selective pressure for possessing a system
for Si homeostasis and detoxification, causing the widespread,
independent losses of Si transporters (SITs, SIT-Ls, and Lsi2-
like transporters) across multiple different eukaryotic lineages
(Marron et al., 2016). Only organisms that developed a metabolic
requirement for DSi, for example for use as a biomineral, retained
these transporters as a mechanism for DSi uptake from the
external environment. In this way, DSi concentrations in the
ocean came under more direct biological influence into the
Phanerozoic.

In summary, the evidence presented suggests that biological
interaction with Si, and possibly some forms of biosilicification,
was present in the Precambrian oceans. If this could have
permitted the shuttling of Si from the surface oceans then levels
of DSi in parts of the surface oceans could have been as low

as 500 uM (Zheng et al., 2016) during periods when BIFs were
deposited (Fischer and Knoll, 2009), although it is likely the
deep water DSi was close to saturated conditions. Bottom water
DSi saturation would also increase the preservation potential
in sediments of particulate Si formed by either gels or by
nanoparticles by Synechococcus. However, when the widespread
deposition of BIFs more or less ended with the appearance
of an ocean containing oxygen then the Fe-Si gel deposition
mechanism likely disappeared as well. Finally, the transition
from bacterial to eukaryotic marine primary productivity in
the Neoproterozoic was one of the most profound ecological
revolutions in the Earth’s history (Brocks et al., 2017), creating
food webs and reorganizing the distribution of carbon and
nutrients in the water column, increasing energy flow to higher
trophic levels (Knoll, 2017).
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BIOSILICIFICATION IN THE PALEOZOIC
OCEANS

The consensus is that throughout the Phanerozoic, Si deposition
has largely been mediated by biology (Siever, 1992). Ocean
geochemistry underwent major upheavals around the
Precambrian/Cambrian boundary (Brennan et al, 2004;
Cui et al,, 2016) and into the Palaeozoic. A concomitant biotic
upheaval at this time was the appearance of biomineralized hard
parts of materials like calcium carbonate, calcium phosphate,
and silica. The resulting evolutionary arms race led to a
proliferation of skeletonized organisms, including siliceous
radiolarians and sponges (Cohen, 2005; Knoll and Kotrc, 2015).
The resolution of the conflict (Smith and Szathméry, 1995)
produced a proliferation of non-DSi users and some highly
efficient DSi users leading to the extinction of inefficient DSi
users. The initiation of a sedimentary flux of BSi with subsequent
preservation in sediments would have continued the decrease
in oceanic DSi concentrations, as evidenced by the lack of
Phanerozoic abiotic cherts outside of unusual environments
like hydrothermal waters (Maliva et al., 2005). Siever (1991)
estimated that DSi concentrations at the start of the Phanerozoic
were on the order of 1,000 wM, which is already depleted relative
to amorphous Si solubility.

Racki and Cordey (2000) used concepts from punctuated
equilibrium and proposed that all major reorganizations of
marine biosilicfiers lead to stepdown decreases in DSi levels
through geologic time. They proposed that the first major
changes in oceanic DSi concentrations occurred much earlier
in the Phanerozoic than postulated by Siever (1991) beginning
at the Permian-Triassic boundary. Thereafter, a series of major
reorganizations in biota that biosilicify occurred that induced
rapid decreases in DSi especially with the evolution of diatoms
(Racki and Cordey, 2000).

Establishing the extent and timing of the changes in the
silica cycle due to evolutionary and paleo-ecology shifts in
silica secreting biota is, however, a task that needs more work.
In a systematic review of the literature Schubert et al. (1997)
determined that a large bias exists in the early literature because
poorly preserved specimens have been neglected as taxonomists
required well-preserved material to do their work, skewing
microfossil-based attempts at reconstructing the Si cycle. Kidder
and Erwin (2001) made qualitative estimates of the relative
importance of Si burial through the Phanerozoic and assumed
that plankton would be more effective than benthic sponges
at removing DSi from the ocean. They hypothesized that once
radiolarians arrived on the scene, their relative contribution
to BSi production quickly dwarfed that of siliceous sponges.
They further hypothesized that diatoms have dominated the
ocean Si cycle since the late Jurassic (Figure 1B). But in
truth, the extent to which these putative changes in sponge
and radiolarian abundance/distribution changed oceanic DSi
concentrations (Schubert et al., 1997; Racki and Cordey, 2000;
Kidder and Erwin, 2001), and the extent to which they were
themselves influenced by reduced DSi availability are not really
known.

