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Using Stable Isotopes to Disentangle Marine Sedimentary
Signals in Reactive Silicon Pools
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Kanchan Maiti4, and Jeffrey W. Krause1,2

1Dauphin Island Sea Laboratory, Dauphin Island, AL, USA, 2Department of Marine Sciences, University of South
Alabama, Mobile, AL, USA, 3School of Earth Sciences, University of Bristol, Bristol, UK, 4Department of Oceanography
and Coastal Studies, Louisiana State University, Baton Rouge, LA, USA

Abstract Many studies use sedimentary biogenic silica (bSiO2) stable isotopes (e.g., δ
30Si) as paleoproxies

but neglect signals from other sedimentary reactive SiO2 phases. We quantified δ30Si for multiple reactive Si
pools in coastal river‐plume sediments, revealing up to −5‰ difference between acid‐leachable and
alkaline‐digestible amorphous SiO2. Thus, previous studies have missed valuable information on early
diagenetic products and, in cases where sediments were not cleaned, potentially biased bSiO2 δ

30Si values.
Acid‐leachable δ30Si, that is, from authigenic products, are the result of either multistep fractionation
from a bSiO2 source or an ~2‰ fractionation (consistent with metal hydroxide formation) from slowly
dissolving lithogenic SiO2. This analysis also suggests that sedimentary diatom bSiO2, which has increased
regionally in the last half‐century, is the critical substrate of early authigenic Si precipitates. Regional
eutrophication, which has stimulated sedimentary bSiO2 accumulation, may have facilitated additional
sequestration of both sedimentary Si and cations from early diagenetic products.

Plain Language Summary A growing body of scientists use the isotopic signatures in silica like
chemical fingerprints to understand how biologic organisms functioned during the past; however, these
methods typically neglect potentially useful information from nonbiological silica phases. We measured
silica signals for multiple phases in coastal sediments, discovering a large isotopic differences between
phases formed abiotically in sediments and biologic silica deposited from the overlying waters. These newly
formed silica phases are the result of either a large isotopic shift from biological sources or a smaller
shift from slowly dissolving mineral silica. Additionally, these data reveal that biological silica is an
important surface for the newly produced silica phases to form. The increased regional biogenic silica burial,
coincident with eutrophication since the mid‐20th century, may have had an additive effect on increasing
the sequestration of silica and other bioreactive elements in these sediments.

1. Introduction

The weathering of silicate minerals and secondary formation of authigenic silicate phases both regulate ele-
mental cycling and the Earth's climate (Isson & Planavsky, 2018; Sutton et al., 2018). The relative abun-
dances of silicon (Si) stable isotopes (28Si [92.2%], 29Si [4.7%], and 30Si [3.1%]) have been used to estimate
carbon export rates, reconstruct silicate weathering, and determine both global and coastal sources/sinks
of sedimentary Si (Frings et al., 2016; Opfergelt & Delmelle, 2012; Trower & Fischer, 2019). Because diatoms
account for a significant proportion of marine primary production, stable Si isotope compositions (e.g., δ30Si,
defined as 30Si/28Si relative to a standard) in sedimentary biogenic silica (bSiO2) are widely used as a paleo-
proxy for marine silicic acid usage by pelagic diatoms (Sutton et al., 2018).

Despite the growing body of work that uses sedimentary bSiO2 δ
30Si signals to reconstruct the past (Frings

et al., 2014, 2016), none of these studies report δ30Si data on other operational Si reactive pools (amorphous
silica phases) in sediments. Michalopoulos and Aller (2004) demonstrated that early authigenic products
could be estimated by examining multiple amorphous sedimentary Si pools including traditionally mea-
sured bSiO2. Operational reactive Si pools previously defined in the literature (DeMaster, 1981; Krause
et al., 2017; Michalopoulos & Aller, 2004; Qin et al., 2012; Rahman et al., 2016; Wang et al., 2015) include
(1) mild acid‐leachable highly reactive silica associated with authigenic products, for example, metal oxide
coatings (Si‐HCl); (2) mild alkaline‐leachable digested silica after acid pretreatment associated with authigenically
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altered and unaltered bSiO2 (Si‐Alk); (3) NaOH soluble silica following Steps 1 and 2 associated with soluble
lithogenic Si (LSi) and remaining refractory bSiO2, for example, sponge spicules and polycystine radiolarians
(Si‐NaOH); and (4) traditional mild alkaline‐leachable sedimentary bSiO2, with no acid pretreatment, which
does not account for bSiO2 which has undergone authigenesis (T‐bSiO2). As the use of δ30Si signals to under-
stand early diagenesis grows, it has become evident that we lack understanding about these other reactive Si
pools. Previous studies examining δ30Si in marine sediments have just focused on traditional bSiO2

