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1  | INTRODUC TION

The evolution and expansion of silica biomineralization at the be-
ginning of the Paleozoic Era initiated a transformation of the silica 
cycle from a system governed by strictly abiotic reactions to the 
biologically dominated cycle that characterizes modern oceans 
(Tréguer & De La Rocha,  2013). The topology of the silica cycle 

was fundamentally altered by this biological innovation, including 
the rates of precipitation, loci of deposition (which would eventu-
ally come to reflect the evolution and ecology of silicifying organ-
isms), and the relationship between deposition of organic carbon 
and silica (Figure S1) (Harrison, 2000; Tréguer, 2002). This transition 
in the silica cycle is also thought to have affected the concentra-
tion of dissolved silica ([DSi]) in seawater. When the silica cycle was 
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Abstract
The Phanerozoic Eon marked a major transition from marine silica deposition ex-
clusively via abiotic pathways to a system dominated by biogenic silica sedimenta-
tion. For decades, prevailing ideas predicted this abiotic-to-biogenic transition were 
marked by a significant decrease in the concentration of dissolved silica in seawater; 
however, due to the lower perceived abundance and uptake affinity of sponges and 
radiolarians relative to diatoms, marine dissolved silica is thought to have remained 
elevated above modern values until the Cenozoic radiation of diatoms. Studies of 
modern marine silica biomineralizers demonstrated that the Si isotope ratios (δ30Si) 
of sponge spicules and planktonic silica biominerals produced by diatoms or radiolar-
ians can be applied as quantitative proxies for past seawater dissolved silica concen-
trations due to differences in Si isotope fractionations among these organisms. We 
undertook 446 ion microprobe analyses of δ30Si and δ18O of sponge spicules and 
radiolarians from Ordovician–Silurian chert deposits of the Mount Hare Formation 
in Yukon, Canada. These isotopic data showed that sponges living in marine slope 
and basinal environments displayed small Si isotope fractionations relative to coeval 
radiolarians. By constructing a mathematical model of the major fluxes and reservoirs 
in the marine silica cycle and the physiology of silica biomineralization, we found that 
the concentration of dissolved silica in seawater was less than ~150 μM during early 
Paleozoic time—a value that is significantly lower than previous estimates. We posit 
that the topology of the early Paleozoic marine silica cycle resembled that of modern 
oceans much more closely than previously assumed.
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governed solely by abiotic reactions, [DSi] was more tightly con-
trolled by the solubilities of the mineral phases involved, including 
amorphous silica and various authigenic clays (Siever,  1991,1992). 
In contrast, the activity of silica biomineralizers has significantly re-
duced [DSi] below these mineral saturation thresholds, as evident 
from [DSi] in modern seawater (Gouretski & Koltermann,  2006; 
Tréguer et al., 1995). Current hypotheses favor a modest decrease 
in [DSi] to ~500–1000  μM initiated by early silica biomineralizers 
(i.e., sponges and radiolarians), with a second decrease to modern 
levels (average [DSi] <10  μM in the surface ocean and ~70  μM in 
the deep ocean (Tréguer et  al.,  1995)) occurring much later in the 
Cenozoic as a consequence of the radiation of diatoms (Figure 1a) 
(Conley et al., 2017; Harper & Knoll, 1975; Maliva et al., 1989; Racki 
& Cordey, 2000; Siever, 1991). Others have argued for persistence 
of Precambrian-like [DSi] values of ~2000 μM until Cretaceous time 
(Grenne & Slack, 2003). Several recent studies have also speculated 
that some decreases in seawater [DSi] occurred during Proterozoic 
time, prior to the evolution of metazoan silica biomineralization, and 
were driven instead by microbial processes (Conley et al., 2017; Ding 
et al., 2017). These predictions have not been directly tested due to 
the lack of a geochemical proxy for [DSi] in ancient seawater.

Previous studies have demonstrated that, in siliceous sponge 
spicules, the Si isotope fractionation factor (ε30Si)—a metric charac-
terizing the difference in Si isotope ratios (δ30Si) between precipi-
tated silica and seawater DSi—depends strongly on [DSi] in ambient 
seawater (Figure 1b) (Cassarino et al., 2018; Hendry et al., 2010,2019; 
Hendry & Robinson, 2012; Wille et al., 2010). This isotopic behavior 
occurs in members of the Demospongiae and Hexactinellida and 
contrasts with that observed in diatoms (Cardinal et al., 2005; de la 
Rocha et al., 1997; Sutton et al., 2013) and inferred in radiolarians 
(Abelmann et  al.,  2015), in which ε30Si does not depend on [DSi]. 