One of the lines of evidence supporting a decline in the
ocean DSi inventory in the early Phanerozoic is a change in
the sedimentary facies associated with sponges in the geological
record. Kidder and Tomescu (2016) derived a mid-Ordovician
retreat in sponges from lagoonal depositional environments
toward deeper shelf settings. The interpretation is of a radiolarian
driven DSi depletion of the surface ocean. The link between
sponge distributions and DSi stems from the implicit assumption
that siliceous sponges are unable to thrive at low DSi (e.g.,
Maldonado et al., 1999; Ritterbush et al., 2015), although siliceous
sponge reefs in the modern oceans are still forming in some
areas despite the relatively low DSi concentrations (10-40 ..M)
(Uriz, 2006; Chu and Leys, 2010; Maldonado et al., 2015). The
modern day global distribution of sponges suggests that sponges
are adapted to a great range of DSi conditions and the presence
of sponges in the stratigraphic record must be treated cautiously
(Alvarez et al., 2017).

Si biomineralization has been an important process for land
plants over the course of their >400 My evolutionary history
(Trembath-Reichert et al., 2015). On land the uptake of DSi
and deposition by many vascular plants provides ecological,
physiological, or structural benefits (Epstein, 1999), creating an
active terrestrial Si cycle (Conley, 2002). The origin of terrestrial
plants and the spread of rooted vascular plants to upland areas
during the Devonian Period most likely had an important effect
on many Earth processes (Lenton et al., 2012; though see Edwards
etal., 2015). The activities of plants should increase the efficiency
of continental weathering (Berner, 1997) through stimulated
dissolution of bedrock (Schwartzman and Volk, 1989), thus
enhancing the removal of atmospheric CO;, (Berner, 1990) until
a new steady state is reached in weathering. A wide range
of geochemical carbon models assume weathering rates to be
proportional to CO; fertilization of plant productivity, which acts
as a key component of the silicate-weathering feedback (Pagani
et al., 2009; Beerling et al., 2012). Similarly, plant functional trait
evolution has been linked to stepwise changes in the long-term
carbon cycle (e.g., Banwart et al., 2009).

The archaeplastid supergroup, to which land plants belong,
is notable amongst eukaryotic supergroups for the lack of SIT
or SIT-L transporters (Marron et al., 2016), despite widespread
sequence data and the presence of several silicified taxa (such as
horsetails, grasses, and the red alga Porphyra purpurea). Instead,
Si uptake by land plants is performed by a combination of passive
transmembrane channels and active Si effluxers (Ma and Yamaji,
2015). The active transporter is termed Lsi2 (low-silicon 2) (Ma
et al., 2007). Lsi2-type genes are apparently ubiquitous in land
plants, even in lineages which are not extensively silicified or
which apparently lack Si-permeable transmembrane channels
(Hodson et al., 2005; Trembath-Reichert et al., 2015; Marron
et al, 2016). Importantly, Lsi2-type genes are found in the
transcriptomes of both basal land plants and in the related
charophyte green algae (see Table 1), while such sequences were
not detected in more distantly related chlorophyte green algae
(Marron et al, 2016). This strongly suggests that active Si
transport is an ancient feature, and that Lsi2-type transporters
predate the recruitment of NIPII-class transmembrane proteins
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TABLE 1 | Examples of Lsi2-type active Si transporters from across the Charophycae.

Group Sub-group Species Sequence ID References

Charophyte algae Klebsormidales Klebsormidium flaccidum kflo0337_0090 Hori and co-authors, 2014
Zygnematales Spirogyra pratensis GBSM01008107.1 comp6609_c0_seq?2 Van de Poel et al., 2016

Embryophytes Liverworts Marchantia polymorpha Mapoly0153s0006.1 Sequence retrieved from

(land plants) http://marchantia.info
Mosses Physcomitrella patens XP_001772790 EMBL/Genbank database
Lycopods Selaginella moellendorffii XP_002984369.1 EMBL/Genbank database
Ferns Acrostichum aureum GEEI01039090 EMBL/Genbank database
Horsetails Equisetum giganteum cds.Locus_1866_Transcript_1_2_m.4165 Vanneste et al., 2015
“Gymnosperms” Pinus monticola GBQX01048264.1 EMBL/Genbank database
Angiosperms (monocots) Oryza sativa ADH94038.1 EMBL/Genbank database
Angiosperms (dicots) Cucumis sativus APT69295 EMBL/Genbank database

