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GEOCHEMISTRY

Rapid transformation of biogenic silica to authigenic
clay: Mechanisms and geochemical constraints

Simin Zhao't, Emily M. Saad't, Rebecca A. Pickeringz, Pan Liu’, Hongyan Zuo?, Linduo Zhao?,
Ellery Ingall’, Martial Taillefert’, ChristopherT. Reinhard’, Hailiang Dongs,

Jeffrey W. Krause®®*, Yuanzhi Tang'*

Authigenic clay formation during early diagenesis of marine sediments, termed “reverse weathering,” is an impor-
tant process for regulating ocean pH, seawater chemistry, and atmospheric CO, over geologic time scales. Al-
though the importance of reverse weathering has been increasingly recognized, the rates and mechanisms remain
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poorly constrained. This study investigated the mechanisms, kinetics, and mineral products derived from diatom
biogenic silica. We show the formation of Fe(ll)-bearing smectite and mica in 40 days, the most rapid process and
first specific mineral phases reported to date. Unraveling the kinetics and mechanisms of authigenic clay forma-
tion suggests that reverse weathering is far more dynamic and responsive to changes in ocean chemistry than
previously envisioned, with a potential to impact marine alkalinity cycling on a shorter timescale.

INTRODUCTION

Reverse weathering in marine environments, proposed in the 1960s
(1-4), was suggested to be a major component of the missing burial
sinks of silicon (Si) and alkalinity (HCO3") produced during ter-
restrial weathering. It follows the general reaction of

biogenic silica+ AI(OH); + (Fe?*, Fe’*, Mg?*, K*, Li*) +

HCO; — aluminosilicate minerals + CO, +H,0 0

Through the reaction, amorphous biogenic silica [e.g., diatom sil-
ica originating from the upper water column or surface-lit sediments;
hereafter (bSi)] transforms into authigenic aluminosilicates (5), con-
suming cations (e.g., Fe, Mg, K, and Li) and alkalinity (HCO;~) while
producing CO,. CO; production during reverse weathering has been
suggested to affect ocean pH and global climate over geological time
and is incorporated into biogeochemical models tracing climate evo-
lution in Earth’s history (3, 6-10). In addition, cation consumption by
marine authigenic clay formation is considered as an important mod-
ulator for seawater chemistry (11, 12). The impact of these processes
is only beginning to be considered in global elemental budgets and
Earth system biogeochemical models (8-10, 13-15). For instance, the
marine Si budget has been long observed to be out of balance with
burial fluxes insufficient to match inputs (16). Recent studies esti-
mated that the Si burial flux due to marine reverse weathering is 4.5
to 4.9 Tmol Si/year (15, 17), which potentially balances the marine Si
deficit. These recent estimates make reverse weathering the second
largest sink among all currently recognized output processes within
the global marine Si budget (15). Upward revision of the magni-
tude of marine reverse weathering in the global Si budgets may have
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important implications for the associated carbon cycle (e.g., seawa-
ter alkalinity), coastal acidification, sequestration of other elements
(e.g., Fe, Al, Mg, and K), and direct and indirect feedbacks on marine
primary productivity, global climate (15, 16, 18), and anthropo-
genic interventions of the carbon cycle with geoengineered climate
solutions (19, 20).

The understanding of reverse weathering in marine systems has
improved in the past several decades, with seminal studies demon-
strating the effectiveness of reverse weathering for transforming
bSi and the possibility of rapid clay mineral formation, in contrast
to previous frameworks in which reverse weathering was neglected
or thought to occur on the order of 10°~10° years (21). These stud-
ies relied on indirect evidence from field observations to indicate
rapid Si and Al reactions, e.g., stoichiometric relationships between
dissolved Al and Si in sediment pore waters (22-24). Strong associa-
tions of bSi with authigenic clay minerals and cation-rich alumino-
silicate coatings on diatom frustules in deep-sea and deltaic sediments
implied the importance of diatoms in this process (21, 25, 26), with
subsequent Si stable isotope measurements providing evidence for
the connection between sediment bSi with authigenic clay mineral
formation (27). The direct evidence of reverse weathering has also
been obtained through experimental incubation of bSi with sedi-
ments (5, 28, 29), which shows bSi alteration and formation of au-
thigenic K- and Fe-rich mica- or smectite-like clays within 10 to
36 months (5, 28, 29).

However, despite these advances, substantial uncertainty remains
around the controlling geochemical factors, kinetics, mechanisms,
and specific reaction products of reverse weathering. First, the func-
tion of potential reactant species and the phases of reaction products
are poorly constrained. Despite the commonly observed association
between Fe and aluminosilicate phases (29), the roles of Fe- and
Al-containing species in the transformation process remain elusive.
The authigenic clay phases produced from reverse weathering are
small particles (e.g., submicron sized) (29-31), making their charac-
terization and detection highly challenging using traditional tech-
niques (32, 33). The characterization of authigenic clays in field
samples is further confounded due to the mixing with abundant
detrital clays (34). The identification of these authigenic products
has previously relied on laboratory incubations, usually based on
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compositions from extraction methods and scanning electron mi-
croscopy with energy dispersive spectroscopy (SEM-EDX) (26, 35),
and the comprehensive mineral identifications were challenging or
lacking (26). Second, previous laboratory incubations, which ranged
in duration from 10 to 36 months (5, 26, 29) only examined the reac-
tion products at the end point. Thus, the time-course dynamics are
almost entirely unknown. Third, specific reaction mechanisms are
poorly constrained. Although authigenic clay diagenesis is thought to
involve dissolution and reprecipitation reactions, with the participa-
tion of Al, Si, and cations (e.g., Mg and Fe; Eq. 1) (28, 29), the roles of
specific elements and their speciation (e.g., oxidation state, dissolved
versus solid phase) remain unclear.

To improve the mechanistic understanding of the reverse weath-
ering processes, controlled laboratory experiments were conducted
using diatom bSi under representative marine dissolved Fe(II) con-
centrations and combinations of Fe- and Al-hydroxide minerals
(hereafter Fe/ Al hydroxides) in artificial seawater. Experiments were
conducted in anoxic conditions using custom-built two-chamber
reactors, which separate bSi from Fe/Al hydroxides by a dialysis
membrane (fig. S1). This reactor design allows for the mixing solely
of dissolved species (e.g., Si, Fe, and Al) and separates the trans-
formed bSi from the Fe/Al hydroxide phases to facilitate system-
atic characterization. All experiments were initially amended with
150 pM dissolved silicic acid [Si(OH)4, denoted as dSi] to mimic field-
observed pore water Si(OH)4 concentration (27, 28, 35). Experi-
mental groups with and without bSi substrate were included. Both
groups were incubated with dissolved Fe(II) concentrations of 0,
100, or 1000 pM, with or without Fe and/or Al hydroxides (denoted
as Fe, Al, or FeAl). Group I (with bSi) was used to constrain the dis-
solution and reprecipitation processes and phase change of bSi.
Group II (without bSi) was used to interpret the Si(OH),4 precipita-
tion mechanism observed in Group I. Table 1 and table S1 summa-
rize treatment conditions and sample labels. Duplicate treatments
were run for all 24 combinations. Details on experimental prepara-
tion and setups are in Materials and Methods. With this experimen-
tal matrix, we directly elucidated the reaction mechanisms and the
roles of Fe and Al and their associated minerals in authigenic clay

formation, constrained the reaction rates, and revealed the specific
authigenic minerals formed.

