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Abstract

The sedimentary fluxes controlling potassium (K) budget of the oceans and the isotope
composition of K (8*'K) potentially yield valuable information about the global K cycling.
However, at present sedimentary diagenesis in the oceans is one of the least well-known
components of the seawater K budget. This study presents a dataset of the modern (<50
cm) sediments from a range of hydrographic regimes including continental margin
settings (the Peru Margin, California Borderland, and Mexican Margin) and deep-sea
environments (the Equatorial Pacific). We determine the K isotope compositions and
origins of K in the sediments and compare them with the results of elemental abundances
and spectroscopic analyses. The wide variability in sedimentary K/Al and Rb/K ratios, K-
phase distributions, and K isotope compositions support the interplay between continental
weathering, which provides clastic inputs, and sedimentary diagenesis, which constitutes
an important sink of seawater K. The net result of these processes potentially alters the
K elemental and isotopic budgets in sediment strata of various marine environments. We
demonstrate that K is dominantly hosted by illite, glauconite, and feldspars, and regional
K-phase partitioning modulates marine sedimentary K budget. For example, considerable
amounts of K hosted in illite (up to 90%) primarily of terrestrial origins increase Rb/K ratios,
producing low 3*'K in California Borderland sediments (-0.57 to -0.40%o), the Pescadero
Slope from the Mexican Margin (-0.42 to -0.39%o.), and Equatorial Pacific deep-sea basins
(-0.56 t0 -0.44%o0). In contrast, glauconite authigenesis causes decreases in the Rb/K ratio
and relatively high 6*'K at a site along the Peru Margin (-0.35 to -0.29%o), as well as at

two other sites along the Mexican Margin (-0.39 to -0.27%o). Despite the presence of
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feldspar-K (<20%), 6*'K in the sediments reflects dominant contributions of detrital illite
(8*'Kiiite ~ -0.56%0) and authigenic glauconite (5*'Kgiauconite ~ -0.18%o0). We conclude that
the formation of glauconite in the sediments takes up isotopically light K from seawater
and serves as an important sink of seawater K (including K in seawater-derived porewater)

(~1to 16, average ~6 Tg K-yr')during early diagenesis, especially on continental margins.

1. Introduction

Reverse weathering has been recognized as a key factor in stabilizing ocean-atmosphere
carbon reservoirs (Mackenzie and Garrels,1966; Michalopoulos and Aller, 1995; Holland,
2005). During reverse weathering, the formation of Al-silicate clays serves as one of the
primary sinks of seawater silica, alkali metal (e.g., Li* and K*) and alkali-earth metal (e.g.,
Ca?* and Mg?*) ions. At the same time, reverse weathering releases CO; into the ocean
and atmosphere, modulating seawater chemistry and Earth’s climate (e.g., Mackenzie
and Garreis, 1966; Dunlea et al., 2017). Previous studies suggested that the seawater K
budget is closely associated with clay authigenesis in marine systems, which is related to
mineralogy, sedimentation rate, water chemistry and other factors controlling clay
formation (Michalopoulos and Aller, 1995; Loucaides et al., 2010; Berner and Berner,
2012; Santiago Ramos et al., 2018; Aubineau et al., 2019; Banerjee et al.,2020; Hu et al.,
2020). However, identifying and quantifying authigenic K-bearing clays in marine
sediments are challenging due to the high background of detrital clays, which are difficult
to distinguish from their authigenic counterparts based on elemental and mineralogical

analyses only (Hu et al., 2020). Consequently, K output fluxes from seawater, as well as
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seawater-derived pore fluids, into marine authigenic Al-silicates during reverse

weathering remains poorly defined.

Stable K isotopes (*'K and *°K) could potentially provide valuable insights into seawater
K uptake during marine sedimentary clay authigenesis because of the isotopic
fractionation driven by fluid-solid interactions (see reviews in Wang et al., 2021). The K
isotope difference (~0.6%0) between modern seawater and bulk silicate Earth (BSE)
reflects an interplay between 1) K sources from high-temperature basalt alteration and
continental weathering, and 2) K sinks from Al-silicate authigenesis in marine sediments
and low-temperature oceanic crust alteration (Li W-Q. et al., 2016; Santiago Ramos et al.,
2018; Santiago Ramos et al., 2020; Hille et al., 2019; Li S. et al., 2019; Chen et al., 2020;
Huetal., 2020; Teng et al., 2020; Wang et al., 2020; Liu et al., 2021; Li W-S. et al., 2021a).
Overall, marine sediments consume seawater K nearly two times the rate of low-
temperature oceanic crust alteration (K added into secondary clays), thus causing
isotopic variations (A*'Ksea-sed) 0f ~0.4 to 0.6%o, as assessed in isotopic mass balance box
models (Li S. et al., 2019; Hu et al., 2020). Santiago Ramos et al. (2018) investigated
deep-sea sediments and suggested A*'Ksea-sed Of ~0%o (equilibrium clay K uptake) or ~0.5
to 2%0 (K* desolvation). Based on a survey of global marine sediments, Hu et al. (2020)

reported a wide range of A*'Ksea-sed (0.34 to 1.4%o).