This demonstrates that Lsi2-like genes are present across all major living land plant groups is further evidence for an important role of Si in embryophytes biology, irrespective of the
degree of silicification (Hodson et al., 2005). The fact that the Lsi2 gene family is also present in members of the charophyte green algae, a sister lineage of the embryophytes, and in
basal land plant groups (liverworts and mosses) means that the earliest land plants also possessed such transporters.

as passive Si channels (Trembath-Reichert et al., 2015). While Si
may play a wider role in land plant metabolism (e.g., Markovich
et al,, 2017), the primary function of active Si transport is
presumably to enhance DSi uptake rates into the transpiration
stream and toward sites of BSi precipitation. It is therefore
reasonable to assume that even the earliest terrestrial plants could
have played a role in the global Si cycle.

The feedbacks through enhanced weathering would also
alter the flux of DSi from the continents and thus potentially
alter oceanic DSi availability (Conley and Carey, 2015). A key
issue to resolve is the extent to which global average river
inputs of DSi could have changed due to plant-stimulated
weathering (Moulton and Berner, 1988) for a given atmospheric
concentration of pCO,. Although the enhancement of silicate
weathering by plants is expected to transiently increase the supply
of DSi to the oceans, available data do not show an increase in
numbers of chert deposits with the rise of plants (Kidder and
Erwin, 2001). What has not been previously considered in the
effect of plants on weathering, is the evolution of plants that
accumulate phytolith BSi (Hodson et al., 2005), also allowing for
more BSi accumulation on the continents (Struyf and Conley,
2012). However, phytolith BSi accumulated in soils on land is
not an infinite sink, with the modern inventory comprising ca.
8.25 x 10' mol Si (Laruelle et al., 2009), and is dwarfed by
the magnitude of DSi inventory in the oceans, with the total
modern day ocean Si inventory estimated to be 112 x 10'°
mol (Gouretski and Koltermann, 2004), and was presumably
an even smaller fraction than in the Paleozoic-Mesozoic ocean.
Quirk et al. (2015) have challenged the suggestion that early land
plants significantly enhanced total weathering arguing that the
rise of rooted vascular plants and mycorrhizal fungi caused an
increase in the production of pedogenic clays retaining Si on the
continents, and thus lessening the impact of DSi transport to the
global oceans.

Although Kidder and Erwin (2001) argued that there were
large-scale changes in radiolarian and sponge abundances during
the Paleozoic (Figure 1B), Siever (1991) suggested that the
geologic record does not support the occurrence of widespread

siliceous sediments and thus did not affect DSi in the global
oceans (Figure 1A). More importantly, Maliva et al. (1989) argue
that nodular chert formation predominated in the Paleozoic
and was the result of DSi diffusion into sediments from the
essentially infinite reservoir in the overlying water because there
was insufficient biogenic precipitation. Kidder and Tomescu
(2016) suggested that the evolution of the oceanic Si cycle
through the early Paleozoic was a dynamic progression of
biogeochemical adjustments driven by biological and earth
system changes, which changed DSi availability driving the
distribution of sponges and radiolarians in the ocean. Based on
first principles (Equation 1), early biosilicification by radiolarians
and sponges during the Paleozoic and subsequent deposition and
burial of BSi should have resulted in global deceases in oceanic
DSi availability because of the greater preservation efficiency at
high oceanic DSi. Essentially, a small increase in biosiliceous
productivity would be expected to have a disproportionate
effect on the total DSi inventory. Declines in DSi would occur
until the sinks were balanced by the sources (De La Rocha
and Bickle, 2005). Our hypothesis is that DSi concentrations
were reduced even further from saturating conditions at the
start of the Phanerozoic, but biosilicification of sponges and
radiolarians reduced DSi concentrations to an even lower level
than previously appreciated.