alkaline‐digestions (Ehlert et al., 2016; Frings et al., 2014, 2015, 2016; Ziegler, Chadwick, White, et al., 2005).
Though there are a number of studies utilizing the Michalopoulos and Aller (2004) sequential extraction
methodology (Krause et al., 2017; Presti & Michalopoulos, 2008; Qin et al., 2012; Wang et al., 2015), these stu-
dies lack δ30Si data.

Isotopic characterization of operationally defined pools could provide a critical constraint on reactive silica
budgets. Potentially important diagenetic information is being missed by not quantifying the Si isotopes of
early authigenic products (e.g., metal hydroxides). Previously, natural radioactive 32Si was used to examine
these operational pools (Rahman et al., 2016, 2017) and led to the first global estimates of marine secondary
clay production—estimated to be 4.5–4.9 Tmol Si yr−1 (Rahman et al., 2017). This estimate partially closes
gaps in the marine Si budget between global Si ocean inputs, but a gap upward of 1.1 Tmols Si yr−1 still
remains (Frings et al., 2016; Maldonado et al., 2019; Rahman et al., 2019; Tréguer & De La Rocha, 2013).
Traditional estimates of bSiO2 reservoirs in marine sediments are based on diatom frustules (Tréguer &
De La Rocha, 2013), although more recent studies (Maldonado et al., 2019) suggest that refractory bSiO2

(e.g., sponge spicules), which is conventionally missed by short‐duration alkaline digestions, may account
for an ~1.7 Tmol Si yr1 global Si burial sink. Including this “dark bSiO2” brings the global Si ocean budget
closer to equilibrium, but not necessarily in balance.

This study lays the groundwork for examining reactive Si pools in coastal sediments and examining their
stable Si isotopic composition (instead of 32Si), shedding light on the potential mechanisms behind reactive
silica formation. We report δ30Si of operationally defined reactive Si pools in coastal Mississippi River plume
sediments using a sequential alkaline digestion following a mild acid leach. We report an exceptionally
isotopically light sedimentary Si pool associated with early diagenetic transformation of Si. The isotopically
light Si (−2.89 ± 0.45‰) in these early authigenic products is the result of either exceptional fractionation
(up to 5‰) from a bSiO2 source in sediments or a 2‰ fractionation (consistent with metal hydroxide
formation) from the slowly dissolving silica pool largely dominated by lithogenic material. Furthermore,
diatom frustules (which are isotopically heavy) are inferred to be a critical substrate for the formation of
these isotopically light authigenic precipitates. This finding has major implications on Si and cation
sequestration in coastal plume sediments globally, especially in light of increased bSiO2 accumulation
associated with eutrophication.

2. Materials and Methods
2.1. Study Sites

Short (<0.5m) sediment cores were collected during spring 2017 at three stations: A7 (28.947°N,−89.750°E),
C6 (28.865°N, −90.495°E), and D5 (28.499°N, −90.835°E) (Figure S1 in the supporting information). These
sites are on the coastal Louisiana shelf in the northern Gulf of Mexico and are affected by the Mississippi
River plume but not west enough to be affected by the Atchafalaya River. Briefly, samples were acquired
using an Ocean Instruments MC‐900 Multi‐corer, which preserves the sediment‐water interface during
recovery. Overlying bottom water was removed, cores were sectioned into 1‐cm slices, homogenized, packed
under N2 gas, and frozen at −20°C for further analysis.

