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Abstract: The rubidium (Rb) isotope system has the potential for tracing water—silicate
mteractions and providing information on the global Rb cycling. However, the Rb
1sotope compositions of modern seawater and its major inputs and outputs remain
poorly understood. Here we measured Rb isotope compositions of seawaters, pelagic
clay sediments and porewaters from the western and central equatorial Pacific Ocean.
Our results show that the 3%’Rb of modern seawater is homogeneous (0.13 £ 0.04%o;
2SD, n = 13) and higher than both the local sediments (-0.17%o to 0.03%o) and the bulk
lithosphere (A®’Rbseawater ucc = 0.27%o). The Rb in pelagic clay sediments is primarily
associated with silicates (> 90%) and partially with exchangeable fractions (~ 4%). The
exchangeable fractions display relatively lower 6%’Rb (-0.07 = 0.05%o; 2SD, n = 6).
Meanwhile, the correlation between K/Rb and %’Rb of bulk sediments, along with
investigations on the clay sized particles (6®’Rb = -0.06%o), suggests that lithogenic
silicates have relatively low K/Rb and &*’Rb close to the UCC while formation of
authigenic phillipsite or clays can result in higher bulk K/Rb (up to 930) and 5*’Rb (up
to 0.03%o). However, the 8*’Rb of both authigenic silicates and absorbed fractions in
deep—sea sediments are lower than seawater, which can partially contribute to the
removal of isotopically light Rb and the heavy Rb isotope signal of the modern ocean.
The 5%’Rb of the measured marine porewaters are approximately homogeneous (0.08%o
to 0.14%o) and similar to seawater. The result consistent with previous K isotope
mvestigation in this region that limited authigenic silicates were observed. Using a mass
balance estimation in a steady state with isotope data, the flux of sediment removal for

RbD in the ocean is about 2.2 — 12.0 x10” kg/year.

Keywords: Rubidium isotopes, modern seawater, pelagic sediment, porewater
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1. Introduction

Rubidium (Rb) is a lithophile element and highly enriched in the upper continental
crust (UCC) relative to the mantle due to its high incompatibility (Rudnick and Gao,
2014). This element is primarily hosted by silicate minerals and 1s both fluid—mobile
and significantly modified by secondary clays during chemical weathering (Nesbitt and
Markovics, 1980; Teppen and Miller, 2006). In the modern ocean, Rb acts as a
conservative alkali metal (e.g., Bruland et al., 2014). The variations of Rb
concentrations and its ratios with other elements (e.g., K/Rb) in seawater and sediments
generally reflect the impacts of silicate weathering and reverse weathering, as well as
hydrothermal fluid interactions on Rb distributions (e.g., Edmond et al., 1979; Bayon
etal., 2022; Li et al., 2022). Therefore, similar to isotope systems of other alkali metals
(ie., Li and K), Rb isotopes could potentially trace the impacts of silicate—water
interactions.

The development of Rb isotope analytical methods provides the possibility for
new perspectives in understanding Rb cycling (Hu et al., 2021; Nebel et al., 2005; Nie
and Dauphas, 2019; Pringle and Moynier, 2017; Zhang et al., 2018, 2023). Rubidium
has two main isotopes, Rb (72.17%) and ®’Rb (27.83%). ®’Rb decays to ®’Sr with a
half-life of 4.97 X 10'° years, and thus ®’Rb/*°Rb can be regarded as a stable isotopic
system (Nebel et al., 2011). A delta notion (6%’Rb) is used to describe Rb isotope
composition, defined as [(]’Rb/*Rb)sample / (2’'Rb/E*Rb)srmoss - 1] x 1000 (%o). Recent
studies on soils and terrestrial sediments demonstrated that Rb isotopes can be a

promising tracer of continental weathering (Hu et al., 2022; Zhang et al., 2021).
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However, our knowledge on Rb isotope variations in modern seawater and its major
sources and sinks are currently limited, which hinders our mechanistic understanding
of the source-to-sink transport of Rb.