TRANSITION TO AN OCEAN DOMINATED
BY BIOSILICIFICATION

The narrative outlined by Siever (1991) envisages a transition,
starting around the mid-Cretaceous and ending by the late
Paleogene (Figure 1A), from a DSi-replete (ca. 1,000 wM)
surface ocean, to DSi-depleted conditions broadly similar to
the modern day (Maliva et al., 1989; Siever, 1991). This is
period of Earth history with the most available data, thanks
in large part to the efforts of the ocean drilling community
over the past decades. Several lines of evidence are available to
guide interpretation of late Mesozoic-Cenozoic Si cycling. The
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Mesozoic saw huge changes in marine ecosystems compared
to Palaeozoic seas (Knoll and Follows, 2016), including the
appearance and radiation of many new phytoplankton groups
such as dinoflagellates, diatoms, coccolithophorid haptophytes,
and chrysophytes (Knoll, 2003; Katz et al., 2004; Sims et al,
2006). Diatoms, in particular, flourished during the Cenozoic,
which has been interpreted to have caused a drawdown of DSi
(Racki and Cordey, 2000). Fossil evidence also demonstrates the
decline of siliceous sponge reefs in the late Mesozoic (Kidder and
Tomescu, 2016). Muttoni and Kent (2007) clearly demonstrate
an increase in chert intervals in DSDP and ODP sites during
the early Eocene primarily from radiolarian deposition, although
modeling and mass-balance principles clearly show that inputs
and outputs are generally tightly coupled such that enhanced
BSi burial likely reflects changes in DSi inputs (Yool and
Tyrrell, 2005). Silicoflagellates (dictyochophyte), diatoms, and
radiolarian microfossils (Lazarus et al., 2009; Finkel and Kotrc,
2010; van Tol et al., 2012), all show a trend towards more lightly
silicified structures and more efficient DSi use through this phase.

The Cenozoic rise in diatom diversity has long been related
to a concurrent decline in radiolarian test silicification (Harper
and Knoll, 1975). Gradually decreasing Cenozoic radiolarian
test weight suggests that competition for DSi resulted in
coevolution between radiolaria and marine diatoms. More
sophisticated attempts to answer the question include Lazarus
et al. (2009). However, they determined that trends in shell
size and silicification are statistically insignificant and are
not correlated with each other. They concluded that there
is no universal driver changing cell size in Cenozoic marine
plankton. Conventionally, diatom diversification describes a
steep, monotonic rise (Rabosky and Sorhannus, 2009), a view also
questioned due to sampling bias (Lazarus et al., 2014). In low
latitudes, increasing Cenozoic export of DSi to deep waters by
diatoms and decreasing nutrient upwelling from increased water
column stratification have created modern DSi-poor surface
waters. Here, radiolarian silicification decreases significantly.
The radiolarian decline in silicification could result from either
macroevolutionary processes operating above the species level
(punctuated equilibria) or anagenetic changes within lineages
(Kotrc and Knoll, 2015). This change in the degree of silicification
is less apparent at higher latitudes, most likely reflecting an ample
supply of DSi via upwelling.

The minimum and maximum sizes of the diatom frustule
have expanded in concert with increasing species diversity,
although the mean area of the diatom frustule has been highly
correlated with oceanic temperature gradients consistent with the
hypothesis that climatically induced changes in oceanic mixing
have altered nutrient availability in the euphotic zone and driven
macroevolutionary shifts in the size of marine pelagic diatoms
through the Cenozoic (Finkel et al., 2005). Fossil evidence of
diatom biosilicification is present in the geologic record from
ca. 190 Ma (Sims et al., 2006), yet molecular clock analyses
indicate that diatoms originated closer to the Permian-Triassic
boundary 250 Ma (Medlin et al., 1996; Graham and Wilcox, 2000;
Sims et al., 2006), and that the diatom stem lineage may have
even earlier origins in the mid-Paleozoic (Brown and Sorhannus,
2010).

Various hypotheses have been made as to why the
diversification and increase in the global biomass of marine
diatoms occurred only during the last 40 My of Earth’s history
and why diatoms were not successful earlier. Raven and Waite
(2004) hypothesize that silicification could have evolved later in
the evolutionary history of diatoms and would be an explanation
for the lack of diatoms in the fossil record, although this does not
agree with the evidence for an ancient evolution of SITs in this
lineage (Marron et al., 2016). It may be the case that the ancestral
diatoms have been partially silicified with plates rather than
complete frustules, similar to the modern Parmales, the sister
lineage of diatoms (Yamada et al., 2014). In this scenario the
earliest diatoms may simply have gone unrecognized in the fossil
record. The rapid rise of diatoms in the Cenozoic has also been
attributed to the impact of orogeny on weathering (Misra and
Froelich, 2012) with periods of enhanced continental weathering
fluxes and increased DSi input to the oceans (Cermenio et al.,
2015).