2.2. Reactive Silica Pools

Frozen sediment samples were thawed to room temperature (22°C), and triplicate ~50‐ to 100‐mg subsam-
ples were weighed into 50‐ml polyethylene centrifuge tubes. Samples were never dried or ground prior to
and during extractions. Procedural blanks were also prepared in triplicate. Additional subsamples were
dried at 60°C to determine water content. The sequential extraction methodology separates silica into oper-
ationally defined pools based on kinetics, reaction conditions, and reaction sequence (DeMaster, 1981;
Michalopoulos & Aller, 2004; Rahman et al., 2016). One‐milliliter aliquot of each resulting leach
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(Si‐HCl, Si‐Alk, Si‐NaOH, and T‐bSiO2) was analyzed for dissolved
Si (OH)4 concentration using a spectrophotometric molybdate‐blue
method (Brzezinski & Nelson, 1986). Supernatants for stable
isotope analysis were concentrated via evaporation at 100°C and
stored until purification and mass spectrometer analysis.
2.2.1. Acid‐Leachable Silica (Si‐HCl)
Sediment extractions were run at room temperature (22°C) using
36‐ml 0.1 N HCl (Honeywell Fluka™ Trace SELECT™) for 18 hr,
while keeping particles suspended (shaker table). This resulted in a
sediment dry weight solid‐to‐solution ratio (SSR) of ~0.7–1.4. Following
centrifugation, the Si‐HCl leachate was removed and neutralized with
4 N NaOH to pH 7. The leachate was analyzed for both silica content
and silicon isotopes. Remaining sediment was rinsed in triplicate with
Milli‐Q (18.2 MΩ * cm) water to remove any residual acid
(Michalopoulos & Aller, 2004). Rahman et al. (2016) demonstrated these
rinses contained minor amounts of Si, and they were discarded. A weak
HCl molarity was purposely chosen to remove metal coatings, authigenic
phases, and activate bSiO2 surfaces while not affecting the sequential
Si‐Alk digestion (Michalopoulos & Aller, 2004).
2.2.2. Mild Alkaline‐Leachable Si (Si‐Alk) and Traditional
bSiO2 Digestion (T‐bSiO2)
The remaining sediment from the acid pretreatment was subse-
quently digested with 25‐ml 0.1 M Na2CO3 (Fisher Scientific™
Certified ACS) (dry weight SSR ~ 1–2) in an 85°C water bath;
digestions were run up to 5 hr. Following 20 min, subsamples were
neutralized with 1 N HCl to stop the digestion (final pH: 7).
Following centrifugation, the leachate was removed and stored for
future analyses. This timepointwaswithin error of the traditional intercept
froma regression of individual timepoints (Table S1), ensuring the absence
of significant lithogenic material (DeMaster, 1981; Michalopoulos &
Aller, 2004). Thus, the clear majority of solubilized silica was biogenic,
and this timepointwasused for all further analyses anddatamanipulation.
Other time points (through 5 hr) were subsampled according to the
standard approach (DeMaster, 1981). After 5 hr, the material was
centrifuged and the leachate was removed and discarded. Remaining
sediment was rinsed in triplicate with Milli‐Q water to remove any
residual Na2CO3, and again the rinses were discarded. A second
sample subset was analyzed following the traditional sediment bSiO2

method (DeMaster, 1981). The sampling frequency and digestion
duration was exactly the same as for Si‐Alk but with no acid pretreat-
ment (denoted as T‐bSiO2).
2.2.3. Harsh NaOH Digestion (Si‐NaOH)
The remaining sediment from the Si‐Alk treatment was subse-
quently digested with 10‐ml 4 M NaOH (Honeywell Fluka™)
(dry weight SSR ~ 2.5–5) for 2 hr in an 85°C water bath. After

2 hr, samples were neutralized with 10 N HCl to stop the digestion (final pH: 7). Following centrifuga-
tion, the Si‐NaOH leachate was removed, the remaining sediment was rinsed with Milli‐Q water to
remove any residual leachate, and this rinse was added to the Si‐NaOH leachate and stored for further
analysis as done previously (Rahman et al., 2016). This digested material was analyzed for both silica
content and silicon isotopes.

2.3. Stable Isotope Analysis

Sample purification and isotope analysis were carried out at the University of Bristol Isotope Group
laboratories. Concentrated sample fluids were purified via cation exchange chromatography (Bio‐Rad