The only reported seawater 58’Rb value of the IAPSO reference from the North
Atlantic (0.14 + 0.13%o; Zhang et al., 2023) 1s higher than that of the UCC (-0.14 +
0.01%o; Hu et al., 2022) and the bulk silicate Earth (BSE, -0.13 + 0.06%o0; Wang et al.,
2023). Previous work showed that isotopically heavier Rb is preferentially retained by
clays in soils with 8*’Rb from -0.30%o to 0.08%o, leaving lower 5*’Rb values (mean
value -0.22%o) in stream waters than the weathering products (Zhang et al., 2021). The
results imply that riverine input alone is unlikely to produce the high 8®’Rb in seawater
(Zhang et al., 2021). Further investigation on marine sediments and hydrothermal
systems is necessary to resolve the origin of the seawater §*’Rb signal.

Here we present Rb isotope data of seawaters, sediments, and porewaters from the
Pacific Ocean, to constrain the 8%’Rb variations in the modern ocean and understand
the potential impacts of sediment formation. Our results give an average *’Rb for
seawater higher than that of the lithosphere, which could partially result from silicate

authigenesis and absorption in deep—sea sediments.

2. Sample descriptions
Surface seawaters (within 100 m of the surface layer) were collected from the west
Philippine basin and along the Kyushu—Palau ridge in the Western Pacific Ocean during

DY68 cruise (Fig. 1; Table S1). Samples were collected using Niskin bottles and
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passing through 0.45 pm filters to acquire the dissolved pool. The filtered samples were
acidic (pH ~ 2) and preserved in pre—cleaned PFA bottles. The study area was divided
mto two zones at 20°N based on differences in the water masses and temperature profile
(Wang et al., 2023). Thus, these seawater samples can help understand the homogeneity
of Rb 1sotope compositions at a regional scale. Combining with seawater standards
(IAPSO, Nass-7 and Cass-6) from the North Atlantic, we could further constrain the Rb
1sotopic variations on a global scale.

The oxic sediments constitute a major part of modern seafloor, and recent
mvestigations suggested that early diagenesis within pelagic sediments could play an
important role in oceanic alkali metal cycling (e.g., Steiner et al., 2022). Sediments
were collected from the Clarion—Clipperton Fe—-Mn Nodule Zone using the Chinese
manned submersible Jiao—long during DY 125-31 cruise (Wu et al., 2019), and from the
Pigafetta Basin by gravity piston—core during DY67 cruise of the research vessel
“Xiangyanghong01”. Samples were from stations of Dive64 (-154.29°E, 10.00°N),
W1302 (-154.00°E, 10.07°N) and W1306 (-152.96°E, 6.75°N) at the central equatorial
Pacific Ocean, as well as station of GC06 (152.18°E, 19.20°N) at the Western Pacific
Ocean (Fig. 1; Table S2). All samples were from the abyssal plain (water depth > 4000
m). At each site, upper sediments were obtained (< 30 cm) to evaluate the potential
mfluence of sediment formation on Rb. Samples studied here are brown and dark—
brown pelagic clay sediments. Relatively higher contents of Fe-Mn (micro—) nodules
were observed in samples Dive64—01 and Dive64—05. The station GCO06 is located in

REY-rich mud region, where abundant phillipsite can be observed (e.g., Shietal., 2021;
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Liet al., 2023). Two samples with typically high phillipsite contents (high K/Rb) from
deeper depth were also measured for a comparison (Table S2). These samples can help
evaluate the impacts of different authigenic components.