Clearly, there is a range of existing estimates from field observations (Hu et al., 2020)
and predictions based on isotopic mass balance models (Li S et al., 2019; Hu et al., 2020)

and one-D diffusion-advection-reaction models (Santiago Ramos et al., 2018). Such wide
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ranges are not surprising, and the most likely causes include 1) there are different isotopic
effects associated with clay formation in the oceans; 2) the source of K in sediments may
have variable K isotope compositions, and 3) K isotope analyses were performed on bulk
sediments (mostly multiminerallic) with compositional variations. Specifically, Santiago
Ramos et al. (2018) inferred that 8*'K of marine sediments may be complicated by ionic
diffusion, exchange, and clay formation. Hu et al. (2020) noted that *'Kseq can be partially
overprinted by terrestrial materials and that the proportion of authigenic K in sediments is
poorly quantified, which likely induces bias in the estimation of the isotopic fractionation
between modern seawater K and K sequestrated in clays during sedimentary diagenesis
(A*'Ksea-sed). Santiago Ramos et al. (2018) suggested that authigenic and detrital phases
in marine sediments and associated K isotope fractionation may vary depending on the
nature of K hosts and characteristics of sedimentary settings (e.g., continental margins
with high sedimentary fluxes vs. deep-sea basins with relatively low sedimentary fluxes).
Therefore, further investigations on seawater K sequestration in clays and corresponding

isotope fractionation during sedimentary diagenesis are needed.

In this study, we present the K phase distributions and isotope compositions of modern
marine sediments from three continental margins (i.e., Peru Margin, California Borderland,
and Mexican Margin) and three deep-sea (the Equatorial Pacific) sites. These data are
used to address three basic questions related to K diagenesis in modern oceans: (i) What
are the dominant sinks and sources of K in marine sediments and how do these vary as

a function of depositional environments? (ii) Are there K isotope effects between fluid K
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sources (seawater/pore-fluids) and secondary clays formed during marine sedimentary

diagenesis? (iii)) What is the role of marine clay authigenesis in the seawater K budget?

2. Field description

Our research areas vary in depositional regimes, from semi-restricted or open continental
margins to deep-sea settings. Study sites include one site at the Peru Margin, three sites
along the Mexican Margin, four submarine basins within the California Borderland region,
and three deep-sea sites north of the equator towards Hawaii (Equatorial Pacific) (Fig. 1).
At each site, modern marine sediments (< 50 cm depth) were sampled to evaluate early
diagenesis. The continental margin samples were collected using a multiple corer several
decades ago and the details of sampling and processing are presented elsewhere (e.g.,
Wheatcroft and Sommerfield, 2005; McManus et al., 2005). The Pacific sediments were
collected in 2020 using an advanced piston corer and an extended core barrel during the
cruise. Recovered cores with negligible sedimentary and sampling disturbance were sub-

sampled immediately in the laboratory at 4°C on the ship.

The continental margin sites and associated samples have been reported previously (e.g.,
McManus et al., 2005; McManus et al., 2006; Poulson-Brucker et al., 2009; Little et al.,
2016; Little et al., 2017; Bryan et al., 2021) and are therefore briefly introduced. The MC82
site is located at 264 m depth below the perennial Peru upwelling system and is featured

by a moderate mass accumulation rate (25 mg-cm2-yr') (Béning et al., 2004, Table S1).
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Studied sites along the Mexican Margin are the Soledad Basin, Pescadero Slope, and
Magdelena Margin (Berelson et al., 2005). The Soledad and Magdalena sites are situated
on the western side of Baja California at 692 and 544 m depth, respectively. The sediment
accumulation rate at the Soledad site (50-90 mg-cm2-yr') is much higher than that of the
Magdalena site (4—12 mg-cm2-yr') due to increased productivity and associated biogenic

sedimentation (van Geen et al., 2003; Silverberg et al., 2004) (Table S1). The Pescadero

Slope is situated at the eastern corner of the mouth of the Gulf of California (616 m depth)
with high clastic inputs from continental drainage of the Sierra Madre Occidental

Mountains (77 mg-cm2-yr') (Chong et al., 2012).

The sites at the California Borderland are the Santa Barbara Basin, the Santa Monica
Basin, the Santa Catalina Basin, and the Tanner Basin. These sites are generally O2
deficient due to restricted circulation of seawater and high primary production resulting
from coastal upwelling (Macias et al., 2012). The Santa Barbara Basin and Santa Monica
Basin are near-shore basins with water depths of 493 m and 905 m, respectively. The
Santa Catalina Basin (1300 m) and Tanner Basin (1514m) are further off-shore. The mass
accumulation rate in the Santa Barbara Basin is the highest among the studied sites

(Table S1) due to the highest lithogenic flux in this area (Thunell et al., 1995).

Terrigenous sediments in studied Equatorial Pacific region are highly heterogeneous, with
eNd ranging from ~-10 (Asian dust) to +6 (volcanogenic sediments around Hawaii) (Nakai
etal., 1993; Jones et al., 1994; Jones et al., 2000; Abbott et al., 2016). This study focuses

on three distinct deep seafloor depositional settings: a red clay (Asian dust) site (Station
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3), a carbonate-rich site (carbonate ooze, CaCO3 ~14—65%, Station 4), and a siliceous
site (radiolarian ooze, Station 5) (Isern, 1991; McManus et al., 1995; Murray et al., 2000)
(Tables S1 and S7). The Equatorial Pacific sediments mostly reflect a mixture of red clay
(dust), volcanic debris with diatomaceous silica and calcium carbonate contributions
(Hammond et al., 1996). The essential point is that this transect represents a gradient of
red clay and radiogenic island debris to biogenic-rich microfossil ooze. All sites are at
~4000 m (depth) or below, relatively low in organic carbon (core averages between 0.2
and 0.3%, supplementary data 2), and sedimentation rates are much lower compared
with those of continental margin sites although not well defined. The Station 3 site
represents slowly accumulating (~0.2 cm-ky') red clay sediments (Isern, 1991). The
Station 4 site becomes rich in carbonate (>50%) with some diatoms and radiolaria of 1 to
3 cm-ky (Isern, 1991; McManus et al., 1995; Murray et al., 2000). The Station 5 site is
roughly at the termination of the equatorial carbonate ooze and has an accumulation rate
of ~0.5 cm-ky' (Isern, 1991; McManus et al., 1995; Murray et al., 2000). The accumulation
rates are estimated from Pacific sites with published data and they are not based on direct

observations for the specific sites.