The rapid drawdown of DSi during the Cenozoic by diatoms
attests to their competitive ability to efficiently remove DSi to low
levels in the water column. Diatoms show a high degree of SIT
diversification with an eflicient suite of specialized transporters
and uptake regimes allowing them to dominate DSi utilization
amongst marine silicifiers (Thamatrakoln and Hildebrand, 2008;
Durkin et al., 2016; Marron et al., 2016). Diatoms have an obligate
requirement for Si to complete their life cycle and so cannot
avoid competing for Si (Hildebrand, 2000). This combined with
the other advantages unrelated to Si (e.g., nutrient acquisition
and storage, light harvesting, bloom formation), must have
produced trophic interactions that did not occur in Palaeozoic
oceans, making the appearance of diatoms a game changer.
Therefore, we hypothesize that diatoms had an impact on oceanic
DSi concentrations much earlier in the geological record than
previously thought.

Recently, Fontorbe et al. (2016) used $3°Si from sponge
spicules and radiolarian tests to derive the first long term
empirical reconstruction of ocean DSi concentrations in the
North Atlantic during the Paleocene and Eocene. Using a
calibrated relationship between spicule $°Si and sponge Si
isotope fractionation (Wille et al., 2010; Hendry and Robinson,
2012), they show that from 60 to 30 Ma DSi concentrations in the
North Atlantic were consistently low, meaning that the transition
to alow DSi ocean had to have begun prior to the Early Cenozoic
(Figure 4A). Subsequent cores from the Pacific Ocean, showed
(Figure 4B) that deep water DSi concentrations were also lower
prior to 37 Ma (Fontorbe et al., 2017). The shift in radiolarian
839Si was interpreted as a consequence of changes in the 3*°Si of
DSi sourced to the region through changing ocean circulation.
The decrease in sponge §3°Si is interpreted as a transition from
low DSi concentrations to higher DSi concentrations, most likely
related to the shift toward a solely Southern Ocean source of
deep-water in the Pacific during the Paleogene consistent with
results from ocean circulation tracers including neodymium
isotopes and carbon isotopes (Fontorbe et al., 2017). Diatom and
spicule 8%Si records from the Southern Ocean are consistent
with the establishment of a near modern system, with a proto-
Antarctic Circumpolar Current (ACC), a full deep water pathway
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FIGURE 4 | (A) The range of 8305 of sponges from deep-sea drilling cores
(Fontorbe et al., 2016, 2017). (B) The range of DSi concentrations in the
Western North Atlantic (blue) and in the Equatorial Pacific (red) reconstructed
from the $39Si of sponges and radiolarians from deep-sea drilling cores
(Fontorbe et al., 2016, 2017). The blue and red bars for present time represent
the modern DSi concentration in the bottom waters of both ocean basins.

through the Tasman Sea and Drake Passage, and associated
high-latitude upwelling at the Eocene-Oligocene boundary (Egan
et al., 2013). The emerging tools of Si stable isotope tracers (De
La Rocha, 2002; Sutton et al., in review) have demonstrated
that very low oceanic DSi concentrations may have occurred
tens of millions of years before the time period envisioned by
Siever (1991) and others for the drawdown of DSi by diatom
biosilicification. We hypothesize that if such a global decrease in
oceanic DSi concentrations occurred, it must predate 60 Ma and
perhaps begin with the appearance of diatoms.

Although diatoms originated in the early Mesozoic (Medlin
et al,, 1996; Graham and Wilcox, 2000; Sims et al., 2006),
peak diversification occurred in the Cenozoic (Rabosky and
Sorhannus, 2009). Several rapid evolutionary turnovers in
the diatom species composition have been observed at the
Paleocene-Eocene boundary, and at the Eocene-Oligocene

boundary. Here, we posit that rather than driving the drawdown
in surface DSi concentration, the diversification of diatom species
observed during the Cenozoic may have instead resulted from
several external factors. Firstly, this diversification might have
resulted from a change in the global distribution of DSi. The
basinal distribution of DSi is dominated by ocean circulation
(de Souza et al., 2014) with the AAC playing a key role in the
dynamic of ocean circulation and nutrient distribution, most
likely since the Eocene-Oligocene boundary around 34 Ma. The
upwelling associated with the strong ACC would have promoted
the growth of high-latitude diatom populations, which enhanced
DSi uptake. Secondly, diatom diversification could have resulted
from a change in the DSi delivery from land to ocean via
increased transport of weathering products. Based on Li isotopes,
Misra and Froelich (2012) argued for increasing weathering
rates over the Cenozoic. Recently, this increase in the fluxes of
weathering products has been invoked to explain the diatom
diversification over the Cenozoic (Cermenio et al., 2015), again,
drawing down DSi concentrations to the low levels that we
suggest were experienced since the Mesozoic.