RESULTS

Rapid authigenic clay formation after 1 month of incubation

SEM analyses after 40 days of incubation showed notable transfor-
mation of bSi in the presence of 1000 pM Fe(II) (Fig. 1B), as com-
pared to no obvious morphological transformation in the absence of
Fe(II) (Fig. 1A). Energy dispersive x-ray spectroscopy (EDX) analyses
(Fig. 1B) showed Fe, Si, and O distributions overlapping with bSi,
suggesting Fe precipitation on and/or incorporation into bSi frus-
tules, consistent with earlier observations (29, 36). In the presence
of both 1000 pM Fe(II) and Al hydroxide, bSi was extensively al-
tered and showed distinct morphological changes during alteration
(Fig. 1C). The overlapping of Fe and Al EDX maps (Fig. 1C) indicated
Fe and Al precipitation on and/or incorporation into bSi (29, 36). In
addition, aggregated curvy flaky precipitates in rosette morphology
rich in Fe, Si, Al, and Mg with small amounts of Ca were observed on
bSi for 1000Fe(II) + bSi + Al (Fig. 1D) and 1000Fe(II) + bSi + FeAl
treatments (Fig. 1E), suggesting the formation of authigenic clay
phases. The authigenic phases showed average Fe/Si ratio at 0.27
and 0.56 (table S2), repetitively, for 1000Fe(II) + bSi + Al and 1000Fe
(II) + bSi + FeAl treatments, in line with the expected range for
Fe-bearing phyllosilicate minerals (37). EDX maps of individual
authigenic phases without the visual presence of nearby/underlying
bSi residue (i.e., near complete transformation of bSi) also showed
an overlapping composition of Si with Fe and Al (fig. S2). For bSi
treated with 100 pM Fe(II) and minerals, SEM analysis showed a
lower alteration extent for bSi, and no obvious layered phases could
be discerned.

Experimental groups in the 1000 pM Fe(II) treatments showing
signs of secondary mineral formation under SEM were further ana-
lyzed by synchrotron x-ray diffraction (XRD) and high-resolution
transmission electron microscopy (HRTEM) for identification. Har-
vested solids from the bSi chamber of the 1000Fe(II) + bSi + Al
treatment showed the appearance of an additional broad diffraction

Table 1. Summary of treatment conditions and sample labels with bSi for group I. All treatments contain 150 uM background dissolved silica, Si(OH)4. “+"
stands for the addition of the reactant. Note that group Il is identical as group I, except for the absence of bSi.

Treatment group Dissolved Si(OH), Dissolved Fe(ll) bSi Fe(OH); AI(OH)3 Sample label
(M) (pM)
Group | (with bSi) 150 + OFe(ll) + bSi
L e OFe(II) R
L e 0Fe(||)+ Lo
L e e 0Fe(||)+ A
L s 100Fe(|l
150 )
L e e 100Fe(||)+ Lo
e e I 1000Fe( R AAS A
B e e 1000Fe(||)+ Lo
e e e 1000Fe(||)+ o
B e e e 1000Fe(||)+bS|+FeAI e
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Fig. 1. Representative SEM images and EDX elemental maps of reacted bSi after 40 days. (A) OFe(ll) + bSi, (B)1000Fe(ll) + bSi, (C)1000Fe(ll) + bSi + Al, and the mor-
phology and EDX spectra of neoformed phases in 1000Fe(ll) + bSi + Al (D) and 1000Fe(ll) + bSi + FeAl (E) treatments. No changes in morphology were observed in 0 pM
Fe(ll) treatment (A), whereas bSi were extensively altered and elemental association of Fe, Si, and O were observed in [(B) and (C)]. Flake-shaped rosette clusters of authi-
genic phases were observed in [(D) and (E)], with both phase rich in Fe, Si, Al, and Mg with small amounts of Ca. Dashed areas in [(D) and (E)] show zoomed view with EDX

spectra taken at the cross point.

peak at ~7.8 A (Fig. 2A), suggesting the formation of clay phase(s)
with large interlayer spacing. The broadening of this peak is likely
due to small particle size and/or overall poor crystallinity of the bulk
phase (38), consistent with SEM observation (Fig. 1, D and E) that
the authigenic phase is at a size < submicron level. Additional peaks
in the dygo region were also observed for 1000Fe(II) + bSi + Al and
1000Fe(II) + bSi + FeAl at 1.57 and 1.54 A, respectively (Fig. 2B),
indicating the formation of trioctahedral smectite clays (37, 38).
HRTEM analyses were further conducted on the harvested solids
from bSi chamber of 1000Fe(IT) + bSi + Al treatment and confirmed
the formation of smectite phases (Fig. 3A). Specifically, both tabular
(Fig. 3A, location 1) and curvy flaky neoformed phases were ob-
served (Fig. 3A, location 2). Clay mineral crystal morphological fea-
tures are unique characteristics used as criteria to identify individual
species in the clay mineral family (39). The observed curvy mor-
phology at location 2 (Fig. 3A) and bulky curvy rosette aggregates
growing on the edges of bSi by SEM (Fig. 1E) suggest potential tur-
bostratic structure and expandable layers, which are key charac-
teristics of smectite (39). The composition from EDX showing a
Ca-bearing aluminosilicate composition also suggests a typical fea-
ture of smectite where Ca resides as interlayer cation (38). Selected
area electron diffraction (SAED) analysis at location 2 (Fig. 3A)
showing the presence of six d-spacings at 0.45, 0.26, 0.22, 0.17, 0.15,
and 0.12 nm confirmed the formation of 2:1 phyllosilicates (40). Col-
lectively, with the bulky trioctahedral smectite feature indicated by
XRD, morphological feature by SEM, Ca-bearing aluminosilicate

Zhao et al., Sci. Adv. 11, eadt3374 (2025) 29 October 2025

composition by EDX, and the structure confirmation from TEM
and SAED, the major authigenic mineral phase is identified to be
Fe(II)-rich smectite. However, EDX spectrum for the phase at loca-
tion 1 showed the authigenic phase to be mainly composed of Fe,
Mg, Al, K, and Si with relatively high K content. SAED analysis
showed the presence of similar six d-spacings at 0.45, 0.26, 0.22,
0.17, 0.15, and 0.12 nm. Based on the combined EDX composition
(K-rich and Al-rich aluminosilicate phase), SAED pattern, and the
tabular morphology suggesting potentially a nonexpandable feature,
the phase in location 1 is best identified as Fe(II)-rich muscovite
(Fig. 3A). The elemental composition (table S2) showing an perva-
sive Fe/Si ratio range of 0.19 to 0.41 also suggests a common Fe/Si
ratio for Fe-bearing smectite [e.g., Fe/Si < 0.5 (37)], although the
1000Fe(II) + bSi + FeAl treatment exhibited positions with Fe/Si ra-
tio exceeding 0.5, which are more likely Fe-muscovite composition
[e.g., Fe/Si ratio up to ~1 (41)]. Although Fe-muscovite has been
identified at location 1, its presence is considered to be a localized
instance, supported by multiple lines of evidence. We postulate Fe-
muscovite to be at minor/small amounts as such phases typically
form through alteration of smectites during later stages of diagenesis
(13, 31, 42), accompanied by exchanging of interlayer cations from,
e.g, Ca’* to K*. We therefore think that the authigenic products
contain a mixture of phases with Fe(II)-rich smectite as the bulk
major phase and minor occurrences of Fe(II)-rich muscovite. In ad-
dition, porous morphological features of diatom bSi were observed
(Fig. 3A), confirming clay growth on bSi. In comparison, the no
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Fig. 2. Synchrotron XRD analysis (A = 0.39433 A) of reacted solids from 1000Fe(ll) +
bSi + Al and 1000Fe(ll) + bSi + FeAl treatments after 40 days. Reacted solids were
taken from bSi chamber of the two-chamber reactor compared to initial Fe(OH)s,
bSi, and background from the glass capillary. Asterisks indicate peaks from the neo-
formed phase. (A) shows a broad d-spacing and (B) shows a zoomed view of the
doso region from (A).

mineral control of the 1000 pM Fe(II) treatment [1000Fe(II) + bSi]
showed only altered bSi and Fe/Mg/Ca/Si-rich phases without evi-
dence of crystallization (Fig. 3B), consistent with SEM-EDX obser-
vation (Fig. 1B).