3. Methodology

Details of the analytical methodologies and numerical data are provided in Supplementary
Materials. In brief, the elemental compositions of samples and standards were measured
using a Q-ICP-MS (Agilent 7900) at the University of North Carolina, Chapel Hill (Table
S2). X-ray diffractogram (XRD) was measured using an X-ray powder diffractometer

(Rigaku SmartLab) at Chapel Hill Analytical and Nanofabrication Laboratory (CHANL)
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(Fig. S1). Chemical extraction of adsorbed K (exchangeable, NH4Ac-K) and organically
bound K (H202-K) in sediments was performed to estimate the proportion of “labile” K and
potential impacts on K isotope compositions of the bulk sample. A sum of exchangeable
and organic K represents the labile component. We note that the labile K component is
procedurally defined (i.e., extracted using chemical reagents) and should thus be treated

with caution in terms of the specific interpretation of that pool.

X-ray absorption spectra provide insights into the speciation of K present in the sediments
(Li W-S.et al., 2020), and the distribution of K-bearing phases in the sediments was
quantified using K K-edge X-ray absorption near-edge structure (XANES) spectra
processed with linear combination fitting (LCF) at the Soft X-ray Micro-Characterization
beamline at the Canadian Light Source (Fig. 2). Details of XANES-LCF analysis and
processing are provided in the Supplementary Materials. The LCF analysis employed a
combinatorial approach using Athena and the K standards used as fitting components
were selected to reproduce the spectral features present. Possible references for
XANES-LCF suggested by mineralogy (XRD in Fig. S1) include glauconite-K, celadonite-
K, feldspar-K, smectite-K, muscovite-K, and illite-K (Fig. S4). We used the spectrum of K-
feldspar for analysis because K-feldspar rather than plagioclase should serve as the
major feldspar-K host in the samples. In particular, celadonite and glauconite are known
as important components of K-enriched “green clays” in the oceans (Nieto et al., 2021).
It has been recognized that celadonite (KMgo.sFe?*0.2Fe3*0.9Al0.1Sis010(OH)2, empirical
formula, http://mindat.org/) is almost exclusively linked to erupted basic rocks in the deep

oceans (Nieto et al., 2021). By contrast, glauconite
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(Ko.sNao.osFe3*1.3Mgo.4sFe?*0 2Al0.3Siz s010(OH)2, empirical formula, http:/mindat.org/)
commonly forms in siliciclastic and calcareous sediments of continental margin settings
as a product of early diagenesis (Baldermann et al., 2015). In addition, a wide distribution
of glauconite in continental margin sediments has been reported (e.g., Mullins and Rasch,
1985; Glenn and Arthur, 1988; Lund et al., 1992). Therefore, we used the spectrum of
glauconite-K rather than celadonite-K for XANES analysis. The presence of glauconite in
studied sediments was confirmed petrographically by optical observation (Fig. S2) and

scanning electron microscopy (SEM) (Fig. S3).

Based on mineralogical information and spectral analysis, we determined illite, glauconite
and feldspars to be the dominant K-bearing phases in studied sediments. While smectite
is not found using XRD, possibly because its main peak (001) is out of the analyzed 20
range (Fig. S1), it is important to verify the absence of smectite, because Fe-smectite is
considered to be an important K host in marine sediments and commonly inferred as a
precursor of glauconite (Michalopoulos and Aller, 1995; Meunier and EI Albani, 2007,
Baldermann et al., 2013). Smectite-K was also not identified by XANES. This may be due
to the general analytical error of XANES-LCF (~10%) or the detection limit of XANES (5
wt.%). Nonetheless, the presence of smectite-K cannot be precluded, and more sensitive
detection methods are needed. It is possible that the smectite-K spectrum based on a
Na-montmorillonite standard (SWy-2) cannot represent K in Fe-smectite interlayers in
marine sediments. Again, we note that K hosts in addition to feldspars, illite and glauconite
maybe be present and insights gained from XNAES-LCF may be limited by the fitting

limitation and currently available standard spectra. Additional standard spectra may be
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needed to provide greater insights into sedimentary K speciation. In sum, feldspars, illite,
and glauconite are probably the dominate K-bearing phases in studied samples and other

common K-bearing phases such as smectite is still possible but not detected in this study.

The K isotope analytical procedures are adapted from Chen et al. (2019), and the details
of chromatography and isotope analysis of K are provided in Supplementary Materials.
The Kisotope compositions of sediments and standards were analyzed using an MC-ICP-
MS at the Washington University in St. Louis (Table S4), and expressed in a delta notation
(Table S3) (normalization to NIST SRM 3141a, Chen et al., 2019) by the following
equation:

39
(41K/ K)sample

41 39
(*"K/?"K)NIST SRM 3141a

54K (%0) = { - 1} x 1000, (1).

The reproducibility of K isotope analysis was confirmed using igneous rock standards
BHVO-2 and GSP-2 (Table S5). Repeated measurements of certified references yielded
a long-term (20 months) uncertainty of 0.11%. (2 S.D., Chen et al., 2019) for K isotope
analysis using MC-ICP-MS. We use a notation A*'K,., equal to §*'K«-5*'K, to express K
isotope fractionation between the components x and y. The confidence intervals (95% c.i.)

were used to reflect the analytical uncertainty:

95% c.i. (%0) = t,_4 X % (2);

where S.D. represents the standard deviation over analytical sessions (n times), and t,-1

denotes the student t-factor with (n-1) degrees of freedom at a 95% confidence level.