In diatoms, ε30Si is primarily controlled by Si isotope fractionation 
during cellular uptake via silica transporter proteins; the majority of 
the DSi that is transported into diatom cells is consumed via polym-
erization, and there is little DSi efflux (Milligan et al., 2004; Nelson 
et al., 1976; de la Rocha et al., 1997; Sutton et al., 2013). Although 
Si isotope fractionation in radiolarians has not been constrained by 
culturing experiments, δ30Si values of modern and Cenozoic radi-
olarian tests indicated that ε30Si is similar to that observed in dia-
toms in both magnitude and independence from [DSi] (Abelmann 
et al., 2015; Fontorbe et al., 2016,2017,2020). In contrast, Si isotope 
fractionation in sponges occurs during uptake into, polymerization 
within, and efflux out of sclerocyte cells (Cassarino et  al.,  2018; 
Hendry et  al.,  2019; Wille et  al.,  2010). At low [DSi], more of the 
DSi transported into the sclerocyte is consumed via polymerization, 
resulting in a small magnitude ε30Si, while at higher [DSi], a smaller 
proportion of the DSi transported into the sclerocyte is consumed, 
resulting in a larger magnitude ε30Si (Figure 1b). The ε30Si systemat-
ics in modern marine silica biomineralizers appear intrinsic to each 
clade's distinct body plan and biomineralization pathway such that 
we can reasonably expect that ancestral silica biomineralizers ex-
pressed similar ε30Si-[DSi] relationships.

These ε30Si-[DSi] relationships have been applied to yield a proxy 
approach to evaluate the [DSi] of ancient seawater from δ30Si mea-
surements of sponge spicules paired with coeval diatoms or radio-
larians sampled from Cenozoic strata (Egan et al., 2013; Fontorbe 
et al., 2016,2017,2020; Hendry et al., 2014). At the elevated [DSi] 
values hypothesized by Siever (1991) and Conley et al.  (2017) for 
the Paleozoic Era, sponge spiculogenesis is predicted to express 
a large fractionation factor of ε30Sisponge ~ −4 to −5‰ (Figure 1b). 
Interestingly, the limited existing δ30Si data from Cambrian spicular 
cherts have not revealed any strongly 30Si-depleted isotope ratios 

F I G U R E  1   (a) Proposed histories of [DSi] over Phanerozoic time (Conley et al., 2017; Racki & Cordey, 2000; Siever, 1991) and 
(b) relationships of ε30Si versus. [DSi] in sponges. Panel (b) illustrates the most recent empirical calibration of ε30Si based on modern sponges 
(solid purple line) (Hendry et al., 2019); the diatom ε30Si (Cardinal et al., 2005; de la Rocha et al., 1997; Sutton et al., 2013), assumed to be 
similar for radiolarians based on modern (Abelmann et al., 2015) and Cenozoic data (Fontorbe et al., 2016,2017,2020) (yellow bar); and an 
extrapolation of a Michaelis–Menten ε30Si prediction (Cassarino et al., 2018) based on low DSi affinity (dashed purple line)

(a) (b)
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(Tatzel et al., 2017,2020). To evaluate Paleozoic seawater [DSi], we 
conducted a suite of ion microprobe δ30Si and δ18O analyses of 
sponge spicules and radiolarians collected from the Ordovician–
Silurian Mount Hare Formation of the Road River Group in Yukon, 
Canada. These isotopic data were supported further by elemental 
mapping via electron microprobe to evaluate preservation of the 
geochemical signals. Finally, we constructed a mathematical model 
that integrates how sponges fractionate silicon isotopes during bio-
mineralization with key fluxes in the marine silica cycle to quantify 
steady-state [DSi] and δ30SiDSi under different silica cycle modes. 
Together, these results revealed estimates of early Paleozoic sea-
water [DSi] values that are relatively similar to those in modern 
oceans, demonstrating that Paleozoic silica-biomineralizing organ-
isms controlled the marine silica cycle just as strongly as diatoms 
do today.

2  | MATERIAL S AND METHODS

2.1 | δ30Si and δ18O isotopic analyses

Four polished 1-inch round thin sections were mounted in epoxy with 
grains of the Caltech Rose Quartz reference material (δ30Si = 0.02‰, 
δ18O  =  8.45‰; (Georg et  al.,  2007)) by High Mesa Petrographics 
(White Rock, NM). Thin sections were imaged using transmitted and 
reflected light and coated in Au (30 nm thick) prior to isotopic analy-
sis. δ30Si and δ18O measurements were conducted using a Cameca 
IMS 7f-GEO secondary ion mass spectrometer (SIMS) at the Caltech 
Microanalysis Center during a single session in November 2017, fol-
lowing methods detailed in Stefurak et al. (2015). δ30Si and δ18O were 
measured separately, using O- (3–4 nA with 9 kV acceleration) and 
Cs+ (2–4 nA with 9 kV acceleration) primary ion beams, respectively, 
since the achievable precision for δ30Si with the IMS 7f-GEO was 
observed to be better using this method than using dynamic peak 
hopping to measure both δ30Si and δ18O with the Cs+ beam (Stefurak 
et  al.,  2015). Mass resolving power of ca. 2,400 was achieved for 
δ30Si analyses (sufficient for excluding contributions from the 29Si1H 
hydride peak in 30Si measurements) and ca. 1,200 for δ18O analyses. 
Although 16O implantation by the O- beam during δ30Si analyses was 
not previously found to affect subsequent δ18O analyses, we erred on 
the side of caution by analyzing δ18O prior to δ30Si on each sample. 
The focused ion beam was rastered across an area for each meas-
urement, producing effective analyzed areas of ~30–40 μm in width. 
Each analysis included pre-sputtering (60 s for δ30Si, 90 s for δ18O), 
field centering, and analyses (20 cycles, δ30Si count times: 0.96  s 
for 28Si and 8.00 s for 30Si, δ18O count times: 0.96 s for 16O and 4.96 s 
for 18O). Sets of 7–14 sample spots were bracketed by 4–5 repeat 
analyses of the reference material (Caltech Rose Quartz) (Figure S2). 
Typical measurement precision was ±0.3‰ (1σ) for δ18O measure-
ments and ±0.2 to 0.3‰ (1σ) for δ30Si measurements. Isotope ratios 
are reported as permil deviations from VSMOW (Vienna Standard 
Mean Ocean Water) for oxygen and the NBS-28 quartz standard (de-
fined as 0‰) for silicon using delta notation.