Authigenic clay formation mechanism revealed by

solution evolution

The transformation of bSi to clay observed in this study is further
supported by the time evolution of dissolved Si(OH)4 and Fe(II)
(Fig. 4), which demonstrates the complex interactions between the
dissolution of solid phases (bSi, Fe hydroxide, and Al hydroxide) and
the consumption of dissolved phases [Si(OH),, Fe(II), Al] through
processes such as sorption and reprecipitation. Thus, we define the
observed dissolved Si(OH)4 concentration, [Si(OH)4], as the ap-
parent dissolution of bSi, which is the net result of bSi dissolution
and consumption.

In the presence of bSi and no Fe(II), [Si(OH),] reached 1039 uM
in 40 days (bSi; Fig. 4B), consistent with the thermodynamically pre-
dicted solubility of amorphous silica under the experimental condi-
tions of this study (43) and observations of asymptotic [Si(OH),] in
marine sediment porewaters (44, 45). Treatments containing Al hy-
droxide substantially reduced [Si(OH)4] at steady state (Fig. 4B).
Specifically, the presence of Al hydroxide (bSi + Al) and Fe + Al
hydroxides (bSi + FeAl) decreased [Si(OH)4] by 16 and 28%, respec-
tively. The presence of Fe hydroxide (bSi 4 Fe) showed less influence,
with only 9% decrease in [Si(OH)4] compared to the no mineral con-
trol (bSi) (Fig. 4B).

In the presence of bSi and Fe(II), the concentrations of Fe(II)
and Si(OH), at steady state both decreased. For 100 uM Fe(II)

Zhao et al., Sci. Adv. 11, eadt3374 (2025) 29 October 2025
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Fig. 3. Representative HRTEM images and corresponding SAED and EDX pat-
terns from 1000Fe(ll) + bSi + Al and 1000Fe(ll) + bSi treatments after 40 days.
Solids were harvested from the bSi side of the two-chamber reactor. (A) bSi was
extensively altered to form authigenic mineral phases. White arrow indicates the
porous morphology of residual diatom bSi. SAED patterns of locations 1 and 2
show six d-spacings at 0.45, 0.26, 0.22, 0.17, 0.15, and 0.12 nm, characteristic of 2:1
phyllosilicates. EDX spectrum of location 1 shows a composition consistent with
Fe-muscovite dominated by Si, K, Fe, Al, and Mg with high K content. (B) bSi was
altered to amorphous cation-bearing phase. A zoomed view of location 3 shows no
fringe lattice. EDX spectrum of location 4 shows that the amorphous phase is main-
ly composed of Si, Fe, Ca, and Mg. Copper signal is from the TEM grid.

treatments, all Fe(II) was removed from solution within ~20 days
(Fig. 4C), consistent with the PHREEQC modeling that the system
was oversaturated with respect to Fe(II)-silicate phases including
e.g., smectite, greenalite, illite, Fe-muscovite (46), and likely in-
volved Fe(II) precipitation. For 1000 pM Fe(II) treatments, all reac-
tions showed substantial but not complete Fe(II) removal (Fig. 4E).
The addition of Fe and Al hydroxides showed no systematic ef-
fects on Fe(II) removal in the 100 and 1000 uM Fe(II) treatments
(figs. S3A and S4, C and E). For 100 pM Fe(II) treatments, the steady
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Fig. 4. Time evolution of dissolved Fe(ll) and apparent dissolved Si in the pres-
ence of bSi and 150 puM initial dissolved Si(OH)4. Top (A and B), middle (C and
D), and bottom panels (E and F) are treatments with 0 uM, 100 pM Fe(ll), or 1000 pM
Fe(ll). The prefixes of OFe(ll), 100Fe(ll), and 1000Fe(ll) in sample labels are omitted
for the top, middle, and bottom panels for succinctness. Error bars represent SD of
duplicate treatment.

state [Si(OH)4] in the no mineral control (bSi) decreased to 904 +
54 pM (Fig. 4D). The presence of minerals further decreased steady-
state [Si(OH),] value, i.e., bSi + Al at 620 = 50 pM, bSi + FeAl at
596 + 27 pM, and bSi + Fe at 756 + 19 pM (Fig. 4D). A similar in-
hibition effect by dissolved Fe(II) was observed in 1000 pM Fe(II)
treatments, with all the 1000 pM Fe(II) treatments (Fig. 4F) show-
ing lower [Si(OH)4] than their corresponding samples of no Fe(II)
(Fig. 4B) and 100 pM Fe(II) treatments (Fig. 1D). Specifically, steady
state [Si(OH),] for the no-mineral control (bSi) decreased by 36% to
668 + 75 pM in the presence of 1000 pM Fe(II) (Fig. 1F) compared
to the no Fe(II) treatment (Fig. 4B). The Al hydroxide treatment
(bSi + Al) further decreased [Si(OH)4], whereas Fe hydroxide treat-
ment (bSi + Fe) showed less of an effect on [Si(OH)4] (Fig. 4F). Rela-
tive to the corresponding no Fe(II) groups, steady-state [Si(OH),] in
the 1000 pM Fe(II) groups decreased by 43, 54, and 31% for the Al
hydroxide (bSi + Al), Fe + Al hydroxides (bSi + FeAl), and Fe hy-
droxide (bSi + Fe) treatments, respectively. The initial rate of appar-
ent silica dissolution was calculated by fitting a linear regression to
the [Si(OH)4] profile during the first ~7 days. Compared to the bSi-
only control, the initial rates of apparent silica dissolution were re-
duced by the presence of Fe(II) and Al/Fe hydroxides (fig. S3B).

In the 150 pM Si(OH), treatments with no added bSi (experi-
mental treatments dSi), the presence of Al hydroxide and dissolved

Zhao et al., Sci. Adv. 11, eadt3374 (2025) 29 October 2025

Fe(II) accelerated Si(OH)4 consumption (fig. S4, B, D, and F) likely
due to adsorption and precipitation. In the absence of Fe(II) or Fe/
Al hydroxides, [Si(OH)4] in the dSi treatment persisted at 150 pM
throughout the experiment but was reduced in the presence of Al
hydroxide (4Al) and Fe + Al hydroxide (4+FeAl) treatments, respec-
tively (fig. S4B). In the presence of Fe(II), [Si(OH),] was further
consumed (fig. S4, D and F). In the 100 pM (fig. S4D) and 1000 pM
Fe(II) dSi treatments (fig. S4F), [Si(OH)4] was reduced to 94 + 5 and
96 + 0 uM at steady state, respectively, and the addition of Fe + Al
hydroxides (+FeAl), Fe hydroxide (+Fe), or Al hydroxide (+Al) fur-
ther reduced [Si(OH),]. The consumption of [Si(OH),] was accom-
panied by a decrease of Fe(Il) (fig. S4, C and E) and dissolved Al
(discussed below), suggesting the precipitation of Si in the dSi treat-
ments by Fe(IT) and Al

Dissolved Al concentrations in 0 pM Fe(II) treatments, with and
without bSi, showed no consistent trends over time except for oc-
casional spikes (fig. S5A), likely due to the concurrent dissolution
and reprecipitation. The 100 and 1000 pM Fe(II) treatment groups,
with or without the presence of bSi, also showed occasional spikes
of dissolved Al (fig. S5, B and C) but at smaller amplitude than the
0 pM Fe(Il) treatment. In addition, in the control experiment con-
taining only 100 pM Fe(II), 30 uM dissolved Al, and 150 pM Si(OH)4
(“dissolved only”), Al was completely removed from solution within
1 day (fig. S4B), consistent with thermodynamically predicted over-
saturation with respect to Fe(II)-silicates, Al-silicates, and amor-
phous Al-minerals under these conditions (46).