Figure 1. Reactive δ30Si signals. Comparative average (±2σ) (n = 3) δ30Si (‰)
signals among reactive Si pools using a sequential multistep (Si‐HCl, Si‐Alk,
and Si‐NaOH) digestion and traditional (T‐bSiO2) alkaline‐only extraction
methodologies at varying depths from three short sediment cores (<0.5 m). (a–c)
Cores (C6, D5, and A7) were collected within the coastal Louisiana shelf in the
northern Gulf of Mexico and contain Mississippi River plume sediments. Error
bars are present for each point but may be obscured as error is smaller than
symbol size. Note change in depth (cm) scale on y axis for each core.
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AG50W‐X12, 200‐400 mesh cation exchange resin in H+ form) fol-
lowing Georg et al. (2006). A detailed description of purification steps
is included in the supporting information (Text S1). Purified solutions
(2–3 ppm Si) were analyzed in duplicate for Si isotopes (28Si, 29Si, and
30Si) using amulticollector‐inductively coupled plasma‐mass spectro-
meter (MC‐ICP‐MS, Finnigan Neptune s/n 1002), equipped with
CETAC PFA spray chamber and PFA nebulizer (100 μl min−1). A
standard‐sample‐standard bracketing procedure with Mg doping fol-
lowing Cardinal et al. (2003) was used to correct for both instrumen-
tal mass bias and potential matrix effects. Additionally, sample and
standard solutions were both doped with 0.1 M H2SO4 (ROMIL
UpA) and 1 MHCl (in‐house distilled) to reduce any potential matrix
effects from anion loading and guarantee matrix matching between
sample and standard (Hughes et al., 2011). All isotopic composition
results are expressed as δ30Si, corresponding to the silicon isotopic
abundances in samples relative to the international reference stan-
dard NBS‐28 (NIST RM8546, purified quartz sand). Reference stan-
dards Diatomite (Reynolds et al., 2007) and LMG08 (sponge)
(Hendry et al., 2011) were run in tandem with samples to assess
long‐term reproducibility. Average measured values are reported as
+1.27 ± 0.09‰ (n = 75) and −3.47 ± 0.16‰ (n = 27) (±σ), respec-
tively, which are well within agreement with published values
(Hendry et al., 2011; Reynolds et al., 2007). All samples and standards
are consistent with the kinetic mass fractionation law (Reynolds
et al., 2007) with the δ29Si = 0.518 × δ30Si. Procedural blanks were
lower than the detection limit and thus considered negligible on
δ30Si of the samples.

2.4. Lithogenic Corrections

Both Si‐Alk and T‐bSiO2 δ
30Si signals (‰) and mass of Si released (μmol g−1) were adjusted for bias from

lithogenic material following Kamatani and Oku (2000) and Ragueneau et al. (2005). Further details
included in the supporting information (Text S2). T‐bSiO2 corrections were insignificant (0.00 μmol g−1)
due to the absence of significant lithogenic material.

3. Results

The δ30Si differences among the operational pools were drastic and revealed some of the most isotopically light Si
observed in the ocean (Figure 1). δ30SiHCl signals ranged from −3.34‰ to −2.61‰ with an average of
−2.89 ± 0.45‰ (±2σ) (n = 48). These values are similar to groundwater silcretes, with a mean δ30Si of −3.8‰
(Basile‐Doelsch, 2006; Basile‐Doelsch et al., 2005) and significantly lighter than previous oceanic sedimentary
bSiO2 (−1‰ to +2‰; Frings et al., 2016; Sutton et al., 2018). The δ30Si composition of this acid‐leachable pool is
4.5–5‰ lower than that of the silica associated with biosiliceous organisms like diatoms, rhizaria, and sponges
(Si‐Alk, includes authigenically altered silica; T‐bSiO2, no authigenically altered silica, Figure 1). However, there
are also differences between the isotopic composition of the Si‐Alk and T‐bSiO2 pools (Figure 1). δ

30SiT‐bSiO2 among
all cores and depths averaged +1.63 ± 0.39‰ (±2σ) (range: +1.00‰ to +2.19‰) (n = 32) and δ30SiAlk values
averaged +1.84 ± 0.59‰ (±2σ) (range: +1.23‰ to +2.69‰) (n = 48). Overall, the traditional digestion (T‐bSiO2)
average was significantly lower than δ30SiAlk by 0.21‰ (ANOVA, p = 0.007). This overall difference was not
monotonic among cores; two cores (D5 and A7 had ANOVA, p values of <0.001 and 0.029, respectively) showed
significant differences, whereas one did not (C6, p = 0.066). Additionally, while δ30SiAlk of Core C6 was
(p = 0.066) different than δ30SiT‐bSiO2, this difference is in opposition to Cores D5 and A7, with Si‐Alk signals
0.23‰ lower than T‐bSiO2. Excluding Core C6, the overall differences between Si‐Alk and T‐bSiO2 remain
significant (ANOVA, p = 0.002), implying that spatial variation, organic content, and sediment type influence the
magnitude of difference between the isotopic composition of these Si pools to some degree. The mass (μmol g−1)
of Si released from Si‐Alk (includes authigenically altered bSiO2) was between 2 and 9 times larger than that of