2.2 | Microscopy

Thin sections were examined in transmitted and reflected light via 
petrographic microscope prior to and after SIMS analysis. Raman mi-
crospectroscopic analyses were performed using a Horiba LabRAM 
HR Evolution Spectrometer with a 532 nm excitation laser at the CU 
Boulder Raman Microspectroscopy Lab to determine SiO2 mineral-
ogy (e.g., opal-A, opal-CT, quartz) and screen fossil specimens for 
presence of structural water in the form of silanol bonds (apparent as 
a peak at 503 cm-1 (Schmidt et al., 2012)). Elemental maps character-
izing the distributions of Si, Al, Mg, K, and Fe were collected using 
a JEOL 8230 Superprobe at the CU Boulder Electron Microprobe 
(EMP) laboratory. The thin Au coatings were removed via gentle pol-
ishing prior to re-coating with C before EMP analysis. Qualitative 
intensity maps without background corrections via wavelength dis-
persive X-ray spectrometry (WDS) were collected at 15  kV accel-
erating voltage, 11 mm working distance, 30 nA beam current, and 
100 ms dwell time.

2.3 | Geochemical modeling

We constructed a simple mathematical model of the marine silica 
cycle to constrain the set of conditions necessary to match observed 
Δ30Sisponge-radiolarian values by modifying a simple two-box model of 
the marine silica cycle (capturing surface and deep seawater reser-
voirs) based on previous work (Frings et al., 2016; De La Rocha & 
Bickle, 2005). With this framework, we compared different scenar-
ios of BSi production to determine which one best fit our observed 
Δ30Sisponge-radiolarian values: (1) a modern scenario with diatoms in the 
surface ocean and sponges in the deep ocean (“diatom +sponge”); 
(2) a non-planktonic scenario with benthic BSi production by sponges 
as the only silica sink (“sponge-only”); and (3) a Paleozoic scenario 
with radiolarians in the surface ocean and sponges in the deep ocean 
(“sponge + radiolarian”) (Figure S3a). Within the sponge + radiolar-
ian scenario, we compared model predictions using different DSi 
utilization kinetics (conservative DSi affinity from measurements of 
modern sponges vs. DSi affinity >20-fold lower than observed in any 
modern sponges) and different parameterizations of the ε30Si-[DSi] 
relationship (the modern empirical calibration (Hendry et al., 2019) 
vs. a Michaelis–Menten model of ε30Si for the hypothetical low DSi 
affinity sponge scenario (Cassarino et al., 2018); Figure 1b).

Model input parameters are provided in Table  S1. Models 
were initialized with surface and deep ocean [DSi] =500 μM and 
iterated with 0.1  yr timesteps until they reached steady state. 
The duration required to reach steady state depended on initial 
conditions (models with lower DSi uptake affinity required more 
time to reach steady state). We used these models to compare 
predictions of steady-state [DSi], δ30Siseawater, and δ30SiBSi of 
different BSi sinks for a suite of input fluxes and δ30Siinput with 
observed Paleozoic δ30SiBSi and Δ30Sisponge-radiolarian values. The 
diatom  +  sponge model was parameterized following Frings 
et al. (2016), with the addition of BSi production by sponges in the 
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deep oceans using a conservative estimate of Michaelis–Menten 
kinetics from sponge physiological data (i.e., modern sponges 
with a low affinity for DSi) (López-Acosta et al., 2018; Maldonado 
et  al.,  2011) and assuming negligible spicule dissolution prior to 
sedimentation (Chu et al., 2011; Erez et al., 1982; Kamatani, 1971; 
Maldonado et al., 2005). We applied the most recent modern cal-
ibration of the ε30Si-[DSi] relationship to calculate sponge ε30Si 
as a function of [DSi] (Hendry et  al.,  2019). In the sponge-only 
model, we implemented seafloor BSi production by sponges as 
the sole silica sink, using the same parameterization in the dia-
tom + sponge model but with a greater percentage of the seafloor 
colonized by sponges (Table S1). In the sponge + radiolarian model, 
we added BSi production by radiolarians in the surface ocean with 
dissolution during sinking—a topology analogous to the modern 
diatom + sponge model. Although the DSi uptake kinetics of radio-
larians are unknown, we assumed Michaelis–Menten kinetics iden-
tical to sponges (i.e., radiolarians, like sponges, are less efficient 
at DSi utilization than diatoms). This assumption was supported 
by the observation that diatoms outcompete radiolarians as the 
primary planktonic BSi producers in modern oceans (Tréguer & 
De La Rocha, 2013); assigning radiolarians with similar DSi uptake 
kinetics to diatoms reproduces the topology and results of the 
diatom  +  sponge model. We applied a lower dissolution rate of 
radiolarians relative to diatoms in the deep oceans based on mod-
ern observations (Berger, 1968; Erez et al., 1982), and we assumed 
radiolarians have a similar ε30Si-[DSi] relationship to diatoms (i.e., 
ε30Si = −1.1‰, independent of [DSi]), which is supported by mod-
ern and Cenozoic δ30Si data (Abelmann et  al.,  2015; Fontorbe 
et al., 2016 2017 2020). Finally, we varied Michaelis–Menten pa-
rameters (Vmax and Km) to decrease DSi affinity (Vmax/Km) in the 
sponge + radiolarian model to quantify the conditions required to 
sustain [DSi] at the levels predicted by Siever  (1991) and Conley 
et al. (2017) for Paleozoic seawater. We also compared versions of 
this low DSi affinity model with the empirical ε30Sisponge calibration 
(Hendry et al., 2019) and a Michaelis–Menten ε30Sisponge-[DSi] re-
lationship (Cassarino et al., 2018).