DISCUSSION

With the observed formation of Fe-bearing smectite and muscovite
after the 40-day incubation in the presence of Fe(II), Al hydroxide,
bSi, and dissolved [Si(OH),], below, we further interpret the forma-
tion mechanism from both the source and sink perspectives (Fig. 5),
reveal the authigenic clay products and formation timescale, and
discuss the implications for the coupled carbon-silicon cycle.

Authigenic clay formation mechanism

Sources: Fe and Al sources

We tested Fe and Al phases as key reactants in reverse weathering,
which has been suggested by multiple field studies (28, 29, 36) but
for which direct evidence and mechanistic understanding have been
lacking. The Fe sources (Fe(II) and Fe(III)-mineral) used in this
study are representative of Fe(II) produced in marine sediments by
biotic/abiotic reductive dissolution of Fe oxyhydroxides and Fe(III)-
bearing Fe oxyhydroxides [Fe(OH)s] (28, 29, 36, 47). In marine
sediments, the source of Al mainly comes from the dissolution of
Al flocs and Al minerals [such as Al oxyhydroxide, clay minerals,
and feldspars (48, 49)]. Dissolved Al concentrations in marine sedi-
ments are typically very low, i.e., nanomolar level (e.g., 100 to 300 nM)
(22). However, as local, if the transient production of higher dis-
solved Al (via the aforementioned dissolution pathways) (approxi-
mately micromolar level) could occur (50, 51), then it would lead
to the rapid precipitation of secondary minerals as observed in this
study. There are many potential mineral phases that could supply
dissolved Al and Fe to sediment pore waters. For this study, com-
mon Fe- and Al-containing hydroxide phases were chosen to illus-
trate the process and the potential influence of these phases on
reverse weathering.
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Fig. 5. Conceptual illustration of the mechanisms involved in the formation of authigenic clay revealed by this study. The mechanism involves the sources [dis-
solved Fe(ll), Al(lll), and Si(OH)4] from dissolution of solid phases and products formed via reprecipitation.

bsi dissolution

Reverse weathering reactions during early diagenesis require a Si
source. The efficiency of bSi recycling can be a constraint, e.g., lower
efficiency in colder temperatures (52, 53). While sediment bSi can
include microplankton [e.g., diatoms and Rhizaria (26)] and sili-
ceous sponge spicules (54), diatoms dominate modern bSi produc-
tion (15, 55, 56). In this study, we observed a decrease in apparent
bSi dissolution (quantified as asymptotic [Si(OH)4]) in the presence
of dissolved Fe(II) and Fe/Al-containing minerals, consistent with
the inferences from previous studies (discussed below). The influ-
ence of Al on bSi dissolution was evident in the Al hydroxide treat-
ments regardless of Fe(II) concentration, which resulted in lower
initial rates of apparent silica dissolution (fig. S3B) and final dissolu-
tion extent (Fig. 4). A similar effect was observed with Fe(II), where
the magnitude of the effect increased with increasing Fe(II) concen-
tration from 100 to 1000 pM. However, Fe hydroxide treatments
showed less suppression of apparent bSi dissolution. The decreased
[Si(OH),] in the presence of dissolved Fe(II), Al hydroxide, or
Fe + Al hydroxides [~300 to 700 pM Si(OH), equilibrium concen-
tration] (Fig. 4, B, D, and F) are close to pore water [Si(OH)4] re-
ported for deltaic and oceanic sediments (36). In addition, in the
absence of bSi, Al hydroxide and Fe(II) exerted the strongest control
over [Si(OH)4] precipitation (fig. S4, B, D, and F).

The decrease in steady-state [Si(OH),] mimics the inverse relation-
ship between pore water [Si(OH)4] and the ratio of lithogenic miner-
als to bSi in marine sediments (57), where lithogenic phases affect the
Si(OH), thermodynamic equilibrium (36). Such a [Si(OH),] decrease
in sediments has been previously suggested to result from absorption
(58) or incorporation of dissolved ions into bSi resulting in reduced
bSi dissolution (29) and precipitation by dissolved Al (22). Over the
40-day experiment, our results showed that when Fe(II) was 1000 pM,
the observed bSi alteration product was enriched in Fe (Figs. 1 and 3)
and slightly enriched in Mg and Ca (Fig. 3). This cation incorporation
processes likely contributed to the observed decrease in bSi dissolu-
tion compared to the no Fe(II) treatment. Compared to Fe(II), the Fe
hydroxide treatment did not suppress bSi dissolution to the same de-
gree (Fig. 4, B, D, and F). This may reflect that Fe(III) incorporation
in bSi is less favorable (59), consistent with the idea that dissolved
Fe(II), as opposed to Fe(III), can suppress the dissolution rate of bSi
(59). Al incorporation into bSi has also been shown to reduce its
solubility (60, 61), as prior work showed lower bSi dissolution extent
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with higher diatom frustule Al/Si ratios (52). Based on the observed
Al association with the altered bSi phase in the Al hydroxide treatment
(Figs. 1 and 4), our results further demonstrate rapid Al-induced inhi-
bition of bSi dissolution. The bSi surface is negatively charged (58),
which should readily absorb dissolved cations, such as Fe(II) and
AI(TIT). The strong structural association of Fe and Al with bSi (Figs. 2
and 4) further supports the inhibition of bSi dissolution due to the
incorporation of these elements.

The dissolution of bSi, and subsequent build-up of [Si(OH),] in
marine sediments, is further governed by the interplay between Si
release and removal mechanisms. Authigenic mineral formation has
been proposed to explain the decreases in porewater [Si(OH),] rela-
tive to saturation (2, 36, 57, 58). Our study showed that in the absence
of bSi, [Si(OH)4] notably decreased in the presence of Al hydroxide
and/or dissolved Fe(II) (fig. $4, B, D, and F). At the studied pH of 7.5,
the removal of Si(OH), by the Al hydroxide can result from adsorp-
tion of Si(OH), to the positively charged Al(OH); (62) and/or copre-
cipitation of dissolved Al and Si(OH),. The presence of Fe(II) could
have triggered the coprecipitation of Fe(II) and Si(OH)4, explaining
the overall lower extent of bSi dissolution as compared to no Fe(II)
treatments. In the presence of bSi, Si sequestration by authigenic min-
eral formation was observed. The Fe(II) and Al hydroxide treatments
(bSi + Al) were among those with the lowest [Si(OH)4] [496 + 20 pM
for 1000 pM Fe(II) treatment; Fig. 4F], and the neoformed precipi-
tates were identified as Si-rich clay (Fig. 3). Overall, our results pro-
vide clear evidence of rapid Si(OH)4 sequestration by authigenic
mineral formation, which is likely a dominant mechanism for de-
creased [Si(OH),] in marine sediment pore waters (63, 64).