Figure 2. Reactive Si mass differential. Average (±2σ) (n = 3) silica released
(μmol Si per g sediment) during reactive Si pool extractions. Core locations
denoted by symbol shape.
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T‐bSiO2 (Figure 2). Si‐Alk among all cores and depths averaged
88.9 ± 44.5 μmol g−1 (±2σ) (range: 53.6–154.4 μmol g−1) (n = 48), while
T‐bSiO2 released on average 29.2 ± 46.8 μmol g−1 (±2σ) (range:
7.8–94.4 μmol g−1) (n = 32).

The pool associated with reactive LSi and refractory bSiO2, Si‐NaOH, was
isotopically light and the dominant Si pool by mass. δ30SiNaOH averaged
−0.54 ± 0.15‰ (±2σ) (range: −0.84‰ and −0.10‰) (n = 48).
Additionally, the Si‐NaOH mass averaged 920.6 ± 451.4 μmol g−1 (±2σ)
and ranged between 515.6 and 1,310.1 μmol Si g−1. This sedimentary Si
poolwas5–13 times larger than that of Si‐HClandSi‐Alkand20–120 times
larger than T‐bSiO2 (Figure 2). Si released (μmol g−1) revealed no down-
core trends, but this is likely due to the short length of the cores. A table
summarizing average δ30Si signals (‰) and Si release (μmol g−1) within
each reactive pool can be found in the supporting information (Table S3).

4. Discussion and Conclusions

Si isotopic composition is highly variable among reactive Si pools.
The lightest δ30Si nonbiological sedimentary signals reported belong
to siliceous precipitates such as hot springs sinters, ranging between
−4.0‰ and +0.1‰, (Douthitt, 1982; Geilert et al., 2015) and ground-
water silcretes, up to −5.7‰ (Basile‐Doelsch, 2006; Basile‐Doelsch
et al., 2005). The correlation is positive and significant between
δ30SiHCl and the biogenic pools (Spearman Rho δ30SiAlk: rs = 0.621,
p= 0.010, δ30SiTbSiO2: rs = 0.682, p= 0.004) but negative and insignif-
icantly correlated to the lithogenic signal (δ30SiNaOH: rs = −0.357,
p(2‐tailed) = 0.174), empirically suggesting biogenic sources for Si‐
HCl. The isotopically lightest bSiO2 material reported in the ocean

belonged to sponge spicules, with δ30Si variations ranging from −5.72‰ to +0.87‰ (Cassarino et al., 2018;
De La Rocha, 2003; Frings et al., 2016; Hendry & Robinson, 2012; Sutton et al., 2013; Wang et al., 2019; Wille
et al., 2010). While high sediment load likely selects against glass sponges in the Mississippi river delta (Leys
et al., 2007), Maldonado et al. (2019) reported that spicule dissolution requires a harsh alkaline total diges-
tion, which implies the Si‐HCl pool (leached from 0.1 N HCl) in this study remains unaffected by sedimen-
tary sponge spicules. The discovery of such light material highlights that traditional methods have
systematically missed or, more appropriately, not examined this pool; but it questions whether these authi-
genic products have biased previous measurements by decreasing traditional bSiO2 δ

30Si values when sam-
ples were not acid cleaned prior to analysis.

The isotopic shift seen between operational pools is large, as δ30SiHCl is 4.5–5‰ lower than the Si
liberated in both Si‐Alk and T‐bSiO2, respectively (Figure 1). Previously, laboratory precipitation synth-
esis studies (Oelze et al., 2015; Ziegler, Chadwick, Brzezinski, et al., 2005) have demonstrated that solid
phase precipitates could be up to 5‰ lower than the solutions in which they were formed. Given that
the experimental conditions in these studies (freeze‐thaw, pH adjustment, and supersaturated silica)
were unlikely applicable to our study sites in a coastal shelf environment, these previous data only
demonstrate that the large isotopic fractionation inferred in this study are possible. Whether a
single‐step authigenic precipitation can explain our observed large isotope shift requires further investi-
gation. Below, we examine processes to determine the evidence for bSiO2 or LSi as sources for these
isotopically light silicates.