Porewaters were collected at the central equatorial Pacific Ocean during KM2012
H101 cruise, with detailed methods described in Abbott et al. (2015) (Fig. 1; Table S3).
In brief, sediment cores were collected using a multi-corer, and were visually inspected
to be intact. Sediment intervals were transferred into centrifuge tubes and centrifuged
at 10,000—12,000 rpm for 15 min. Porewater was acquired by taking the solution on the
top of each tube and filtered by a 0.45um membrane. Samples were from two distinct
deep sea floor depositional settings: a red clay site (Station 3; -152°E, 11°N) and a
carbonate rich site (Station 4; -152°E, 3°N). This study focuses on porewaters near the
seawater—sediment interface (<10 cm). A previous K isotope study of these sediments
(< 50 cm) revealed terrestrial illite as main K carrier (~ 90%), with the K isotope
compositions similar to the UCC (L1 et al., 2022). Rubidium isotope investigation of
porewater can provide further understanding on the impacts of early diagenesis in deep—

sea sediments.

3. Analytical methods

Isotope analyses were performed at the University of Science and Technology of
China (USTC), China. The leaching experiments and mineralogical investigations were
carried out at both the USTC and the First Institute of Oceanography, Ministry of

Natural Resources (FIO), China. The major elemental compositions of the sediments
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collected during DY125-31 and GCO06 cruises have been measured at ALS Chemex

(Guangzhou) Co., Ltd. (http://www.alsglobal.net.cn/) and the FIO by XRF, and the Rb

contents of porewaters have been determined at the ETH Zurich by HR-ICP-MS

(Element 2, Thermo—Fisher).

3.1. Sample digestion and mineralogical investigations

The sample evaporation and digestion procedure for seawater and porewater was
modified from Zhang et al. (2023). In brief, 2.5 mL of each seawater sample with
approximately 0.3 ug Rb were transferred into PFA beakers (Savillex) and evaporated
at 100°C. To reach the volume of 2.5 mL, porewaters from several depths were mixed,
with each depth contributes around 0.5—0.7 mL (Table S3). After evaporation, 1 mL
concentrated nitric acid was added and heated overnight to digest residual organic
matter. The samples were then evaporated and re-dissolved in 1mL 1.5 mol/LL HCI for
Rb purification and isotope analysis.

For sediments, approximately 30 mg bulk—sample powders were digested using
first a mixture of concentrated HF-HNOs (~3:1, v/v) at 140 °C for 72 h in PFA beakers,
and then a mixture of concentrated HCI-HNOs (~3:1, v/v) at 110 °C. After complete
digestion, each solution was evaporated at 120 °C, followed by adding 1mL 1.5 mol/L
HC1 for Rb purification and isotope analysis.

Meanwhile, to better emphasize the potential impacts of authigenic silicates,
sediment samples were immersed in deionized water for 24 h, and then the clay sized

particles (< 2 pm) were obtained according to Stock’s law determinations, following
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the method described in Hu et al. (2023). The newly formed authigenic silicates would
be less crystalized and can be more concentrated in clay sized fractions. Meanwhile,
coarse fractions (> 63 um) were obtained by wet sieved in 200 mesh sieves and coarse
phillipsites were subsequently hand—picked under optical microscope. The collected
clay sized particles and phillipsites were digested, along with elemental and isotopic

analysis, following steps of bulk samples. Detail information is available in the SI.

3.2. Sequential extraction

Sequential extraction was carried out on W1302 and GC06 samples with steps
modified from Tessier et al. (1979) and Rahman et al. (2017). More information is
available in SI, with main steps summarized as follows:

(1) Samples were rinsed with Milli-Q water for three times;

(2) The exchangeable fraction was extracted using 1 mol/L. ammonium acetate
buffering solution (pH ~ 8) at 25 °C for 1 h. The pH was set to be close to the modern
seawater, and the exchangeable fractions are interpreted to represent only parts of the
elements adsorbed by the sediments;

(3) The reactive Si fraction was extracted by 4 mol/L. NaOH at 60 °C for 2 h. This
fraction is suggested to contain biogenic siliceous debris and parts of easily modified
(authigenic) silicates, which is important regarding to authigenic silicate formation.