OCEANIC DSI DURING THE QUATERNARY

The modern ocean distribution of DSi is primarily controlled
by the general ocean circulation and dissolution of BSi formed
in the upper water column (de Souza et al., 2014). The general
pattern consists of surface waters with low DSi concentrations
due to the efficient uptake by diatoms (and to a lesser degree
radiolarians, silicoflagellates and other silicifying organisms).
Concentrations increase with depth via progressive dissolution
of diatom frustules and radiolarian tests precipitated in the upper
water column during their sinking (Tréguer and De La Rocha,
2013; Frings et al., 2016). An inter-basinal gradient also exists,
related to the overturning circulation. Today, deepwaters formed
in the North Atlantic from surface waters are DSi depleted
due to the efficient uptake of DSi by diatoms. These newly
formed bottom waters get progressively enriched in DSi as they
are transported southward toward lower latitudes, ultimately
ventilating in the Southern Ocean or the North Pacific. This
general circulation pattern results in a bottom water basinal DSi
concentration gradient with North Atlantic waters having the
lowest levels of DSi (typically 20-30 uM) and the North Pacific
waters being the most concentrated (up to 200 uM). In the
Southern Ocean, the DSi increases polewards and with depth,
as a result of remineralization, the mixing of water masses and
the sloping isopycnal gradient resulting from the strong ACC
(Pollard et al., 2002). Low utilization of DSi relative to other
nutrients by diatoms in the iron-limited waters near the Polar
Front, together with strong winter convection, results in the
export of waters with high DSi:N (or P) ratios in the Antarctic
Intermediate Waters (AAIW) into the Atlantic and the Pacific
(Sarmiento et al., 2004).

Global changes in the total supply of DSi to the ocean
have likely occurred throughout the Quaternary. Changes in
weathering processes, as a result of the waxing and waning of
ice-sheets during glacial cycles, and climatically-driven changes
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in biological production could shift oceanic DSi over timescales
equivalent to the residence time of Si in the ocean (~10-
15 ky; Georg et al,, 2009; Frings et al., 2016). More regional
changes in DSi distribution could be triggered on millennial to
centennial timescales through changes in the configuration of
oceanic circulation cells, wind-driven upwelling systems (Hendry
et al,, 2016), and biological changes in the regions of deep-
water formation (Brzezinski et al., 2002; Bradtmiller et al., 2009;
Meckler et al., 2013; Hendry and Brzezinski, 2014).

An implicit assumption in the global Si mass-balance
remains that there exists a steady-state. At the moment,
however, it is more likely that the global Si cycle, at least
in the short term, is out of balance in response to changing
inputs during the Anthropocene. Human activities such as
deforestation, eutrophication, agriculture, and damming have
altered weathering rates, amounts of terrestrial BSi production,
and the amount of amorphous Si retained and/or released from
soils and freshwater systems (Struyf et al., 2010). Our recent
work demonstrates the gradual aggradation or depletion of
the amorphous Si pool held in continental soils (Bardo et al.,
2015) and aquatic sediments (Frings et al., 2014) in response to
changing environmental forcings (Struyf and Conley, 2012). Our
emerging understanding is that DSi inputs from the continents
(Frings et al., 2016) have potentially altered the magnitude and
isotopic composition to an extent great enough to impact whole-
ocean isotopic signatures on the timescale of Quaternary glacial
cycles (Bernard et al., 2010). This suggests that the continental
Si cycle should be seen as a potential contributory factor to any
variability observed in oceanic DSi (Conley, 2002; Street-Perrott
and Barker, 2008; Carey and Fulweiler, 2012).

SYNTHESIS: RECONSTRUCTION OF
OCEANIC DSI CONCENTRATIONS IN DEEP
TIME

The assumptions regarding the evolution of the biogeochemical
cycle of Si in the oceans need to be reexamined. The two critical
assumptions made by Maliva et al. (1989) regarding secular
changes in the distribution of cherts was (1) that biological
participation in the Si cycle began in the Phanerozoic with the
advent of widespread eukaryotic skeletal biosilicification and
(2) that based on the modern oceans, sponges and radiolarians
in the past contributed to a lesser degree than diatoms in
modifying oceanic DSi concentrations. The discovery by Baines
et al. (2012) that the cyanobacterium Synechococcus was capable
of accumulating significant quantities of Si and that bacterial-
type SIT-L sequences were present in the prokaryotic size fraction
of the Tara Oceans environmental metagenomic sequencing
datasets (Sunagawa et al., 2015; Marron et al., 2016) disproves
the first hypothesis, although the actual quantitative contribution
of biosilicification by prokaryotes to the global Si cycle in
the present and the past is currently unknown. Secondly, the
role of radiolarians and sponges in modifying oceanic DSi
concentrations has been questioned (Kidder and Tomescu,
2016) with shifts in the global distribution of radiolarians and
sponges preserved in sediments related to changes in oceanic DSi