4. Results

11
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The elemental and isotopic characterization of K in marine sediments is provided in Table

S3 and shown in Fig. 3.

4.1. K elemental concentrations

Overall, the K concentration (i.e., [K]) ranges from 6.8 to 29.7 mg/g and follows an order:
Equatorial Pacific area ([Klave = 21.4 mg/g) > California Borderland ([K]ave = 14.1 mg/g) >
Mexican Margin ([K]ave = 12.8 mg/g) > Peru Margin ([K]lave = 7.5 mg/g). The Pescadero
Slope and Station 5 sites (included in the calculation of average [K]) are exceptional cases,
which have higher and lower [K] than others in the Mexican Margin and the Equatorial

Pacific, respectively (Fig. 3a).

Direct comparison among K concentrations at different sites is confounded by the varying
dilution effects of quartz, carbonates, and other K-depleted materials in the bulk samples,
as revealed by XRD (Zhang et al., 2022). Hence, proper normalization is required, and
the elemental ratios of K normalized to Al (Figs. 3b and 4) (i.e., Al is often considered to
be predominantly detrital in its origin, Michalopoulos and Aller, 1995) are provided to
estimate the relative abundance of K. There is a generally increasing pattern of the K/Al
(mol/mol x100) ratio: California Borderland (K/Alave = 22.1) < Equatorial Pacific area
(K/Alave = 23.1) < Mexican Margin (K/Alave = 24.4) < Peru Margin (K/Alave = 26.3). We
identified a gradual increase in the K to Al ratio from the Soledad Basin (K/Alave = 23.5) to
the Pescadero Slope (K/Alave = 24.6) and to the Magdalena Margin (K/Alave = 25.5) in the
Mexican Margin. The K/Al mass ratio at Station 3 (K/Alave = 23.4), Station 4 (K/Alave = 23.2)

and Station 5 (K/Alave = 22.7) in the Equatorial Pacific are comparable. The intra-area

12
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difference in K/Al is minor for the California Borderland. Extracted labile K (i.e., a sum of
exchangeable K and organic K) ranges from 0.3 to 0.5 mg/g (Table S3), making up <5

wt.% of the total K pool in general.

4.2. K isotope compositions

The &*'K values in these sediments (8*'Kseq) range from -0.57 + 0.06 to -0.27 + 0.06%o
(95% c.i., n=7 to 8) (Table S3). Samples from different areas display different 5*'K values
with increasing 5*'K similar to the pattern of the K/Al ratio (Figs. 3b-3c): Equatorial Pacific
sites (8*'Kave = -0.51%0) and California Borderland Basins (8*'Kave = -0.46%0) < Mexican
Margin (8*'Kave = -0.37%o) and Peru Margin (8*'Kave = -0.32%o). Along the Mexican Margin,
the sediments from the Magdalena Margin exhibits higher *'K (5*'Kave = -0.30%o) relative
to those of the Pescadero Slope (8*'Kave = -0.41%0) and Soledad Basin (5*'Kave = -0.38%o).
The sediments in the Magdalena Margin have 8*'K comparable to that of the Peru Margin
(0*'Kave =-0.32%o). In the California Borderland, the sediments in the Santa Barbara Basin
exhibits lower 8*'K (8*'Kave = -0.55%o0) relative to those of the Santa Monica Basin (5*'Kave
=-0.47%o), Santa Catalina Basin (6*'Kave = -0.44%o0) and Tanner Basin (5*'Kave = -0.44%o).
However, intra-basin isotopic differences are close to or even smaller than the long-term
analytical error (0.11%o, 2 S.D., Chen et al., 2019), so they should be interpreted with

caution.

4.3. K-bearing phases
We have identified the three most likely K-bearing phases in the sediments, namely illite-

K, glauconite-K, and feldspar-K (Fig. 2, detailed justification in Methodology), combined
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with mineralogical information (XRD) indicating the presence of glauconite (Figs. S1-S3).
However, the quantification of XANES-LCF may be considered as conservative because
LCF produces large analytical uncertainty in general (~10%) and other K-bearing phases
(e.g., smectite-K) may not be identified because of the low abundance. Specifically, lllite-
K makes up 32.4 to 92.8% K and is enriched in samples of the California Borderland (ave.
73.2% K) and the Equatorial Pacific area (ave. 89.2% K) compared with the Peru Margin
(ave. 35.7% K) and the Mexican Margin (ave. 59.7% K). Glauconite-K is more enriched
in samples of the Peru Margin (ave. 64.3% K) and the Mexican Margin (ave. 40.2% K)
than the California Borderland (ave. 22.5% K) and the Equatorial Pacific (undetectable).
This phase distribution of K in surface sediments agrees with previous observations of
glauconite accumulation at some continental margin sites (Glenn and Arthur, 1988; Lund
et al., 1992). Feldspar-K can only be identified in the Santa Barbara, Santa Monica and

Santa Catalina basins (up to 10%) and the Equatorial Pacific area (7.2 to 14.3%).