(4) The weak acid dissolvable fraction was leached by 1 mol/LL ammonium acetate
buffering solution (pH ~ 5) at 25 °C for 48 h. This step was previously conducted to

extract carbonates. However, our samples were located below the CCD, and thus may



O =J o U d= W o=

OO OO OTU U B D DB B DB WWWWWWWWWWRRRMDDRMDDD DR RERE R R R
DB WD F OV AU B WOV -JAUBRWNFEOOVDJA O BWRNHOW®-JA N BWNE OWO-D U B WNEF O W

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

only potentially contain some bioapatite fossil (e.g., Liao et al., 2022);

(5) The Fe—Mn hydroxide fraction was leached by 0.02 mol/L hydroxylammonium
hydrochloride in 25% (v/v) acetate acid under 95 °C for 6 h;

(6) The oxidizable fraction was extracted by 30% H>0; in 0.02 mol/L. HNOs (pH
adjusted to ~ 2) under 85 °C for 6 h. This fraction is suggested to contain organic matter,
whose concentration is very low in our samples.

(7) The leaching residual was converted into PFA beakers and digested following
steps of bulk sediments. The residual fraction contains mainly silicates, potentially
including those from authigenic origins.

All leaching experiments were carried out at a solution/sample ratio of 10 mL /
100 mg. Leachates were separated by centrifuging at a rate of 5000 rpm for 5 min. All
leachates and digested residuals were transferred to PFA beakers, evaporated at 100 °C,
and then dissolved with 1 mL concentrated nitric acid. After that, 100 uL of leachates
and 10 uL of leaching residuals were taken and diluted to 5 mL by 2% HNOs (m/m) for
elemental concentration analysis. The remaining solutions were evaporated and re-

dissolved in 1 mL 1.5 mol/L HCI for Rb purification and isotope analysis.

3.3. Concentration analyses

Major and trace elemental concentrations were analyzed by ICP—OES (1(CAP6300,
Thermo Fisher) and ICP-MS (Elan DRC, PerkinElmer; iCAP RQ, Thermo Fisher),
respectively. The drift of the instrument over time was calibrated by using 10ppb Rh as

an internal standard (Hou and Wang, 2007). The USGS standard BCR-2 was analyzed
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using the same procedure, and the result agrees with literature data (Table S2;

information available at GeoReM: http://georem.mpch-mainz.gwdg.de; Jochum et al.,

2005). The uncertainties (RSD) of concentration data acquired are better than 5% for

most of elements.

3.4. Rb purification and isotope composition analyses

Chromatographic purification of Rb for sediment samples completely follow the
procedures established by Hu et al. (2021). It began first using Bio—Rad 200—400 mesh
AG50W—X12 cation resin with 1.5 mol/LL HCl and 1.5 mol/LL HCI + 0.5 mol/L HF. This
column chemistry was conducted twice for each sample. After this initial separation,
samples were evaporated and dissolved in 3 mol/L. HNOsz and Rb was further purified
with Bio—Rad 50-100 mesh Sr—spec resin. The Rb leakage was monitored by
measuring 1 mL aliquot before and after the “Rb—cut” using ICP-MS. Whole
procedural blanks were less than 1 ng, which is negligible relative to the amount of Rb
loaded on the column (0.5 — 1 pg).

Several modifications have been made on column chemistry for seawater and
porewater samples (Please see SI for more information). The elusion curve of Rb for
seawater in AG50W—X12 cation resin could expand forward for at most 5 mL (Fig.
S1a). Thus, 5 mL aliquots were additionally collected before the “Rb—cut” set in Hu et
al. (2021). This will collect much more K than the previous procedure. Therefore, two
more times purifications with Sr—spec resin were conducted to fully eliminate K. The
Na/Rb, K/Rb, Ca/Rb, Mg/Rb and S1/Rb ratios after the updated five—step procedure

10
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were all lower than 1 (Fig. Slc), leaving limited influences on Rb isotope analysis (Hu
etal., 2021).