Sinks: The reprecipitation of Si(OH), to form authigenic

clay minerals

Although authigenic clay mineral formation has been commonly
recognized to involve dissolution and reprecipitation processes with
the participation of Al, Si, and cations (e.g., Mg, Ca, and Fe) (28, 29),
direct evidence for such a clay mineral formation mechanism is
lacking. Our results showed that the dissolution of bSi and input of
dissolved Fe(II) and Al was followed by the reprecipitation of
Si(OH)4 to form an authigenic clay on bSi. As discussed above, dis-
solved Fe(II), Al, and Si(OH), are sources for authigenic clay forma-
tion. SEM and TEM observations (Figs. 1 and 3) of the authigenic
phase formed in bSi-containing experimental chamber showed
porous bSi frustule fragments and the associated neoformed clay
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phase, supporting the precipitation of clay on bSi. This precipitation
outcome is consistent with a previously proposed diagenetic path-
way involving frustule alteration and conversion to authigenic clay
(26, 35). The precipitation of dissolved Si, Al, and Fe(II) is also sup-
ported by the precipitation in the dSi experiment (fig. S3, A to F)
triggered by Fe(II) and AL

Despite the previously acknowledged importance of Fe in reverse
weathering (5, 28, 29), the role of Fe concentration and speciation
[i.e., Fe(II) versus Fe(III)] has remained elusive. Michalopoulos and
Aller (28) directly observed the transformation of sand and FeFOOH-
coated sand to a Fe-K-rich phase. Subsequent studies also found
authigenic phases from altered bSi to be Fe-rich [Michalopoulos
et al. (5)]. Soluble Fe(II) has been suggested to be more favorable for
early diagenesis due to its higher mobility (36). Michalopoulos and
Aller (28) assumed that Fe in the Fe-K-rich mica-like mineral was
primarily Fe(II) as the dissolved Fe(II) concentration was high in
the anoxic Amazon shelf sediment they used for the experiment.
The formation of another Fe-bearing clay mineral—greenalite re-
sulted from incubation of high Fe(II) and dissolved Si concentra-
tions without Al, simulating Precambrian seawater condition—also
indicated the important roles of Fe(II) in diagenesis (65). Loucaides
et al. (29) observed Fe association with diatom frustules incubated
with field sediments, but not in their laboratory-incubated diatom
frustules. These authors attributed this discrepancy to oxic labora-
tory conditions (29), which resulted in the formation of Fe(III) oxy-
hydroxides, while the more reducing natural conditions resulted in
Fe(II) incorporation into diatom frustule. Here, we show the forma-
tion of the authigenic clay mineral phase even without the presence
of the Fe(III)-mineral Fe(OH); (Fig. 2). This suggests that Fe(III)
minerals do not play a notable role in rapid authigenic clay mineral
formation. Instead, the presence of soluble Fe(II) exerted an impor-
tant role in inducing Si precipitation (Fig. 1 and fig. S3). Thus, we
infer that under our experimental conditions, Fe(II), rather than
Fe(III)-minerals, was a major direct control on rapid authigenic clay
formation. In sedimentary environments, however, Fe(II) is expect-
ed to be rapidly produced via microbial Fe cycling where Fe(III)-
bearing minerals and organic matter are sufficient (47, 66).

Previous laboratory incubations and field studies found a strong
association of Al with bSi as authigenic precipitates (29). The role of
Al in inducing precipitation is supported by our results, as the
1000Fe(II) + bSi + Al treatment showed crystalline authigenic clay
formation, while the 1000Fe(II) + bSi treatment showed no authi-
genic clay formation in the same time frame. The precipitation of
Si(OH)4 by Al is also supported in the incubation of dSi (fig. S3, B,
D, and F), in which the presence of Al hydroxide resulted in the
highest consumption of Si(OH)4, likely via adsorption and copre-
cipitation. The experimental apparatus ensured that the neoformed
Fe-Al-Si (smectite and muscovite) phase (Figs. 2 and 3) in the bSi-
containing chamber could only result from the diffusion of dis-
solved Al through the membrane from the Al hydroxide-containing
chamber (fig. S1). The dissolved Al dynamics observed (fig. S4) sug-
gest that the dissolution and reprecipitation reactions were rapid
and not resolved by our sample interval of 2 to 7 days.

Our results highlight the roles of Fe(II) and Al in triggering
Si(OH)4 precipitation and authigenic clay formation. They also pro-
vide direct evidence for previously proposed mechanisms and re-
cent field observations of the coupled Fe and Al cycles with Si and
authigenic clay formation in deltaic environments (28, 36, 67). Al-
though we identified the participation of other cations (Mg, K, and
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Ca) in the authigenic clay formation, these cations did not appear to
play rapid driving roles under our experimental conditions (artifi-
cial seawater at pH 7.5) as the general presence of the these cations
in artificial seawater in all control groups without Fe(II) treatment
did not induce rapid authigenic clay formation. The finding is con-
sistent with the understanding of cation site participation in clay
formation. Specifically, Mg®* could substitute octahedral sites with
Fe’*/AI’*, and AI’* could substitute Si** in the tetrahedral sites, ac-
companied with K* and Ca®* uptake as interlayer charging-balancing
ions during the formation of Fe-bearing clay (13). The finding of
Al-Si rich euhedral crystalline phases containing small amounts of
Na* and Mg?* resulted from a 10-month incubation of bSi with ter-
restrial sediments likely imply similar roles of cation participation
(29). However, in natural marine settings with diverse geochemistry
conditions and fluctuations in local cation concentrations, pH,
salinity, and precursor clays, these cations could play more impor-
tant driving roles in authigenic clay formation. For example, the ob-
served Mg-smectite and talc formation in saline environments with
pH higher than 8.2 (68) or sedimentary conditions with a pH ~8.7
(69) suggest whether Mg”* can exert driving roles of authigenic clay
formation might highly depend on pH and salinity (68-71). In
addition, the evolution of glauconite is highly associated with K*
uptake into the Fe-smectite clay precursor, highlighting an impor-
tant role of K™ (13). Therefore, how pre-existing clay and the inclu-
sion of other cations might alter the kinetics and product type need
further elucidation.

Products and timescale of authigenic clay formation

Through controlled laboratory incubations and physical isolation of
bSi from other mineral reactants (fig. S1), we were able to character-
ize initial clay mineral products of reverse weathering. Robust identi-
fication of clay type is difficult as common Fe-rich clays have similar
structures and chemical compositions. For example, Fe-smectites,
Fe-bearing illite, and Fe-muscovite have similar structures and only
slight variations in chemical composition. They can also transform
into each other during diagenesis (e.g., smectite to illite and mica)
and/or form mixed-layer phases (38, 72, 73). Glauconite is a common
sedimentary clay that consists such mix layered Fe-smectite and
Fe-mica via alteration of smectite precursors, commonly found in
continental shelf and deep marine environments (31, 74). By combin-
ing the morphological characteristics, XRD diffraction patterns, and
SAED diffraction patterns with EDX-derived chemical compositions,
we identified the experimentally derived clay product to be mainly
Fe(II)-bearing smectite with small amounts of Fe(II)-bearing musco-
vite, both of which are Fe(II)-rich phyllosilicate phases (Fig. 4). The
finding is consistent with the proposed mica-type mineral products
in field incubations of FeOOH-coated quartz by Michalopoulos and
Aller (28) and Fe-smectite-like phases reported in field observations
(26, 31). To our knowledge, this is the first direct identification of spe-
cific authigenic clay phases formed during early diagenetic reverse
weathering reactions.