A fractionation of up to −5‰ is required for bSiO2 to be the acid‐leachable Si source (Figure 1). This would
be hypothesized to occur in three sequential steps: (1) bSiO2 dissolution, (2) authigenic mineral coating pre-
cipitation and oxide adsorption, and (3) multiple cycles of dissolution and reprecipitation. The isotopic frac-
tionation of Si during biogenic silica dissolution has been debated based on material analyzed in both
laboratory (Wetzel et al., 2014) and in situ settings (Egan et al., 2012). These studies suggest that overall,

Figure 3. Authigenically altered bSiO2. (a) Apparent Si‐Alk (μmol Si per g
sediment) mass of Si released and (b) Apparent Si‐Alk δ30Si (‰) values
comparative to Si‐Alk and T‐bSiO2 values from biogenic pools. Apparent Si‐Alk
is the “new” authigenically altered bSiO2 liberated in the Si‐Alk digestion,
relative to T‐bSiO2 (conceptually shown in graph (a)).
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there is little to no isotopic effect during dissolution or early diagenesis on diatom δ30Si signals in bot-
tom sediments. Using the most liberal estimate of isotopic fractionation from dissolution found in the
literature (Demarest et al., 2009), that is, −0.55‰, only closes ~10% of the gap between δ30Si in the
bSiO2 and the acid‐leachable Si. The adsorption of light Si isotopes onto authigenic metal‐oxides,
specifically Fe‐oxy‐hydroxides, established a −0.7‰ to −1.6‰ fractionation effect (Delstanche et al., 2009;
Opfergelt et al., 2009; Wang et al., 2019) and demonstrates the preferential incorporation of the light Si
isotopes into authigenic phases. Ehlert et al. (2016) inferred that the formation of authigenic clays and
metal oxides, from dissolving bSiO2, incorporates the lighter isotopes, resulting in a 2‰ fractionation
between porewater Si and newly formed materials, leaving pore waters with a heavier isotopic composi-
tion. This 2‰ observation is in agreement with many previous studies (Delstanche et al., 2009; Geilert
et al., 2014; Ng et al., 2020; Oelze et al., 2014, 2015; Roerdink et al., 2015; Tatzel et al., 2015; Wang
et al., 2019). Multistep chemical precipitation/dissolution processes can slowly increase the δ30Si value
of interstitial waters and decrease the δ30Si of authigenic phases overtime. This multistep precipitation
process increases the discrepancy between the two pools as the amount of detrital material in the
sediment increases (Sutton et al., 2018) and therefore results in isotopic shifts ranging between
−0.1‰ and −3‰ (Geilert et al., 2014; Oelze et al., 2014, 2015). Given the δ30Si in the Si‐Alk and T‐
bSiO2 pools range between +1.00‰ and +2.69‰, an overestimated 3‰ to 4‰ fractionation effect from
this three‐step process would imply authigenic Si‐HCl δ30Si values of −3‰ to −2‰, which are consis-
tent with the values measured. Thus, fractionation from bSiO2 dissolution and multistep
precipitation/dissolution process due to authigenic precipitation and oxide adsorption is possible if each
step used an exaggerated fractionation, and this is supported by the strong correlation between δ30Si for
Si‐HCl and biogenic pools.

Given prior studies, a lower and more realistic fractionation factor would be evoked for the acid‐leachable Si
to be sourced from LSi and refractory bSiO2 (i.e., Si‐NaOH pool). Contrary to bSiO2 dissolution, relatively
large fractionation occurs during weathering processes as the δ30Si for secondary clay minerals is 2.95‰
to 0.16‰ lower than the original parent lithogenic silicate material (André et al., 2006; Bern et al., 2010; Cornelis
et al., 2010, 2014; Douthitt, 1982; Frings et al., 2016; Georg et al., 2007; Opfergelt &Delmelle, 2012;Wang et al., 2019;
Ziegler, Chadwick, Brzezinski, et al., 2005). Additionally, it has previously been established that in the early stages of
dissolution of solid lithogenic Si phases, isotopically light Si is released into solution, but the precipitation of silicate
phases from this new solution will result in 30Si enrichment in the surrounding solution relative to the new
authigenic phase by up to 4‰ (Ziegler, Chadwick, Brzezinski, et al., 2005). δ30Si values for clays range between
−3‰ and 0‰ (Delstanche et al., 2009; Georg et al., 2007, 2009; Li et al., 1995; Méheut et al., 2007; Opfergelt &
Delmelle, 2012; Savage et al., 2013; Ziegler, Chadwick, Brzezinski, et al., 2005; Ziegler, Chadwick, White, et al.,
2005) with lower δ30Si values denoting stronger weathering (Opfergelt et al., 2010). Work by Oelze et al. (2014)
supports that such large fractionation from precipitate formation via dissolved LSi is more likely than metal
adsorption alone as Si isotopic equilibrium is slow, explaining why light isotopes resulting from early authigenic
processes would be carried into diagenesis.