Rb isotope ratios were determined by MC—ICP-MS (Neptune Plus, Thermo Fisher)
m low resolution mode, using sample—standard bracketing calibration method
described in Hu et al. (2021). NIST SRM984 was used as the “zero—delta” standard
during the measurement, with final results reported in delta notion: 8% Rb =
[®"Rb/®Rb)sampte / ((’Rb/ZRb)srmoss - 1] x 1000%o. 33St was measured to calibrate the
isobaric interference of ®’Sr on 8Rb, with ®Sr/®Sr ratio of 0.085. The signals of %Sr
after purification are generally less than 1 mV during measurement, thus having a
negligible influence on the results.

The external reproducibility of 6®’Rb measurements at the USTC was assessed
based on long—term analyses on in—house standard ICP—Rb and USTC—RD for over one
year, which is -0.31 £ 0.05%e (2SD, n = 276) and -0.15 = 0.03%0 (2SD, n = 78),
respectively. The measured %’Rb in this study was -0.31 = 0.05%o (2SD, n = 10) for
ICP-Rb, -0.15 £+ 0.03%o (2SD, n = 10) for USTC-Rb and -0.14 + 0.01%o (2SD, n = 3)
for BCR-2, in agreement with literature data (Hu et al., 2021; Zhang et al., 2023).
Meanwhile, five independent [APSO seawater standard measurements were performed
and display a mean 8%’Rb at 0.13 = 0.05%0 (2SD, n = 5), which is also consistent with
literature data (Zhang et al., 2023) and could represent the external reproducibility of
seawater analysis (Fig. S1d; Table S1). The whole procedural replicates agreed within
analytical uncertainty (Table S1 and S2). Rb concentrations were calculated through
signal comparison with 100 ppb NIST SRM 984. The Rb content calculated was 48

11
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ppm for BCR-2 and 1.44 pmol/L for IAPSO, consistent with literature data (Table S1
and S2; information available at GeoReM: http://georem.mpch-mainz.gwdg.de;

Jochum et al., 2005).

4. Results
The elemental and Rb isotope compositions of seawater, sediment and porewater
samples are shown in Table S1 to Table S3, respectively. Results of leaching

experiments are in Table S4.

4.1. Water samples

The 10 seawater samples from the Western Pacific Ocean have 6°’Rb varying from
0.09%o to 0.16%o, with mean value at 0.13 + 0.04%o (2SD, n = 10) (Fig. 2; Table S1).
The Rb concentrations of these samples range from 1.27 pmol/L to 1.54 pumol/L. No
significant spatial variations can be identified (Table S1). Similar 6%’Rb were observed
for the three seawater standards (IAPSO, Nass-7 and Cass-6) from the North Atlantic
Ocean, with %'Rb at 0.13%o, 0.12%o and 0.12%o., respectively (Table S1).

The 8*"Rb of porewaters from Station 3 and 4 in the central equatorial Pacific
Ocean are similar to each other and to the modern seawater, with isotope and elemental
compositions varying from 0.08%o to 0.14%o (n = 4) and 1.50 umol/L to 1.63 umol/L,

respectively (Fig. 2; Table S3).

4.2. Bulk sediments, minerals and leachates of sequential extraction

12
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Samples Dive64—01 and Dive64—05 have much higher Mn and Fe concentrations
due to abundant Fe-Mn (micro—) nodules, with relatively low Rb contents (Table S2).
However, similar 3®’Rb ranges have been observed among the four sediment profiles
(Fig. 3 and S2). Taken together, the §*’Rb of pelagic clay sediments range from -0.17%o
to 0.03%o, with mean value at -0.09 + 0.13%o (2SD, n = 20). The 3%’Rb are within that
of the UCC and the modern seawater (Fig. 3). The clay sized particles display 3*’Rb at
-0.06%o with relatively high K/Rb at around 640, while much higher K/Rb was observed
for phillipsite at around 1530 (Fig. 3; Table S2).