3  | RESULTS

3.1 | Geological context and microscopy

The Mount Hare Formation is a >700 m thick sedimentary succes-
sion of interbedded shale, limestone, and chert, within the Road 
River Group, a widespread basinal lithostratigraphic unit in north-
western Canada. Specifically, we studied the section exposed on 
the upper canyon of the Peel River in the Richardson Mountains, 
Yukon, Canada (Figure S4). These strata reflect lower slope to basin-
floor deposits of the Richardson trough—an intraplatformal basin 
on the edge of the Great American Carbonate Bank (Lenz,  1972; 
Morrow, 1999; Strauss et al., 2020). Rocks from this region are ma-
ture to overmature with respect to oil generation, based on conodont 
alteration indices (CAI) ranging from 2–6 in our section and regional 

vitrinite reflectance values ranging from 2.21% to 3.86%RoR (Fraser 
et al., 2012; Link & Bustin, 1989; Strauss et al., 2020).

Samples were selected from a section of the Mount Hare 
Formation spanning the Middle Ordovician through Lower Silurian: 
one Darriwilian sample, one upper Katian sample, and two Llandovery 
samples (stratigraphic heights 48.7, 92.4, 167.9, and 187.4  m in 
Strauss et  al.  (2020) section J1518, respectively) (Figure  S4). The 
samples were composed of siliceous fossils suspended in a matrix 
of dark, organic-rich chert. The spicules in our samples were mostly 
simple monaxons, including styles, strongyles, and tylotes, with rare 
triaxons (hexactine and triradiate spicules). The latter are consistent 
with origins from taxa within the class Hexactinellida, but the mo-
naxon spicules likely originated from members of the Demospongiae. 
Radiolarian skeletons were circular in cross-section and ~100 μm in 
diameter; in some specimens, the outer test wall was optically distin-
guishable from the interior cavity, which was filled with silica cement 
during diagenesis. Light microscopy and Raman microspectroscopy 
demonstrated that the fossils have all been transformed to chalced-
ony (fibrous quartz) or microquartz, with no detectable structural 
water (silanol bonds) (Figure 2a).

Early diagenetic alteration of biogenic silica (BSi) to authigenic 
clay minerals via reverse weathering reactions is an important pro-
cess that commonly affects diatoms; evidence of this alteration can 
be observed as rims with elevated abundances of Al, K, Mg, and 
Fe surrounding the diatom frustule (Koning et al., 2007; Loucaides 
et al., 2010; Michalopoulos & Aller, 2004; Michalopoulos et al., 2000). 
There is some evidence that authigenic clay minerals produced by 
these secondary reactions could lower δ30Si values from the primary 
BSi composition (Tatzel et  al.,  2015). To test for this, electron mi-
croprobe mapping on the samples examined herein revealed that 
this type of alteration did not occur in the spicules and radiolarians 
we measured for isotopic data (Figure 2b, Figure S5). Although trace 
clay minerals (evidenced by higher abundances of Al and K) occur 
in the surrounding chert matrix, these enrichments are notably ab-
sent within the examined spicules and radiolarians. Moreover, we 
observed no authigenic clay rims analogous to those observed in the 
alteration of modern diatoms. Maps of Ca and Mg revealed rare, dis-
seminated euhedral carbonate rhombs within the chert matrix, and 
maps of Fe displayed the presence of rare pyrite within the chert 
matrix (Figure 2b, Figure S5); neither carbonate nor pyrite minerals 
were spatially associated with the spicules or radiolarians.