5. Discussion

Our results indicate a &*'Kseq variation of ~0.3%o in these studied modern marine
sediments (in the upper 50 cm depth) associated with the variation in major K-containing
phases. Here, we determine the isotopic composition of K-phases and evaluate the
relative contributions from continental weathering (K from clastic inputs) and sedimentary
diagenesis (K from seawater and seawater-derived porewater) on the K pool and its
isotope composition in modern marine sediments. Last, we provide broader implications

with the first-order estimate for seawater K scavenging during early diagenesis.
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5.1. K sources and processes

Comprehensive geochemical and phase analysis allows us to decipher the main controls
on 3*'Kseq variations (-0.57 to -0.27%o, Table S3) in modern marine sediments. In general,
the metal isotope compositions in marine sediments often reflect mixing between surface
interactions (e.g., sorption and dissolution) and elemental phase distributions of different
isotopic compositions (e.g., Poulson-Brucker et al., 2009; Little et al., 2016; Little et al.,
2017; Santiago Ramos et al., 2018; Bryan et al., 2021). Surface interactions may exert

negligible impacts on 3*'K variations in our samples given two lines of evidence below.

First, recent laboratory experiments confirmed that K isotope fractionation caused by clay
adsorption is constant (~0.8%0), and the adsorption process is limited in high-salinity
environments due to Na* replacement of K* (Li W-S et al., 2021a). This process is likely
the case in marine environments and is also supported by the measurements of labile K
in the sediments studied here (<5 wt.% of the bulk K pool, Table S3). Despite adsorption-
driven K isotope fractionation of ~0.8%o (Li W-S. et al., 2021a), the contribution of labile K
on these sediments via adsorption-driven isotopic fractionation to the variation in *'Kseq
would still be limited. Second, igneous rock dissolution experiments in closed systems
confirmed that K isotope fractionation is negligible during silicate dissolution because of
rapid isotopic equilibrium within hours (Li W-S. et al., 2021b). Although these sediments
were situated in open systems, we infer that this dissolution-driven isotopic fractionation
may also be negligible considering the long residence time of these sediments (years to
millennia), which is likely long enough for fluid-solid systems evolving from far-from-

equilibrium to near-equilibrium.
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Different contributions of K-bearing phases may generate isotopic variations in geological
samples (Li W-S et al., 2022a; Li W-S et al., 2022b). Phase assessment from chemical
extractions, mineralogy, and XANES indicates that K is dominantly hosted in illite,
glauconite, and feldspars (Figs. S1-S3), with illite-K and glauconite-K making up more
than 80% K in bulk sediments (Table S6). We estimate 8*'Kgjauconite Of ~ -0.18%0 and
&4 Kiiie Of ~ -0.56%0 using linear fitting (Figs. 5a and S3a). The endmember 3*'K values
were estimated using those linear correlations listed in Fig. 5a (y=0.0035x-0.5310,
R?=0.89) and Fig. S5a (y=0.0041x-0.1549, R?=0.85) with the x value (the fraction of the
endmember) set to be 100%. The dominant contribution to the isotopic composition in
studied sediments is from glauconite-K and illite-K (isotopically light relative to glauconite-
K). Due to the small proportion of feldspar-K, its isotope composition cannot be easily
determined (Fig. S5b). The important question to be resolved is the origin of illite-K and
glauconite-K in marine sediments. Because illite is a common, K-rich detrital clay in
terrestrial systems such as soil, dust, and loess deposits, it is likely that the illite-K phase
present in marine sediments is partially sourced from weathering of fluvial and dust
sourced materials. The authigenic origin of glauconite is supported by the isotopic
fractionation between K hosted in glauconite (~ -0.18%.) and modern seawater (~0.12%o,
Hille et al., 2019; Wang et al., 2020) is about 0.26%. (Fig. 5a), revealing removal of
isotopically light K from seawater during glauconite formation. Moreover, a positive
correlation exists between Na/K and 3*'Kseq (Fig. S6), consistent with the removal of K by
glauconite (isotopically heavier than illite-K) from high Na/K fluids (e.g., brines and

seawater). However, the presence of diagenetic illite in the sediments is possible. It is
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difficult to distinguish clastic illite from diagenetic illite, and the links between K/Al (and

Rb/K) with K phase distribution and 5*'K could provide further insights.

Clastic fluxes added into the California Borderland and the Equatorial Pacific basins are
dominantly from rivers of southern California’s Transverse Ranges and wind-blown Asian
dust, respectively (Uematsu et al., 1983; Schwalbach and Gorsline, 1985; Warrick and
Milliman, 2003). The K/Al molar ratios in marine sediments from the more off-shore basins
(i.e., Santa Catalina and Tanner, K/Al of 22 to 24, K/Alave = 23, mol/mol x100) are higher
than those of near-shore basins (i.e., Santa Barbara and Santa Monic, K/Al of 20 to 21,
K/Alave = 21, mol/mol x100), and corresponding clastic sources (e.g., Transverse Ranges
River sediments, K/Al = 19, mol/mol x100; Napier et al., 2020). The K/Al difference implies
a marked diagenetic imprint on off-shore sediments due to the supply of seawater with
high K/Al ratios. The comparison between K/Al and 5*'K shows that diagenetic uptake of
K (an increase in the K/AI ratio) can result in 3*'Kseq increasing towards a regression-
estimated 8*'Kgiauconite Value of -0.18%o (Fig. 5a) of the Equatorial Pacific and California
Borderland basins (glauconite-K poor) to the Peruvian and Mexican margins (glauconite-
K'rich) (Fig. 5b). Potassium in the Equatorial Pacific sediments largely reflects its clastic
source given their K/Al (mol/mol x100) ratios vary from ~22 to 24 (Table S3), similar to
the Asian dust (the top of core LL44-GPC3, K/Al ~23-24, Kyte et al., 2001). Sediments
of the Equatorial Pacific (dominantly supplied with the Asian dust, Uematsu et al., 1983)
are featured by relatively low K/AI, low 8*'Kseq values (slightly higher than or similar to
5*'Kiiie) and high illite-K contents (>70%), indicating the predominance of illite of a detrital