concentrations. Finally, Fontorbe et al. (2017) suggest that the
superior competitive ability of diatoms for DSi relative to other
siliceous plankton such as radiolarians, likely rapidly reduced
DSi concentrations early in their evolution as they increased
in abundance to the low levels of DSi observed in the oceans
today (Tréguer and De La Rocha, 2013). These changes occurred
due to the innovation of more sophisticated and versatile DSi
uptake mechanisms especially by diatoms (Thamatrakoln and
Hildebrand, 2008; Durkin et al., 2016; Marron et al., 2016).

We present a third narrative regarding the evolution of the
oceanic Si cycle (Figure 5). Significant biological and geological
events occurred throughout geologic time that affected the global
oceanic Si cycle (Figure 6). Our narrative suggests that Archean
organisms possessed and utilized Di transporting proteins and
decreases in DSi occurred already in the Precambrian reflecting
first the evolution of cyanobacteria ca. 3,000 Ma (Dvorak
et al., 2014) lowering DSi concentrations from saturation and
contributing to the deposition of BSi. The deposition of BIFs
(Fischer and Knoll, 2009) drove DSi in the surface oceans to
500-1,000 LM (Zheng et al., 2016) through the formation of
Fe-Si gels. After the great oxidation event (Kump, 2008) DSi
concentrations rapidly increased as the formation of BIFs were
reduced and DSi concentrations were again controlled primarily
by biological Si homeostasis mechanisms and cyanobacteria
Si accumulation. We place DSi in the surface oceans below
saturation because of biosilicification, although the deposition
by prokaryotes was probably not sufficient to reduce whole-
ocean DSi and is supported by chert deposition (Maliva et al.,
1989, 2005). DSi was likely reduced in the Late Proterozoic with
the evolution of significant eukaryotic biosilicification across
multiple taxa (Knoll, 2017), including early siliceous sponges.
This biomineralization revolution would have further reduced
DSi sufficiently below saturation to account for the widespread,
independent losses of silicon transporters postulated in Marron
etal. (2016). The next significant DSi drop occurred in the lower
to early Middle Ordovician with increased usage by sponges
and radiolarians (Kidder and Tomescu, 2016). Finally, it is
the appearance and subsequent proliferation of biosilicifying
phytoplankton, most importantly the diatoms with their superior
ability to reduce DSi concentrations to the low levels observed in
the global oceans today (Tréguer and De La Rocha, 2013).

In today’s oceans, DSi concentrations are largely biologically
controlled, namely that BSi production through the uptake
of DSi by fairly high affinity silica transporters and the
biological templates guiding deposition mean that high rates
of BSi production can be sustained at lower environmental
concentrations of DSi. This allows for the same amount of
material to be exported at lower DSi concentrations than is
possible by abiotic control only or by a previously existing set of
silica biomineralizers.

The response in changes in DSi is faster at high DSi
concentrations due to a proclivity of preservation over
dissolution of BSi (Equation 1; Van Cappellen et al., 2002).
In addition, macroevolution can occur over relative short
periods of geological time as a result of competitive exclusion.
For example, Kidder and Tomescu (2016) suggest that the
shifts between the loci of sponges from shallow to basinal
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FIGURE 5 | The evolution of the oceanic Si cycle through geologic time
envisioned by Siever (1991) (blue line) together with our narrative for reductions
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Precambrian to the present with the major biological and geological events.
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present.

environments may have taken approximately 2-14 My in the late
Lower to early Middle Ordovician as a result of DSi uptake by
radiolarians. Futhermore, Ritterbush et al. (2015) has estimated
that oceanic DSi changes could occur in timescales of 100-500
ky with an increase in DSi flux at the Jurassic-Triassic boundary
as a consequence of the increased weathering of Central Atlantic
Magmatic Province basalts. Models utilizing the sediment record
are needed to constrain the rapidity of the response of sediment
BSi burial to changes in the temporal distribution of DSi inputs
to the oceans (Yool and Tyrrell, 2005; Lenton and Daines, 2017).