3.2 | δ30Si and δ18O

During diagenesis, primary biogenic silica (composed of opal-A) 
is typically transformed first to opal-CT, then to microcrystalline 
quartz (i.e., chert). The rate, timing, and style of these reactions 
are variable and depend on sediment mineralogy (e.g., clay-rich 
vs. carbonate-rich), geothermal gradient and burial history, and 
fossil type (e.g., sponge spicules are more resistant to dissolu-
tion than diatoms) (Williams & Crerar,  1985; Williams et  al.,  1985; 
Yanchilina et  al.,  2020). These diagenetic stabilization reactions 
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occur at relatively shallow burial depths and low temperatures. In 
clay-rich sediments, both opal-A→opal-CT and opal-CT→quartz 
transformations are dissolution–reprecipitation reactions (Kastner 
et  al.,  1977; Murata et  al.,  1977; Yanchilina et  al.,  2020), in which 
there is potential for exchange and re-equilibration of O isotopes 
with local pore fluids. However, the opal-A→opal-CT transition 
can occur very rapidly in carbonate-rich environments (Kastner 
et  al., 1977): recent evidence showed preservation of δ18O values 
in opal-CT that were closer to primary opal-A δ18O than to expected 

equilibrium δ18O values (Yanchilina et  al.,  2021). Furthermore, ex-
perimental work has indicated that the opal-CT→quartz transition in 
carbonate-rich sediments may occur as a solid-state reaction (Ernst 
& Calvert,  1969), in which O isotope exchange with porewaters 
would occur to a much lower degree. Our samples were collected 
from an originally carbonate-rich section (Figure S4), suggesting that 
O isotope exchange may have occurred to a limited extent. However, 
given the complex relationship between δ18O transformations and 
paragenetic sequence, δ18O values here were primarily applied as 

F I G U R E  2   Microscopy and chemical imaging of radiolarians and sponge spicules from Mount Hare Formation samples. (a) Cross-polarized 
light microscopy and Raman microspectroscopy data illustrating composition of spicules and radiolarian tests. Right: cross-polarized light 
microscopy images of radiolarian (top, yellow outline) and spicule (bottom, purple outline), demonstrated that fossils have transformed to 
chalcedony (fibrous quartz) during diagenesis, based on characteristic extinction patterns. Left: Raman spectra of radiolarian test (yellow 
line) and spicule (purple line), corresponding to the two fossils shown in the right panels, compared with standard materials: quartz (black 
line), opal-CT (medium gray line), and opal-A (light gray line) from the RRUFF database, demonstrating that fossils are now composed of 
quartz. We did not observe a characteristic peak at 503 cm-1 (Schmidt et al., 2012), which indicates the presence of structural water in the 
form of silanol moieties, in any of the samples analyzed. (b) Electron microprobe elemental data of sponge spicule from sample J1518-48.7. 
δ30Si values with 1σ standard deviations are overlain on transmitted light image (spots within spicule) and back-scattered electron (BSE) 
image (spots within matrix); spicule δ30Si values (mean δ30Si −0.22‰, n = 6) contrast strongly with δ30Si values of the adjacent chert matrix 
(mean δ30Si 1.14‰, n = 4). The remaining panels illustrate WDS data: maps of elements Al, K, Mg, Ca, and Fe, and an RGB map plotting Al 
(red), Ca (green), and Fe (blue)

(a)

(b)
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a screening tool rather than as a record of seawater δ18O values. 
Previous studies have demonstrated preservation of primary δ30Si 
variability in Archean and Proterozoic chert-rich metasediments 
even when δ18O values have been altered during diagenesis (Heck 
et al., 2011; Marin-Carbonne et al., 2012; Stefurak et al., 2015) be-
cause δ30Si values are far better sediment-buffered and therefore 
more resistant to alteration than δ18O values, which tend to be fluid-
buffered. In other words, diagenetic transformations tend to act as 
closed systems with respect to δ30Si because the mass balance of 
Si is dominated by Si in sediments » Si in pore fluids (i.e., “sediment-
buffered”). This contrasts starkly with the behavior of δ18O, which 

tends to be comparatively fluid-buffered and thus can be more read-
ily altered, with the exact mass balance between sediment and pore 
fluids determined by water/rock ratios during burial.

The mean δ18O value of sponge spicules was 26.6‰ (standard 
deviation 2.6‰, range 23.6 to 31.7‰) (Figure  3, Table  S2), sim-
ilar to δ18O values previously reported from early Paleozoic chert 
successions (Chen et  al.,  2020; Degens & Epstein,  1962; Jones & 
Knauth,  1979; Karhu & Epstein,  1986; Knauth & Epstein,  1976). 
Previous studies of δ18O in siliceous spicules have revealed that sub-
stantial vital effects are imparted during the biosynthesis of these 
materials. These data illustrated considerable variability (up to 5‰) 

F I G U R E  3   Box plots of distributions of SIMS δ30Si and δ18O values of radiolarians, sponge spicules, and chert matrix from the Mount 
Hare Formation samples. Bulk δ30Si data from Cambrian and Ordovician spicular cherts (Chen et al., 2020; Tatzel et al., 2017,2020) are 
plotted for comparison. For [DSi] ≥500 μM and observed δ30Siradiolarian ≤1.5‰, δ30Sisponge should be ≤−3‰ (Figure 1b). Data points identified 
as “outliers” in the box plots are outside 1.5 times the interquartile range; however, these data points are all included in the statistics and 
statistical analyses in Table S2 and Figures S10–S11
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within individual sponge species grown under the same condi-
tions, indicating that spicules do not form in oxygen isotope equi-
librium with ambient water (Matheney & Knauth,  1989; Matteuzo 
et  al.,  2013; Snelling et  al.,  2014). We interpreted the observed 
δ18O range in spicules as both primary δ18O variability combined 
with a lowering of δ18O values during diagenetic recrystallization 
from amorphous silica to microquartz (Jones & Knauth, 1979). The 
δ18O values of radiolarian test walls and sponge spicules tended 
to be higher than those of the chert matrix (Figure  3)—a pattern 
consistent with the view of better preservation of primary isotope 
signals in biogenic silica than in the chert matrix. The preservation 
of δ18O heterogeneity in the Mount Hare samples (Figure 3) there-
fore also supported the interpretation that primary δ30Si values are 
well-preserved.