origin (Fig. 5b).
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In addition to the K/Al (mol/mol x100) proxy, the Rb/K ratio (mol/mol x1000) may reflect
the contribution of diagenetic uptake of K versus K inputs from terrestrial materials. This
idea is built upon the notion that Rb* is more efficiently retained by clays compared to K*
during continental weathering (Nesbitt et al., 1980; Hu et al., 2016), which produces high
Rb/K in weathering residues (2.0, the Post Archean Australian Shale, PAAS, which are
ancient, highly weathered terrestrial sources). In comparison, sedimentary diagenesis in
the oceans could be linked to the addition of seawater with a low Rb/K (mol/mol x1000)
ratio ~0.7. In this study, Rb/K (mol/mol x1000) ratios in Santa Barbara and Santa Monica
sediments at the California Borderland are similar to that of the PAAS, implying that these
sediments may have been subject to continental weathering before sedimentation (Fig.
4b). Supportively, near-shore basins display an elevated Rb/K ratio (2.3 to 2.5, ave. 2.4,
mol/mol x1000) relative to off-shore basins at the California Borderland (1.9 to 2.2, ave.
2.1, mol/mol x1000). In addition, the Rb/K ratio in near-shore sediments is very close to
that of the clastic sources (2.5, Transverse Ranges River sediments, Napier et al., 2020).
Hence, near-shore (high Rb/K) rather than off-shore (low Rb/K) sediments reflec ta strong
clastic contribution (high Rb/K). The Rb/K ratio (1.4 to 1.7, mol/mol x1000) in the Mexican
Margin is lower than that of their clastic sources (~2.0, mol/mol x1000; coastal deposits
from the Gulf of California; Shumilin et al., 2002), indicating the impact of early diagenesis
(Table S3). The Rb/K ratio of the Equatorial Pacific Sediments (1.9-2.1, mol/mol x1000)
is similar to that of Asian dust (2.0, mol/mol x1000; the top of drilling core LL44-GPC3,

Kyte et al., 2001), which suggests a negligible role of sedimentary diagenesis.
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There is a negative correlation (R?=0.51) between the 3*'Kseq value and Rb/K ratio (Fig.
5c). On the one hand, this correlation usually indicates inputs from continental weathering,
because sediment Rb/K ratios would increase due to preferential K solubilization during
weathering; and lighter K is structurally incorporated into clays (mostly illite) while heavier
K is released into waters (e.g., Li S et al., 2019; Chen et al., 2020; Teng et al., 2020;
Wang et al., 2020). Therefore, continental weathering produces high Rb/K and low 3*'K
to solid phases in fluvial suspended loads and sediments known as detrital inputs, which
can be transported to continental margins. Supportively, the Santa Barbara Basin from
the California Borderland receiving more detrital inputs exhibit lower 3*'Kseq and higher
Rb/K and illite-K than other margin sites (Table S6). At the Mexican Margin, the
Pescadero Slope impacted by detrital inputs exhibits lower 3*'Kseq and higher Rb/K and
illite-K compared to the Soledad Basin and the Magdalena Margin (Table S6).
Nevertheless, detrital sediment addition linked to continental weathering alone may not
explain the high 5*'Kseq (up to -0.3%0), which is heavier than average terrestrial material

(e.g., ave. 8*'Kucc = —0.44+0.05%o, 2 S.D., n=88, Huang et al., 2020) (Fig. 5c).

On the other hand, we speculate that the observed Rb/K and &*'Kseq correlation in Fig.
5c implies diagenetic K uptake. If so, reverse weathering should decrease Rb/K ratios
(Hu et al., 2020) and generate high-5*'Kseq values, as opposed to isotopically light illite-
K. The Mexican (except for the Pescadero Slope receiving marked fluvial inputs, see field
description) and Peru margins show the signature of diagenetic K uptake (i.e., lower Rb/K
ratios than their clastic sources, Table S3). In addition, they have high *'Kseq values

towards estimated 3*'Kgiauconite (~ -0.18%o, Fig. 5a), corresponding to enriched glauconite-
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K (up to ~68%). By contrast, sediments of the Equatorial Pacific sites (primarily supplied
by Asian dust, Uematsu et al., 1983) are characterized by Rb/K ratios close to the Asian
dust source (2.0, mol/mol x1000; Kyte et al., 2001). And they show low §*'Kseq values
(slightly higher than or similar to 5*'Kiiite), consistent with high illite-K proportions (>70%),
which supports the idea of detrital illite contributions. Therefore, the Rb/K ratio combined
with 8*'K provides supportive evidence for a diagenetic origin of glauconite-K and a
terrestrial origin of illite-K. Although a detrital origin of illite may still dominate our studied
sediments, the presence of diagenetic illite cannot be excluded. Therefore, we infer that
the estimated 3*'Kiiite ~ -0.56%0 may reflect contributions from both detrital and diagenetic

illite.

The data compilation of this study and Hu et al. (2020) are displayed in Fig. 5d, indicating
there may be two directions of K isotope fractionation in marine sediments. Most data
points fall into Region |, which potentially reflects an interplay between continental
weathering and sedimentary diagenesis. This study reveals glauconite-K formation during
early diagenesis modulating K isotope fractionation (Region I). Sediment samples from
Ryukyu and the Antilles, however, exhibit low 5*'K values (-1.4 to -0.6%o) with a positive
relationship between 3*'Kseq and Rb/K, and they fall in Region Il (Hu et al., 2020, Fig. 5d).
Possible diagenetic processes responsible for the relationship between §*'Kseq and Rb/K
in Region Il were proposed by Hu et al. (2020), including (1) diagenetic smectite-to-illite
transformation, and (2) clinoptilolite (a type of K-rich zeolite) authigenesis. Our sediment
data are not located in Region Il for two possible reasons. The first is that we do not have

representative samples, despite a range of marine settings studied here. The second is
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that shallow sediments may experience different diagenetic processes compared with

their deeper counterparts.