CHALLENGES TO EXISTING KNOWLEDGE

An Imperfect Geological Record

The lack of fossils to verify or falsify our hypothesis can simply
be an artifact of a sparse geological record. There remains great
potential for new discoveries with increased sampling and more
focused investigations for the fossil remains of more diverse
silicifying groups. However, a record of the rapid declines in
DSi that occurred must be buried in ocean sediments most of
which have been subducted and recycled by the movement of
the continents. Whether or not the Siever (1991) narrative or the
one presented here are possible, the question remains: where are
the massive deposits of BSi that must have occurred with rapid
drawdowns in ocean DSi concentrations? In addition, are these
deposits resolvable by bulk measurements or isotopically, and can
they be attributable to transient decreases in the ocean inventory
of Si on the basis of mass-balance calculations?

Formation of Chert Deposits

High BSi sediments from the deposition of sponges, radiolarians
and/or diatoms, which are precursors to chert formation, still
occur today e.g., in places where productivity is high such
as upwelling areas. The interpretation that DSi saturation
occurred in bottom waters above chert nodule formation has
been questioned (Ritterbush et al., 2015) with Moore’s (2008)
alternative explanation for chert formation as mobilization of
amorphous hydrothermal deposits in deeper sediments, which
removes chert nodules as indicators of DSi concentration
through time. This brings into question an important tenant by
Maliva et al. (1989) regarding chert deposition reflecting DSi
concentration in the water column.

Does Sponge Abundance Reflect DSi?
Maldonado et al. (1999) suggested declines in reef building
sponges occurred at the Cretaceous-Tertiary boundary because
of DSi limitation as diatoms evolved. However, highly siliceous
sponge reefs are still forming in selected areas of the modern
oceans despite the relatively low DSi concentrations (Uriz,
2006; Chu and Leys, 2010; Maldonado et al, 2015). There
are certainly other factors, such as food availability and ocean
temperature (Kahn et al., 2012) that control the abundance and
biosilicification of sponges (Alvarez et al., 2017).

Biosilicification Is Not the Only Factor

The first order interpretation is that DSi controls the morphology
and biosilicification of organisms (Leadbeater and Jones, 1984;
Finkel et al., 2010; Yamada et al., 2014). Yet, additional
evolutionary selective pressures on the morphology of the
siliceous diatom frustule have been identified, including changes
in growth-limiting nutrients other than Si (Marchetti and Cassar,
2009), CO, (Milligan and Morel, 2002), and predation (Pondaven
et al., 2007) have shaped the morphology of the frustule over
geologic time (Finkel and Kotrc, 2010). In addition, Si transporter
(SITs, SIT-Ls and Lsi2-like) genes are found in many eukaryotes
that are not major biosilicifiers today (Marron et al., 2016), yet
in some organisms (e.g., calcareous haptophytes) Si is required in
trace amounts (Durak et al., 2016). Are there other factors that
are contributing to changes in oceanic DSi in deep time?
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amplitude and duration of such events that impact global DSi
concentrations. In addition, there can be short-term changes in
DSi fluxes (Frings et al., 2016) as well as fluctuations in the short-
term production of biosilicifying organisms due to changes in the
sources of DSi. For example, Ritterbush et al. (2015) argue that
the Early Jurassic siliceous sponge takeover was likely permitted
by an increased DSi flux as a consequence of weathering of
the Central Atlantic Magmatic Province (CAMP) basalts. Does
the volcanism associated with the formation of large igneous
provinces (Kidder and Worsley, 2010) allow for changes in
oceanic DSi concentrations or are inputs continuously balanced
by burial?

CONCLUSION

Combining evidence from many different fields, e.g,
biogeochemistry (Tréguer and De La Rocha, 2013), the
study of the geological record (Maliva et al., 2005; Fischer and
Knoll, 2009; Kidder and Tomescu, 2016), and the emerging
field of geogenomics (Baker et al.,, 2014; Marron et al., 2016),
we have identified changes in seawater DSi geochemistry by
biosilicification (Figure 5). The first biological impacts on the Si
cycle were likely due to the evolution of silicon homeostasis or
detoxification mechanisms in the Proterozoic. We hypothesize
that further decreases in DSi occurred prior to the start of the
Phanerozoic with the evolution of widespread, large-scale skeletal
biosilicification. DSi concentrations continued to be reduced by
biomineralization and burial of BSi through deep time. Finally,
we further hypothesize that the evolution of diatoms leads to a
low DSi ocean already by the middle Mesozoic.

Our analysis suggests that the oceans have probably
experienced DSi  concentrations than previously
appreciated (Siever, 1991). Our results challenge the Maliva

lower
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