The δ30Si values of sponge spicules from the Mount Hare 
Formation ranged from −2.4 to 1.5‰, with δ30Si values in sample 
J1518-187.4 (median δ30Si  =  −1.0‰) recording significantly lower 
values than the other three samples (median δ30Si  =  0.1, 0.24, 
and 0.1‰) at the 95% confidence level (Figure 3, Figures S6–S11, 
Table S2, Dataset S1). Analytical spots located on the test walls of 
radiolarian skeletons displayed higher δ30Si values than spots on the 
interiors (Figure  3, see also grd6/grd6b in Figure  S7); this pattern 
most likely reflects porewater and/or early diagenetic δ30Si values 
because the interiors of radiolarian skeletons are hollow and were 
filled with silica cement prior to compaction. The median δ30Si val-
ues of radiolarian test walls and interiors were not significantly dif-
ferent at the 95% confidence level in any sample (Figure 3), but in 
three of the four samples, the median δ30Si values of radiolarian test 

F I G U R E  4   Results of geochemical modeling of early Paleozoic [DSi] and δ30Si. (a) Model predictions: scatter plots of [DSi] for surface 
and deep oceans and contour plots δ30Si values of surface ocean, deep ocean, planktonic silica biomineralizers (radiolarians), and sponges 
for the two most realistic versions of the model, from top to bottom: (1) sponge + radiolarian assuming modern DSi affinity and modern 
empirical ε30Si-[DSi] calibration; and (2) sponge + radiolarian assuming 20x lower DSi affinity than modern sponges and Michaelis–Menten 
ε30Si-[DSi] prediction. All plots share the same color scale. Predictions of additional versions of the model discussed in the text are illustrated 
in Figure S3. (b) Schematic illustration of mathematical model for the Paleozoic marine silica cycle; additional arrangements of the model 
discussed in the text are illustrated in Figure S3. (c) Comparison of model predictions of steady-state Δ30Sisponge-diatom/radiolarian (scatter plot) 
with Δ30Sisponge-radiolarian constraints from SIMS data from Mount Hare Formation (Fm.) samples (gray box)

(a)

(b)

(c)
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walls and sponge spicules were significantly different at the 95% 
confidence level (Figure 3). The δ30Si population means of radiolar-
ian test walls and sponge spicules pooled across these three samples 
(excluding J1518-187.4) were also significantly different at the 95% 
confidence level (Figure S11). Δ30Sisponge-radiolarian values—calculated 
as the difference between median δ30Si values of spicules and ra-
diolarian test walls—displayed a small range from −0.33 to −1.23‰ 
(Table S2). If we accepted that the maximum δ30Si values of radiolar-
ian test walls may more accurately reflect primary values due to the 
lowering of δ30Si values due to mixing during diagenesis, which was 
evidenced by the offset between radiolarian test walls and interiors, 
calculated Δ30Sisponge-radiolarian values range from −0.82 to −1.50‰ 
(Table S2). The chert matrices displayed similar δ30Si values to spic-
ules and radiolarian test walls (Figure 3, Figure S10–S11), consistent 
with the matrix forming via diagenetic remobilization of primary 
BSi. The greater extent of overlap in δ30Si values among the vari-
ous phases and noticeably lower δ30Si values in sample J1518-187.4 
across all microfabric types implied that the fossils in this sample may 
have experienced a greater extent of diagenetic alteration than the 
other three samples (Figure 3, Figure S10–S11). In the other three 
samples, we interpreted that primary δ30Si values of spicules and ra-
diolarian tests were well-preserved, based on heterogeneity of δ18O 
values (which are more fluid-buffered during diagenesis), systematic 
δ30Si offsets between materials that were consistent with expected 
differences in ε30Si and paragenesis, and current understanding of 
the divergent behavior of δ30Si and δ18O during diagenesis.

3.3 | Quantifying early paleozoic [DSi] and δ30Si

The Δ30Sisponge-radiolarian values we observed did not match the mag-
nitude predicted based on prevailing ideas about high Paleozoic sea-
water [DSi] (Figure 1b), indicating that the standing stock of silica in 
the oceans was lower than expected. But by how much? Predictions 
from the diatom + sponge model matched the characteristics of the 
modern silica cycle in terms of [DSi] in the surface and deep ocean 
and δ30Si values of DSi and BSi for modern input fluxes (Fin and δ30Siin; 
Figure S3). The sponge + radiolarian model scenario, assuming mod-
ern sponge DSi affinities and ε30Si-[DSi] calibrations, predicted sur-
face and deep ocean [DSi] <50  μM (Figure  4a, Figure  S3)—values 
far lower than hypotheses of 500–1,000  μM (Conley et  al.,  2017; 
Siever, 1991). The low DSi affinity sponge + radiolarian model sce-
nario generated [DSi] predictions closer to those of Siever (1991) and 
Conley et al.,  (2017), although only for Fin >10 Tmol/yr (Figure 4a, 
Figure  S3). Models with even more extreme Si utilization kinetics 
failed to reach steady state because BSi production could not keep 
up with the input flux, Fin, and the models do not include abiotic 
solubility-controlled precipitation of amorphous silica (Figure S12).