5.2. Implications for oceanic K sequestration

A combination of phase and geochemical analyses supports the idea that glauconite is
one of the major authigenic K-rich clays in continental margin sediments (see discussion
in 5.1). In general, glauconite continues to take up K from seawater (or seawater-derived
pore fluids) during early diagenesis (Baldermann et al., 2013; Baldermann et al., 2015;
Baldermann et al., 2022). The absence of glauconite-K in deep-sea sediments (>2000 m)
may be caused by limited supplies of Al and Fe (Meunier and El Albani, 2007; Baldermann
et al., 2015). We emphasize that the Peru Margin has the highest fraction of glauconite-
K (Table S6 and Fig. 2), in accord with the local enrichment of glauconite within the
oxygen minimum zone (OMZ) (Glenn and Arthur, 1988; Suits and Arthur, 2000; Arning et
al., 2009). Nevertheless, no consensus exists on the causes of glauconite enrichment in
Peru margin sediments in the studied depth (within the OMZ). For example, Suits and
Arthur (2000) suggested that the presence of glauconite was caused by the extensive
release of Fe from nearby detritus and/or was partially derived from glauconite-bearing
sediments directly below the OMZ, or by winnowing of bottom currents. In comparison,
Arning et al. (2009) inferred that glauconite occurring within phosphorite crusts in the Peru
OMZ was formed in-situ in ferruginous dysoxic (or weakly sulfidic) environments with an
episodical presence of dissolved oxygen at the sediment-seawater interface that may be

induced by rapidly changing hydrological energy regimes.
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We suggest that the sequestration rate of K in glauconite (R) of each site at continental
margins can be estimated based on the average values of bulk [K] and XANES-based
glauconite-K proportion of marine sediments from each site (Fg), multiplied by the mass
accumulation rate (MAR) of each site (Tables S1, S3 and S6, the equation R=[K] x Fg %
MAR is shown in Fig. 6a). The sequestration rate of glauconite-K (R) positively correlates
with the mass accumulation rate (MAR) according to the inter-area comparison (Fig. 6a),
despite previous observations suggesting that rapid mass accumulation potentially inhibit
glauconite formation (Baldermann et al., 2013; Baldermann et al., 2015). There is a wide
range of K sequestration rates in glauconite (R) within the studied sites (Table S1): 0.028
mg K-cm2-yr' (Magdalena margin) < 0.044 mg K-cm-yr' (Santa Monica Basin) ~ 0.046
mg K-cm2-yr' (Tanner basin and Santa Catalina Basin) < 0.122 mg K-cm2-yr' (Peru
Margin) < 0.286 mg K-cm?-yr' (Santa Barbara Basin) < 0.328 mg K-cm-yr' (Soledad

Basin) < 0.444 mg K-cm2-yr' (Pescadero Slope) (Fig. 6a).

We admit that it is unclear to what extent the rates of glauconite-K sequestration reported
can be generalized and transferable to other marine environments through space and
time. Nonetheless, using the global continental margin area (defined as <2000 m depth,
S =~37-10"2 m?, Liu et al., 2000), we provide a first-order approximation of the present-
day output flux of K associated with glauconite authigenesis (H) in the oceans using the
low (or high) ends and the average of K sequestration rate in glauconite (R), multiplied
by global continental margin area (S) (i.e., H = R x S, shown in Fig. 6b). This calculation
estimates that the average output flux of K sequestered by authigenic glauconite is ~6 Tg

K-yr'!, with a minimum value of ~1 Tg K-yr' and a maximum value of ~16 Tg K-yr’ (Fig.

22



511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

6b). Although calculated glauconite-K flux (H) has large uncertainties, our estimates are
within the range of oceanic K output fluxes updated by Hu et al. (2020) (Fig. 6d) and in
previous studies (e.g., Spivack and Staudigel, 1994; Elderfield and Schultz, 1996; Jarrard,
2003; Holland, 2005; Berner and Berner, 2012; Li S et al., 2019). Additionally,
Baldermann et al. (2022) confirms the importance of glauconite formation at shallow shelf
settings and provides a global estimate of 1.56 to 3.52 Tg K-yr', using quantified
glauconite content and average K content in glauconite grains in marine sediments. Their
results agree well with our estimate using the glauconite-K proportion and the K
concentration in bulk sediments. The outcomes demonstrate significant contributions of

clay mineral authigenesis (particularly glauconite) to the marine K cycle.

Estimated K output fluxes ranging from ~1 to 16 Tg K-yr' during glauconite formation in
the oceans, which accounts for ~2 to 44% K consumed by sedimentary diagenesis in the
ocean (36-43.2 Tg K-yr', recently updated by Hu et al., 2020, Fig. 6b). The average
glauconite-K flux (~6 Tg K-yr) is about half that of K consumed by present-day oceanic
crust alteration at low-temperatures (12.4 to 19.2 Tg K-yr') (Hu et al., 2020) and the same
order of magnitude as K sequestrated in authigenic Fe-illite in global mangrove forests
(~0.8 to 3.1 Tg K-yr"; Cuadros et al., 2016). Hence, estimated glauconite-K output fluxes
agree with previous results of the key areas favoring clay authigenesis, such as mangrove
forests, low-temperature hydrothermal sites, and continental margin deposits (Mackenzie

and Garrels,1966; Michalopoulos and Aller, 1995).
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We suggest that our reported glauconite-K fluxes (Table S1) are conservative estimates
because authigenic glauconite has been found only sporadically in coastal and deep-sea
environments (e.g., Logvinenko, 1982; Giresse, and Wiewitra, 2001; Albani et al., 2005;
Baldermann et al., 2015). The glauconite-K flux to deep-sea sediments is not considered
in this study since glauconite-K in sampled Equatorial Pacific sediments cannot be
detected (Table S6). Although further constraints from temporal investigations are still
needed, we conclude that glauconite authigenesis significantly affects the oceanic K
budget. In sum, the K isotope composition in modern marine sediments combined with
elemental phase analysis emphasizes the importance of seawater K uptake by glauconite

during early diagenesis.