The timescale of authigenic clay formation (<40 days) observed
here was considerably shorter than previously observed timescales
(10 to 36 months) (5, 28, 29). This is consistent with the inferred
reverse weathering reaction rates at timescale within weeks and
months from porewater compositions and Si-Al stoichiometric rela-
tions (22, 24, 75) and porewater isotopic signatures combined with
reaction-transport modeling (50). However, our findings provide
direct evidence with observed crystalline authigenic clay products
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that help address the uncertainty of resulting phases (e.g., the ob-
served porewater stoichiometric relationship could also arise from
crude amorphous precipitation). Although the abiotic experiment
here applied organic coating-removed diatoms to mimic coating
removal in natural conditions, this removal is not expected to cause
divergent rate from natural settings for the following two reasons.
First, organic coating removal by natural heterotrophic bacteria can
occur quickly (e.g., <2 weeks), and bacteria-mediated Si generation
is similar though not as rapid as that of organic coating-removed
frustules by acid cleaning (76). Second, the optimized low-temperature
plasma-ashing coating-removing approach applied in this study can
sustain both SiO, structure and high specific surface area (77), such
that the dissolution rate of plasma-ashed bSi is close to that of
raw bSi. The dissolution rate of plasma-ashed bSi is one magni-
tude lower than that derived from conventional harsh cleaning
methods (e.g., nitric acid, hydrochloric acid, peroxide, and/or bak-
ing). Note that the short timescales of ~40 days for the reverse
weathering process in this study is substantially longer than the ion
exchange time of <40 hours (fig. S6) across the dialysis membrane
of the experimental reactor (fig. S1). Time-course data reported
here provide insights on the factors affecting the rate of early dia-
genesis. As discussed above, both dissolution and reprecipitation
exert roles in the diagenetic timeline. bSi dissolution affects the Si
source for precipitation and the concentration stabilized after 30
to 40 days (Fig. 4). Previous studies have shown that the bSi dis-
solution rate is mainly affected by the surface area and charge of
different diatom species (58). Although our study only used one dia-
tom species as a representative bSi source, its surface area (~50 m?/ g)
is typical of diverse diatom species (78), but a factor of 3 to 6 lower
than other biosiliceous structures, which may be allochthonous in
marine coastal systems [e.g., phytoliths, (79)]. As for the control-
ling factor in Al hydroxide dissolution, AI(OH); dissolution was
estimated to be shorter than our sampling interval (2 to 7 days)
(fig. S4). In terms of precipitation, the effects of mineral substrates
(e.g., bSi or extra mineral phases in natural sediments) and pres-
ence of microbes may also facilitate the diagenetic process. To-
gether, these results provide a basis to further constrain the potential
rates and Si sinks via authigenic clay formation in marine sedi-
mentary environments.

Implications for reverse weathering rates and alkalinity sink
The reaction timescale, rate, and associated Si sink of reverse weath-
ering have been consistently revised upward since the process was
added to marine Si budgets in the early 2000s (80). The two mile-
stone revisions updated the timescale of reverse weathering from
thousands of years (21) to 20 to 36 months (5, 28) to 10 months
(26, 29), while the upward revision of reverse weathering as a global
Si sink increased from 0 to 1.5 0 4.5 to 4.9 Tmol/year (16, 17). The
reverse weathering rates extrapolated were also updated to 1.3 X
107% (26) and 3.9 x 107° umol/cm3 per s (17, 81) based on the Si
uptake rates and the coupled consumption of Si and alkalinity dur-
ing reverse weathering.

In this study, we demonstrated the rapid formation of Fe-rich
smectite and mica within 40 days compared to the generally recog-
nized 10 months (29). While it is important to acknowledge the
challenges inherent in scaling rates derived under laboratory condi-
tions to rates expected in the field, this is a necessary first step toward
better constraining the rates and mechanisms of reverse weather-
ing in marine sediments. We first apply a conventional simplified
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zero-order reaction rate law (26) to the laboratory-derived rates
and then scale to field rate approximation via bSi-to-sediment weight-
to-weight ratio (see the “Reaction rate conversion to sediment condi-
tion” section in Materials and Methods), assuming typical bSi weight
percent in sediments and average deltaic sediment density and po-
rosity. This results in a Si(OH), reaction rate of 35 X 107° prnol/cm3
per s (table S3).

The rates extrapolated from our experiments are about 10 times
higher than the most recently updated reverse weathering rate of
3.9 x 107® pmol/cm’ per s (table S4) (10, 17, 81), in line with the
~1-month timescale compared to the previous observed ~10-month
timescale. This elevated rate is particularly likely to be observed in
regional areas such as deltaic environments, which the incubation
conditions of this study are meant to closely mirror. We acknowl-
edge that this rate may yield the upper boundary of the regional re-
verse weathering rate, as the reaction conditions in the field may
limit rates relative to laboratory conditions. In particular, natural
conditions that may lower reaction rates include lower reactant con-
centrations [Fe*™, Al(OH),", dissolved Si(OH)4, and other dissolved
cations] and reaction pH. On the other hand, however, field rates
can be accelerated via catalyzed authigenic mineral formation by
pre-existing substrates (82, 83) or through microbial activity (84-
86), although the latter is not involved under the abiotic conditions
applied in this experiment. A recent study using sediment isotopic
data combined with reactive transport modeling similarly reported
locally high rates of reverse weathering across the Peruvian margin
in response to local weather conditions (50). To our knowledge, this
present study provides the first direct evidence to reveal the rapid
occurrence of reverse weathering within 40 days. Note that we only
examined the end product at day 40, and the time-course solution
data, which are more sensitive than solid product measures, also
suggest that authigenic clay precipitation occur at a timescales from
within weeks to ~1 month. The finding indicates that reverse weath-
ering reactions are more responsive than generally accepted and can
affect marine cation and alkalinity sink on human timescale.

The formation of cation-rich (e.g., Li*, K*, Mg**, and Fe’*) au-
thigenic clay (e.g., excluding kaolinite) consumes alkalinity and re-
lease CO;, (2, 3, 6, 8, 28) and thus plays a role in impacting the
carbon cycling and Earth’s climate (6, 8-10). CO; flux coupled with
reverse weathering was estimated from a ratio of alkalinity flux to Si
consumption (Alk/Si ratio) to constrain global carbon budgets both
in Earth’s history and the modern time via Earth system models
(section S1) (8, 9). It was proposed that prolific reverse weathering
before Precambrian performed as a long-term stabilizer of Earth’s
climate, although the proliferation of biogenic silica later resulted in
declined silica-rich conditions that further dampened this role of
reverse weathering (8). For the modern time, the upper boundary of
CO;, flux attributed by reverse weathering in recently reported mod-
ern global carbon cycle budget by Isson et al. (9) was built based
on the updated Si budget (4.5 to 4.9 Tmol/year) by Rahman et al.
(17, 81) (with corresponding extrapolated reverse weathering rates
at3.9x 107 pmol/cm3 per s) (section S1 and table S5).