These model scenarios generated different predictions of 
Δ30Sisponge-diatom/radiolarian, the offset in δ30Si values between sponges 
and planktonic BSi (diatoms or radiolarians, depending on the model) 
(Figure 4c). All sponge + radiolarian models predicted that more of 
the net BSi output was partitioned into spicules than radiolarians 

across most of the parameter space we explored (Figure S12), except 
for combinations of low DSi affinity and very high Fin. This was a con-
sequence of the differences in dissolution (radiolarians were allowed 
to dissolve as they sink; sponges were assumed to be buried with 
negligible dissolution). As the contrast in Δ30Si values between the 
sponge + radiolarian models and the diatom + sponge model demon-
strated, this topology was required to attain both a smaller magni-
tude value of Δ30Si and δ30Sisponge ~0‰ (Figure 4c, Figure S3,S12). 
Models with combinations of low DSi affinity and very high Fin pre-
dicted steady-state [DSi] ≥1,000 µM, but also large magnitudes of 
Δ30Sisponge-radiolarian and δ30Sisponge >0‰—both of which are incon-
sistent with our observations from Mount Hare Formation samples.

4  | DISCUSSION

The Ordovician–Silurian Δ30Sisponge-radiolarian values determined here 
differ markedly from Δ30Sisponge-diatom values observed in modern 
oceans (Figure  S3) or predicted by results from the Modern dia-
tom  +  sponge silica cycle model (Figure  4c). The preservation of 
δ30Si and δ18O heterogeneity in the Mount Hare samples precluded 
substantial δ30Si resetting during diagenesis that could have erased 
a larger original Δ30Sisponge-radiolarian signal. In addition, electron mi-
croprobe elemental maps of the Mount Hare samples revealed no 
evidence of alteration to authigenic clay minerals. Carbonate and 
organic carbon isotope chemostratigraphic data from the Road 
River Group in the Richardson trough displayed multiple glob-
ally recognized isotopic excursions (Strauss et al., 2020), indicating 
that the basin was in communication with global oceans and that 
our δ30Si data are unlikely to reflect only local basinal effects. Chen 
et  al.  (2020) reported bulk δ30Si values ranging from 0.3 to 1.7‰ 
in spicule- and radiolarian-bearing Darriwilian (Middle Ordovician) 
chert from the Tarim Basin in China. These data were remarkably 
consistent with our SIMS δ30Si data (Figure 3) and indicated that this 
pattern is not unique to the Richardson trough. We therefore con-
cluded that our Δ30Sisponge-radiolarian estimates reflect primary envi-
ronmental signals.

δ30Si data from early Cambrian spicular chert in South China and 
Kazakhstan also display similar signals to the SIMS δ30Sisponge data 
presented here (Figure 3). Bulk δ30Si values in spicular chert of the 
Liuchapo and Xiaoyanxi formations (South China) range from −0.5 to 
0.5‰ (mean −0.1‰) (Tatzel et al., 2017) and bulk δ30Si values in spic-
ular chert of the Chulaktau Formation (Kazakhstan) ranged from −1.8 
to 2.0‰ (mean 0.5‰) (Tatzel et al., 2020). These data were originally 
interpreted to reflect mixing of a relatively small proportion of sponge 
spicules (assumed to have δ30Sisponge = −4 to −5‰) with detrital sil-
icate minerals, authigenic clay, and abiotic silica precipitated from 
seawater. However, thin sections from these studies reveal abundant 
spicules and putative radiolarians and mass balance calculations as-
sume ε30Siabiotic silica-DSi = 0‰ (Tatzel et al., 2017), even though most 
studies of δ30Si systematics from Precambrian chert have suggested 
ε30Siabiotic silica-DSi ≅ −1‰ (Geilert et al., 2014; Li et al., 1994; Roerdink 
et al., 2015; Stefurak et al., 2015). Our model results indicated that 
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these data are better interpreted as a reflection of δ30Sisponge val-
ues near 0‰, consistent with steady-state δ30Sisponge predictions for 
near-modern δ30Siinputs from sponge-only, sponge + radiolarian, and 
low DSi affinity sponge + radiolarian models (Figure 4a, Figure S3). 
Under this interpretation, these data extend the evidence of low sea-
water [DSi] further back in time, close to the Precambrian–Cambrian 
boundary. Furthermore, even in low DSi affinity sponge + radiolar-
ian box models, steady-state δ30Sisponge  ≅  δ30Siinputs and δ30Siinputs 
>0‰ due to the formation of secondary clay minerals during silicate 
weathering (Pogge von Strandmann et al., 2012; Ziegler et al., 2005; 
Ziegler et  al.,  2005). Consequently, δ30Sisponge =  −4 to −5‰ could 
only transiently characterize spicules while [DSi] was still con-
strained by mineral solubilities (>1,000 μM) (Figure S3), but the first 
appearance of silica-biomineralizing sponges could be marked by a 
brief negative excursion in the δ30Sichert record. SIMS-scale analyses 
enabled us to avoid the potentially confounding effects of mixing 
δ30Si signals of different sedimentary components in bulk δ30Si anal-
yses and suggest that published bulk δ30Si values of early Paleozoic 
spicular cherts may be more representative of BSi δ30Si values than 
originally assumed.