Recently, Chemtob et al. (2015) examined acidic weathering effects on Si isotopes. While in situ measure-
ments in surficial chemical weathering profiles revealed unusual 30Si enrichment (+0.8‰ to 1.36‰) in resi-
dual solids, laboratory leaching experiments using fresh basalts and 0.1 M HCl revealed 30Si enriched fluids
(1.5–2.3‰), implying 30Si depleted residual solids (Chemtob et al., 2015). Additionally, acidic cleaning
experiments using biogenic opal (diatoms and sponge spicules) suggest that there is no impact of cleaning
method on final δ30Si signals (Egan et al., 2012; Hendry et al., 2011), implying that HCl leaching effects alone
may not drive fractionation changes in authigenic phase signals. Currently, there are no known studies
which examine how a mild HCl preleach effects fractionation on natural coastal sediments; this is
complicated by the heterogeneous, and often uncharacterized components, within such sediments,
especially in river plumes. The Si‐NaOH δ30Si reported here lie between −0.84‰ and −0.10‰ (Figure 1),
suggesting this pool could be a probable source of the authigenic acid‐leachable Si. Although measured in
a completely different environment, if we take this fractionation effect from basalt HCl leaching, up to
2.3‰, into account, the gap seen between Si‐HCl and Si‐NaOH is still not completely accounted for.
Previously discussed authigenic mineral coating precipitation and oxide adsorption, of up to 2‰, is
necessary to close the gap and account for the entire difference. While the correlation with δ30Si Si‐HCl
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and Si‐NaOH is not strong, metal hydroxide formation and a smaller overall isotopic fractionation
(compared to exaggerated fractionation from biogenic sources) suggest the Si‐NaOH (LSi) pool could be a
Si‐HCl source.

The importance of LSi as a source for isotopically light acid‐leachable Si pools is bolstered by the disparity
among the sedimentary Si pools. The average Si‐NaOH (μmol Si g−1) pool is 20‐fold larger than that of
T‐bSiO2 (Figure 2). Although biologic dissolution is more reactive than terrestrially derived silicate minerals
(Van Cappellen et al., 2002; Van Cappellen & Qiu, 1997a, 1997b), recent studies demonstrated that
particulate LSi mineral dissolution is enhanced in coastal shelf systems along an estuarine gradient via
low temperature weathering. Concluding that the physical mass of LSi present serves as a more significant
source of dissolved Si to coastal systems and mixing zones than previously assumed (Jeandel & Oelkers, 2015;
Jones et al., 2012;Morin et al., 2015). Specifically,Morin et al. (2015) reported surface‐area‐normalized Si dissolution
rates (~10−9 mol Si m−2 s−1) which exceed those for diatoms (~10−10 to 10−11 mol Si m−2 s−1; Dixit & Van
Cappellen, 2002; Saad et al., 2020). Laboratory batch experiments (Oelkers et al., 2011) show that as the dissolved
lithogenic material reaches saturation, secondary mineral silicate formation limits the overall effect of low
temperatureweathering on seawater chemical evolution,which implies that although secondary authigenicmineral
precipitation may limit dissolution effects, the addition of an isotopically light distinct particulate phase (e.g., LSi)
would be passed on to secondarymineral phases on short time scales (Oelkers et al., 2011). As previouslymentioned,
the lightest known isotopic Si reservoir is the silicification of silcretes, (Basile‐Doelsch, 2006; Basile‐Doelsch
et al., 2005), which is similar to our Si‐HCl pool. These silcrete precipitates form via the precipitation/dissolution
of secondary lithogenic quartz in a radically different (mostly arid) environmental setting but support that the
dissolution and precipitation of isotopically depleted LSimaterials may be a Si source for the Si‐HCl pool. Given this
implication, we feel this area merits future study.