In light of the more rapid reverse weathering rates extrapolated
in this study, re-evaluating the more robust roles and impacts of re-
verse weathering are needed to further unravel alkalinity and CO,
dynamics. It would be important to quantitatively assess how elevat-
ed reverse weathering rates affect alkalinity sinks compared to pre-
viously reported. Would the elevated rates indicate a higher release
of CO; in marine environments? Our results provide a mechanistic
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basis to show that biogenic silica derived from diatom was condu-
cive for rapid modern reverse weathering. In addition, how would
different forms of silica including dissolved silica and biogenic silica
derived from different Si-biomineralization species (e.g., radiolari-
ans, sponges, diatoms, allochthonous grass phytoliths, etc.) behave
in different environments across the continuum from continental to
various marine environments in response to weathering inputs?
More research is warranted to answer these questions.

Our findings also suggest that it is important to consider the ro-
bustness of reverse weathering when evaluating the effectiveness of
anthropogenic interventions such as enhanced rock weathering for
climate mitigation. Enhanced rock weathering has gained momen-
tum as a strategy to remove CO; from the atmosphere and stabilize
climate with initiated implementations in a variety of environments
including croplands, coastal, and open ocean (87-89). There ap-
pears to be a strong capacity (i.e., the increased reverse weathering
rate) to consume sedimentary Si and mineralized carbon (i.e., alka-
linity) in marine sediments by this process; thus, geoengineering
strategies [e.g., olivine dissolution (19, 20)] that propose CO, se-
questration via silicate mineral weathering may have lower net
drawdown in CO, if reverse weathering reactions can quickly con-
sume the mineral-liberated Si and move CO; back into the system.
Therefore, the net efficiency factor of these geoengineering climate
solutions, along with the necessary adjustments (e.g., implementa-
tion pathway optimization), needs to be further modeled, constructed,
and integrated into the measurement, reporting, and verification
frameworks for carbon removal.

MATERIALS AND METHODS

Materials, experiments, and analyses

Solid-phase preparation and characterization

Two representative Fe- and Al-containing hydroxide minerals, ferri-
hydrite [Fe(OH)3] and amorphous Al hydroxide [AI(OH);], re-
spectively, were synthesized following previous procedures (90, 91).
The marine diatom Thalassiosira pseudonana was used as a bSi
source (Reed Mariculture Inc.) and stored at —20°C. Prior to use,
biomass was thawed and repeatedly rinsed with deionized (DI) water
(18 megohm-cm) to remove residual growth media. Rinsing started
with the suspension of ~1 g of wet biomass in 50 ml of DI, followed by
repeated shaking and centrifugation (2200g, 5 min) until the conduc-
tivity of the supernatant was constant and similar to that of DI water
(<20 pS cm™). The rinsed material was freeze-dried and gently
ground. Then, 0.2 g of the solid was placed in glass petri dishes for
organic matter removal by low-temperature plasma ashing (Plasma-
Therm RIE) for 7 hours at 350 W and 25°C and an O, flow rate of
60 standard cubic centimeters per minute, following our previous
procedure (77). Compared to other common cleaning methods, our
recent study showed that low-temperature plasma ashing preserves
the degree of structural order of the SiO, framework, efficiently re-
moves organic carbon, and is the least impactful on frustule dissolu-
tion compared to other cleaning methods such as high temperature
and/or harsh chemical treatments (77).

The structures of Fe(OH)s, AI(OH)3, and bSi were characterized
by XRD (PANalytical Empyrean, Cu Ka source). All three solid
phases were confirmed to be x-ray amorphous (fig. S7). Organic car-
bon content of the plasma-cleaned bSi is 1.0 & 0.09 weight % (wt %),
measured by combustion using a CHNSO analyzer (Costech Instru-
ments) after acid fuming over night (92). A portion of the cleaned
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bSi was digested (0.2 M NaOH for 15 min at 100°C) (93), and the
digestate was analyzed for Mg, K, Ca, Al, and Fe concentrations us-
ing inductively coupled plasma-mass spectrometry (ICP-MS; Agi-
lent 7500a). The bSi contained 0.4 + 0.1 wt % Fe, consistent with
previously observed relative high concentrations of Fe incorpora-
tion into T. pseudonana frustules (94). Concentrations of Mg, K, Ca,
and Al were below the detection limits [5 parts per billion (ppb)].
Batch experiments

Batch experiments were conducted under simulated sedimentary
conditions with different combinations of Fe(OH)3;, AI(OH)s, and
bSi solids, each at 0.1 g/liter, suspended in anoxic artificial seawater
(ASW) (95) (pH 7.5, buffered with 15 mM Hepes) with 150 pM
Si(OH)4. Anoxic DI water was prepared by ultraviolet (UV) steril-
ization and contributed bubbling with ultrahigh-purity nitrogen.
The anoxic DI was then stored in the glove box (Coy; 95/5 N»/H,),
allowing it to reach gas equilibrium with an oxygen concentration of
0 parts per million (ppm) and was subsequently used for the experi-
ments and stock solution preparation. Experiments were conducted
when oxygen level was at 0 ppm. Anoxic ASW was prepared in the
glove box using the anoxic DI water. The experimental pH of 7.5 is
similar to the condition of Amazon sediment pore waters (28). The
addition of 150 uM dissolved Si(OH), (as Na,SiO3) simulates the
observed pore water Si(OH), concentration for the upper 100 cm of
Amazon Delta sediments (28) and Mississippi sediments (27, 35).
Dissolved Fe(II) was added (as FeCl,) to the reaction suspension at
0 pM, 100 pM [Amazon shelf deposit sediments (96)], or 1000 pM
[representing its concentration in the upper 20 cm of Congo River
fan sediments (47) and Amazon Delta porewaters (26)]. The use
of amorphous AI(OH); was based on the fact that AI(OH)j3 is usu-
ally a weathering product of Al-bearing lithogenic phases (97).
The experiments were conducted at room temperature (25°C), simi-
lar to the temperature (28°C) reported for the Amazon Delta sed-
iment (28).

Experiments were conducted in an anoxic glove box using custom-
built polyvinyl chloride reactors (7.6 cm) with two chambers (bSi
chamber and mineral chamber) separated by a dialysis membrane
(12 to 14 kDa, 47 mm; Spectra/Por) (fig. S1). Each chamber contained
40-ml reaction suspension. The reactor assemblies were acid washed
and UV-sterilized before use. Two sets of experimental groups were
set up, with or without bSi. Experimental conditions and sample labels
are summarized in Table 1 for group I with bSi and table S1 for groups
IT and III without bSi. For group I, the bSi substrate was contained in
one chamber and the Al/Fe hydroxides in the other chamber, such
that any transformation involving Al/Fe hydroxides can be attributed
to a dissolution-reprecipitation reaction. This also allowed the sam-
pling and structural characterization of transformation products of
bSi without the interference from the Al/Fe hydroxides. For groups II
and I1I, a set of control experiment was conducted with 150 uM dis-
solved Si(OH), (dSi), instead of bSi, with or without Al/Fe hydroxides.
An additional control experiment was conducted with no bSi and only
dissolved phases of 150 pM Si(OH), (as Na,SiO3), 100 uM Fe(II) (as
FeCl,), and 30 puM AI’* (as AICl3). All experiments were conducted
in duplicates. Experimental conditions and sample labels are sum-
marized in Table 1 for group I (with bSi) and table S1 for groups IT and
III (without bSi).