The Δ30Sisponge-radiolarian estimates from our SIMS analyses are 
consistent with the predictions of the sponge +  radiolarian box 
model, and in particular, either (1) modern-like DSi affinities and 
modern empirical ε30Si calibrations; or (2) DSi affinity 20x lower 
than the lowest modern values and an extrapolated Michaelis–
Menten ε30Si prediction (Figure  4c, Figure  S3). Both scenarios re-
quire substantially lower steady-state seawater [DSi] than previous 
predictions (Figure 1a). This indicated that early silica biomineraliz-
ers were more effective at drawing down DSi than previously hy-
pothesized and that any reduction in [DSi] caused by the Cenozoic 
radiation of diatoms was much smaller in magnitude than previously 
hypothesized.

It has been observed that modern sponge silica uptake kinetics 
appear poorly adapted to modern seawater [DSi], causing sponges 
to experience chronic DSi limitation: the experimentally determined 
concentrations (Km) at which sponge Si utilization is half its maximum 
value (Vmax) are much lower than [DSi] values that characterize sponge 
habitats (López-Acosta et  al.,  2016,2018; Maldonado et  al.,  2011; 
Reincke & Barthel,  1997). This observation was interpreted to in-
dicate that modern sponge DSi kinetics may have been inherited 
from Paleozoic sponges (Maldonado et  al.,  2011). Instead, our re-
sults suggest that sponge DSi kinetics may have been set during the 
early evolution of spicules in the Tonian–Ediacaran Periods (Sperling 
et al., 2010) when [DSi] was much higher. Regardless of the exact 
DSi affinities, our results suggested that the early Paleozoic marine 
silica cycle more closely resembled the modern system than previ-
ously assumed in terms of the extent of control by silica biominer-
alizers, with the notable difference that BSi output was partitioned 
more into benthic BSi (spicules) than planktonic BSi (radiolarians), in 
contrast with the modern system in which planktonic BSi (diatoms) 
dominate BSi output (Tréguer & De La Rocha, 2013).

Our Δ30Sisponge-radiolarian SIMS data and model results also have im-
plications for processes behind silica inputs to the ocean—processes 

that matter for the carbon cycle, climate, and weathering. Model 
results indicated that the silica inputs to the oceans were lower 
than today, and the isotopic composition of this input was modestly 
lower than the modern value (Figure 4a, Figure 4c). Both features 
are consistent with a lower extent of terrestrial silicate weathering 
at this time. While rates of silicate weathering reflect a complex, in-
terwoven suite of processes involved in global tectonic processes 
(uplift and erosion, production and inversion of sedimentary basins, 
outgassing, and metamorphism), (Berner & Caldeira, 1997; Broecker 
& Sanyal,  1998; Zeebe & Caldeira,  2008), our findings are consis-
tent with previous ideas about differences in the efficiency of sil-
icate weathering prior to the Devonian expansion of vascular land 
plants. Lower marine δ30Siinput values suggested a smaller extent of 
secondary clay formation during silicate weathering, which may have 
been driven by less intense weathering and/or shallower weather-
ing profiles (Pogge von Strandmann et al., 2012; Ziegler, Chadwick, 
Brzezinski, et al., 2005; Ziegler, Chadwick, White, et al., 2005). This 
interpretation is consistent with the low abundance of alluvial mud-
rock in Ordovician–Silurian relative to Devonian–Carboniferous 
sedimentary successions (Davies & Gibling,  2010; McMahon & 
Davies,  2018), reflecting different weathering processes prior to 
the Devonian expansion of vascular land plants (Algeo et al., 1995; 
Berner,  1992; Boyce & Lee,  2017; Gibling & Davies,  2012; Ibarra 
et al., 2019; McMahon & Davies, 2018). Although the relatively short 
duration of time spanned by our sample set makes it challenging to 
uniquely identify the cause(s) of low early Paleozoic DSi fluxes, we 
posit that the following factors could have contributed: (1) reduced 
solute fluxes due to the timing of deposition predating the expansion 
of vascular land plants, as observed in barren modern landscapes 
(Moulton et  al.,  2000); (2) reduced weathering rates due to the 
transition into a colder global climate state (Bergmann et al., 2018; 
Finnegan et al., 2011; Trotter et al., 2008); and (3) reduced weather-
ing rates due to Ordovician–Silurian paleogeography, with the super-
continent Gondwana concentrating continental landmasses at high 
southern latitudes (Cocks & Torsvik, 2002; Crowley & Baum, 1995). 
Notably, both lower δ30Siinput values and lower DSi input fluxes im-
plicate the evolutionary history of plants having some influence on 
the marine silica cycle. Additional analyses of Δ30Sisponge-radiolarian 
values spanning the entirety of the Paleozoic Era could provide a re-
fined tool to track changes in fluxes and δ30Si values of DSi input and 
more robustly deconvolve the hypothesized effects of the evolution 
and expansion of land plants on silicate weathering from tectonic 
and/or climatic influences.
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