6. Conclusions

This study reports the K isotope composition in modern marine sediments and combines
elemental and spectroscopic analyses to assess the major controls on 8*'K compositions.
The results provide insights into constraining the present-day global K output flux during
early diagenesis in marine sediments. Major conclusions are summarized as follows:

1) The modern marine sediments (<50 cm) collected from continental margins and
deep-sea settings exhibit inter-area heterogeneity in solid K phase distribution (dominated
by illite-K, glauconite-K, and feldspar-K) and its isotope composition (-0.57 to -0.27%).

2) The 3*'K compositions in the sediments reflect an interplay between illite of detrital
(major, derived from continental weathering) and diagenetic (minor) origins (~ -0.56%o),

and the diagenetic fingerprint mainly strengthened by glauconite authigenesis (~-0.18%o).
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3) Our results support the idea that the combination of K isotope and XANES-based
speciation analyses is useful to identify the origin of K in marine sediments and constrain
oceanic K cycles. Estimated global glauconite-K flux is ~2-44% of the total K uptake by
sedimentary diagenesis in the ocean, revealing its important role in balancing the marine

K budget.
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Fig. 1. Location of sampling sites included in this study. The Peru Margin is from the MC82
core of the Peruvian OMZ (McManus et al., 2006). The California Borderland Basins
include: i) Tanner Basin, ii) Santa Catalina Basin, iii) Santa Monica Basin, and iv) Santa
Barbara Basin. The Mexican Margin sites include: i) Soledad Basin, ii) Pescadero Slope,
and iii) Magdalena Margin. Equatorial Pacific Basins include three sites north of the
equator towards Hawaii (Station 3 to 5). Maps were made using GeoMapApp software
(www.geomapapp.org).
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Fig. 2. K K-edge XANES-LCF spectra of studied samples using the first derivatives. Three
major phases can be determined, including illite (blue), glauconite (green), and feldspar
(pink). The raw data (black line) and LCF data (red line) are displayed. Note: PE 1, 5 and
9 are from the MC82 site of the Peru Margin; SOL 1 and 3 are from the Soledad Basin of
the Mexican Margin; PES 1 and 3 are from the Pescadero Slope of the Mexican Margin;
MAG 2 is from the Magdalena Margin of the Mexican Margin; SC 3, 6 and 8 are from the
Santa Catalina Basin of the California Borderland; TA 1, 4, 7 and 8 are from the Tanner
basin of the California Borderland; SM 1, 4, 8 and 11 are from the Santa Monica Basin of
the California Borderland; SB 4 is from the Santa Barbara Basin of the California
Borderland; 1446 and 1434 are from the Station 3 at the Equatorial Pacific Ocean; 3459
and 3471 are from Station 4 at the Equatorial Pacific Ocean. Detailed information of the
sample number and location can be found in Table S3.
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Fig. 3. Plots of measured K chemistry of smarine sediments, including (a) K concentration
(IK]), (b) K/AI ratio, and (c) 8*'Ksed value (the long-term uncertainty of 0.11%o, Chen et al.,
2019). Estimated sedimentation rates are provided in the legend of each region (see Field
Description section and Table S1).
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Fig. 4. Plots of bulk K concentration versus (a) Al and (b) Rb concentration. The element
compositions of the Post Archean Australian Shale (PAAS) and upper continental crust
(UCC) are provided for comparison. We note that dashed lines are guiding lines showing
different K/Al (or Rb/K) ranges, which help to constrain the variation in elemental ratios.
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Fig. 5. Plots of (a) XANES-based glauconite-K versus &*'K, (b) K/Al molar ratio versus
641K, (c) Rb/K molar ratio versus 8*'K in studied samples, and (d) Rb/K molar ratio versus
5*'K in studied and published samples. Comparisons between Rb/K ratio and K isotope
composition in marine sediments from (c) this study, and (d) a compilation of marine
sediment data (this study and Hu et al., 2020). In plot (a), seawater K isotope composition
(0*'Ksea, Hille et al., 2019) is marked for comparison. In plots (b and c), UCC K isotope
composition (8*'Kucc, Huang et al., 2020) is shown. In plot (d), regions | and Il have
distinct directions of K isotope fractionation as Rb/K ratio changes. Linear fittings are
shown (black lines) and 95% confidence intervals are depicted (grey). A long-term 2 S.D.

uncertainty of 0.11%o is provided in Chen et al. (2019).
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Fig. 6. Sequestration of K in glauconite during sedimentary diagenesis. (a) Sequestration
rate in glauconite for studied continental margin sites (R=[K] x Fc x MAR). (b) Comparison
between K sequestration fluxes of glauconite authigenesis (H=R x S, see details in the
text). The K sequestration fluxes of marine sedimentary diagenesis and oceanic crust
alteration at low temperatures are from Hu et al. (2020).
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