Sample-loaded reactors were constantly agitated on a shaker ta-
ble (120 rpm), assuming that the concentration of ions at each side
of the chamber were homogenized through constant shaking. Mix-
ing times when chambers are rolled slowly (e.g., 2 rpm) is on the

90f13

GZ0Z ‘62 4800100 U0 BI080US 105" MMM//:SANY WO.J PaPE0 lUMOC



SCIENCE ADVANCES | RESEARCH ARTICLE

order of 1 day (fig. S6); therefore, the shaking likely facilitated well-
mixed conditions. The mineral chamber (loaded with Al/Fe hydrox-
ides) had a hole at the end, which was sealed with silicone stoppers
and epoxy. Aliquots of the suspensions were collected periodically
using a 1-mm needle through the silicone stoppers, and the liquids
were syringe filtered (0.1 pm, PTFE) and analyzed for solution com-
position. At the end of reactions, final solid phases were harvested
from both chambers, repeatedly rinsed with anoxic DI water under
vacuum filtration, dried in the glove box, and characterized for mor-
phological and structural features.

Aqueous phase analyses

At each sampling point, dissolved total Fe (Fer) and Fe(II) were
quantified using the ferrozine spectrophotometric method with or
without hydroxylamine, respectively (98). Dissolved Si(OH), was
quantified with the molybdenum blue spectrophotometric method
(99) using a UV-visible spectrometry (Cary 60, Agilent). Concen-
trations of dissolved Al were measured by ICP-MS (Agilent 7500a)
with a detection limit of 5 ppb.

Solid-phase analyses

For experimental groups containing bSi, reacted solids from both
chambers were dried on filter membranes inside the anoxic glove
box (95/5 N,/H,, Coy). Solid phases from the bSi chamber were
characterized for bSi morphology using SEM (Hitachi SU-8230) and
EDX. For groups showing signs of authigenic phase formation under
SEM, the solids from both sides of the chamber were further charac-
terized by synchrotron XRD and HRTEM. For synchrotron XRD
analysis, solids were sealed into glass capillaries inside the glove box,
and the data were collected at Beamline 17-BM-B (A = 0.39433 A)
at Advanced Photon Source (Argonne National Laboratory, Lemont,
IL). Based on XRD analysis, the solids at the bSi chamber of the
1000Fe(II) + bSi 4+ Al group showed signs of authigenic clay phase
formation and were further analyzed and compared with a control
group 1000Fe(II) + bSi using HRTEM (JEOL JEM-2100 LaB6 TEM,
200-keV accelerating voltage), SAED (Gatan Orius SC200D cam-
era), and EDX (Bruker AXS Microanalysis Quantax 200 with 4030
SDD detector).

Converting Si reaction rate from laboratory experiments to
marine sedimentary conditions

Reaction rate obtained from laboratory experiments

To compare laboratory results with field data, we define the reaction
rate in laboratory experiment as the change in reacted concentra-
tion over time, which is similar to field studies that estimate and as-
cribe observed Si fluxes at seasonal timescales (26). As the measured
[Si(OH)4] is affected by both dissolution and reprecipitation, which
cannot fully represent the reacted Si(OH),, the Si(OH), reaction rate
we calculated here was based on reacted Fe*" concentration within
our experimental time frame and Fe/Si ratios of authigenic clay
products. The cation/Si ratio is commonly used in field studies as a
reliable metric to estimate the rate of Si uptake during the formation
of authigenic clays, resulting from the alteration of bSi (26). Our ex-
periment monitored the reaction for over a month, and the Fe-
smectite and mica authigenic clay products were observed to have
formed over 1 month. We then define the reaction time as 1 month
and first calculated monthly reaction rate. The monthly reaction rate
of dissolved Si(OH), during the transformation of bSi to authigenic
clay was estimated on the basis of the amount of reacted Fe** within
1 month [~500 uM for treatment 1000Fe(II) + bSi + Al] and the Fe/
Si ratio in the reaction products (detailed in Egs. 2 and 3 below). The
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obtained monthly rate was then converted to a yearly rate by multi-
plying by 12 (Eq. 4). For Fe-smectite and mica, the literature report-
ed stoichiometric Fe/Si ratio of pure Fe-smectite phase is ~0.5 and
~1 for pure Fe-rich muscovite. For authigenic products observed
from previous field extraction and SEM studies, this ratio typically
varies with an average value of ~0.13 (26). This value is a lump sum
of different Fe-bearing authigenic products such as intermediate or
immature authigenic products. The Fe/Si ratio in the authigenic
products in this study observed by SEM varied at 0.2 to 0.9, with an
average of 0.42. Thus, we used a value of 0.42 for Fe/Si ratio. The
calculated Si(OH), rates with a unit of pM per month directly de-
rived from the experimental data are displayed in table S3.
Reaction rate conversion to sediment condition
The translation of Si(OH)4 reaction rate from laboratory conditions
to field sedimentary conditions is based on the laboratory experi-
mental conditions, a field observed average porosity of ~0.7, and
sediment density of 2.6 g/cm’ (26), with the assumptions that our
experimental conditions are comparable to deltaic environments
with sufficient Fe and Al hydroxide supplies (26, 35) [e.g., the high-
est Fe*" treatment at ~1000 UM (47) and dissolved Al at micromolar
level (50)]. To be comparable to estimated field sediment Si flux rate,
which is measured by reacted Si(OH), over dry sediment solid mass
with units of pmol/g per year or pmol/cm’ per year (interchange-
able by average sediment density) (26, 81), we then ascribe the re-
acted solutes to comparable amounts of sediment solid volume in
field sediment condition. With weight percentage of typical bSi con-
centration in marine sediments at 1 to 2 wt %) (26, 63), this method
assumes a bSi concentration of 1 wt %. Then, the 0.1 g of bSi used in
this study is ascribed to 10 g of sediments. Applying an average sed-
iment bulk density of 0.78 g solid/cm® (porosity of 0.7 and particle
solid density of 2.6 g/cm”) typical for delta environments (26), 10 g
of dry sediment has a total wet volume of 12.8 cm’. Therefore, the
reacted Si(OH)4 corresponds to 12.8 cm? of sediment (Eq. 5), as
observed in the extraction of dry sediment solids. The converted
Si(OH), rate was summarized in table S3.

Monthly Fe** reaction rate at laboratory condition (uM/month)
can calculated as

d(Fe™) _ Reacted Fe?* 500 pM
e time " 1 month
Monthly Si(OH), reaction rate at laboratory condition (pM/month)
can be calculated as

2

d(Fe**) 1  d[Si(OH),]
%k = — %

3
dt s dt ®

~ 1

where f/s denotes Fe/Si ratio in authigenic phase.
Yearly Si(OH), reaction rate at laboratory condition (pM/year)
can be calculated as
=Si(OH), reaction rate at laboratory condition per month
* 12 months/1 year @
Yearly Si(OH)s reaction rate at field sedimentary condition
(umol/cm® per year) can be calculated as

Yearly Si(OH), reaction rate at laboratory condition in pM/year s 1 liter

12.8 cm? )
Si(OH), reaction rate at lab condition in pmol/year
a 12.8 cm3
100f 13
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Estimation of reverse weathering rate

The Si(OH)4 consumption is coupled with alkalinity consumption
to form authigenic clay; therefore, the Si consumption rate is consid-
ered equivalent to the rate of authigenic clay formation (26). Assum-
ing the reaction rate (R) of reverse weathering is zero order with
respect to dissolved Si(OH)4 (26), i.e., R = kpyy * [Si(OH)4]0, then
the reaction rate R derived as (Eq. 6)

d[Si(OH),|
dt

The silicon uptake rate or reverse weathering rate can be an indi-
cation of an effective reverse weathering coeflicient (kgrw) around
this order of magnitude for comparable reaction conditions (10).
Thus, the rate can be calculated in pmol/cm®/s and compared with
literature reverse weathering reaction rates and rate coeflicients (ta-
ble S4) to indicate the magnitude of reverse weathering rates.

=R (6)
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