The data presented also demonstrate that there are resolvable isotopic differences between the traditional
DeMaster (1981) method (T‐bSiO2) and Michalopoulos and Aller's (2004) reactive bSiO2 pool (Si‐Alk).
δ30SiAlk represents mixed signatures from bSiO2, metal oxides, and authigenic clays, while δ30SiT‐bSiO2 just
reveals bSiO2 values, most likely from diatoms (Maldonado et al., 2019). This is largely attributed to the
T‐bSiO2 treatment (DeMaster, 1981) not fully dissolving newly formed authigenic metal oxides and
releasing the Si sorbed to them (Michalopoulos & Aller, 2004). Given both the isotopic and mass
differential between the T‐bSiO2 and Si‐Alk pools, this suggests the excess Si released from authigeni-
cally altered bSiO2 (i.e., Si‐Alk mass exceeding T‐bSiO2 mass) has a different isotopic composition.
Because the Si‐Alk isotopic composition is affected by both the T‐bSiO2 and the excess liberated Si
(Si‐Alk – T‐bSiO2), a mass balance approach can be used to determine the isotopic composition of
the authigenically altered bSiO2 (termed Apparent Si‐Alk, Figure 3). Apparent Si‐Alk was, on average,
0.56‰ higher than T‐bSiO2. More importantly, this implies that the bSiO2 substrate which serves as a
template for authigenic products is isotopically heavy (δ30Si > 2.0‰). Regardless of differences, the
isotopic composition of the bSiO2 phase seems to be unaffected by secondary authigenic precipitation
(i.e., structural isotopic exchange), which implies that if care is taken to extract a clean bSiO2 phase
from sediments, isotopic records are reliable.

The Apparent Si‐Alk analysis suggests that diatom silica serves an integral role during authigenesis,
independent of whether it is the main Si source for Si‐HCl. Our finding that the Apparent Si‐Alk pool is
isotopically heavier than the T‐bSiO2 pool, which has not undergone authigenic modification, suggests that
the Apparent Si‐Alk material has a water column source where Si (OH)4 can be isotopically heavy. This
underscores the power of analyzing multiple reactive pools, as this finding would have beenmasked without
data among both T‐ bSiO2 and Si‐Alk pools. Water‐column diatoms can consume Si (OH)4 concentrations to
virtual exhaustion in the Mississippi River plume (Nelson & Dortch, 1996), and diatoms are isotopically
heavier than other marine siliceous organisms (Sutton et al., 2018). This is consistent with electron
microscopy data showing that authigenic phases coat diatom bSiO2 (Loucaides, Behrends, et al., 2010;
Loucaides, Michalopoulos, et al., 2010; Michalopoulos et al., 2000; Michalopoulos & Aller, 2004).
Additionally, in this region, there has been a threefold increase of diatom bSiO2 in sediments over the last
50 years (Parsons et al., 2002; Turner et al., 2008; Turner & Rabalais, 1994). This increase in regional
sediment bSiO2 has occurred contemporaneous with eutrophication in the region. Therefore, if diatoms
are the main substrate for sedimentary authigenic products, it is probable that anthropogenic effects on
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the Louisiana Shelf, which have stimulated sedimentary bSiO2 accumulation, may also have facilitated
additional sequestration of both sedimentary Si and cations (Isson & Planavsky, 2018; Krissansen‐Totton
& Catling, 2020; Mackenzie & Kump, 1995; Michalopoulos & Aller, 1995).

Overall, coupling δ30Si with sequential leach‐digestion methods provides a new approach to examine the
sedimentary silica phases in biogeochemically important regions (e.g., river plumes). Using δ30Si signals,
we infer two pathways for formation of acid‐leachable reactive silica and suggest LSi (with some refractory
bSiO2) requires fewer and less exaggerated fractionation steps than bSiO2, although bSiO2 δ30Si is well
correlated to that of the acid‐leachable pool. Furthermore, we have shown independently (without aid of
electron microscopy) that a majority of the water‐column diatom bSiO2 in these sediments is altered rapidly
(on the order of months) during early diagenesis in the surface sediments, as sediment deposition in the
Mississippi delta can be variable (upward of 10 cm a−1) (Adhikari et al., 2016; Chen et al., 2005; Devereux
et al., 2019). Given eutrophication in the river waters feeding this system, which have led to increasing
bSiO2 in regional sediments, the strength of this process as an elemental sink may have increased in the last
half century.
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