Leaching experiments indicate that ~ 90% of Rb is in refractory silicates, and ~ 4%
1s in the exchangeable fraction (Table S4). The Rb proportions in reactive Si fractions
decrease sharply with increasing depth (Fig. 4c). The 8®’Rb of residuum post-leaching
(-0.17%o to 0.01%o; Table S4) were comparable to bulk compositions ( A 8’Rbyesidual buik
=-0.02%o to 0.03%o; Fig. 4a, b). In contrast, the exchangeable fractions have relatively
homogeneous 88’Rb (-0.11%o to -0.04%o0) even though the bulk compositions have
varied significantly (Fig. 4a, b; Table S4). The mean &%’Rb of the exchangeable
fractions 1s -0.07 £ 0.05%o (2SD, n = 6), which is around 0.20%o lower than that of the

modern seawater (Fig. 4a, b).

S. Discussion
5.1. The Rb isotope composition of modern seawater

Homogeneous 63’Rb (0.09%o to 0.16%o, mean value at 0.13%o) were observed in
seawater samples from the Western Pacific Ocean (Fig. 2). Similar 3®’Rb were also

13
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observed for IAPSO, Nass-7 and Cass-6 seawater references from the North Atlantic
(mean 3%'Rb at 0.12%o; Table S1), supporting the notion of a homogeneous 5*’Rb for
the modern ocean. The mean Rb concentration in seawater globally is around 1.4
pumol/kg (Bruland et al., 2014), and the total ocean mass is about 1.35x10%! kg
(Baumgartner and Reichel, 1975), thus the total amount of Rb dissolved in seawater is
1.6x10* kg. As the major inputs of Rb into ocean, the annual riverine flux of Rb is 3.2
— 6.1 x107 kg, while annual hydrothermal input flux is 2.2 — 8.1x107 kg (Berner and
Berner, 2012; Elderfield and Schultz, 1996; Gaillardet et al., 2014; Hart and Staudigel,
1982; Staudigel, 2014; Wheat et al., 2017). Based on these estimates, the residence time
of Rb calculated here is around 1.1 — 3.0 million years, within the range of previous
work (e.g., 0.6 — 3.4 million years; Bolter et al., 1964; Edmond et al., 1979), which is
much longer than the average mixing time of seawater (about 2000 years). Therefore,
although detailed spatial and depth distributions are not addressed by our samples, the
conservative distribution of Rb in the modern ocean allows us to anticipate a
homogenous average Rb isotope composition of 3%’Rb = 0.13 £ 0.04%0 (2SD, n = 13).

The 8%’Rb of modern seawater is about 0.27%o higher than that of the UCC (-0.14
+ 0.01%o; Hu et al., 2022) and the BSE (-0.13 + 0.06%0; Wang et al., 2023). To
understand the differences between seawater and lithosphere, we need to make
quantitative constraints on the primary inputs and outputs of Rb to the oceans, including
riverine and hydrothermal inputs, as well as any isotopic fractionations during marine
sediment formation and oceanic crust alteration (e.g., Berner and Berner, 2012; Wang
etal., 2021). To our knowledge, no Rb isotope data has been reported to date for these
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mputs and outputs. Based on investigations in a granite weathering profile, the heavy
RbD isotope is preferentially retained in soils, which would result in a lower 8*’Rb in
river water (Zhang et al., 2021). Indeed, the mean 6%’Rb of stream water is -0.22%o, but
this 1s much lower than seawater (Zhang et al., 2021). Therefore, riverine input cannot
readily explain the 5*’Rb difference between seawater and lithosphere. Assuming no
1sotope fractionation during high temperature hydrothermal alteration on oceanic crust,
hydrothermal fluid likely has relatively low &%Rb, given the light Rb isotope
composition of middle ocean ridge basalt (-0.13%o; Nie and Dauphas, 2019; Wang et
al., 2023; Zhang et al., 2023). Other potential interpretations for the seawater 6*’Rb
include interactions following a sediment sink and/or crustal alteration, which is also
proposed for Li and K isotope investigations (e.g., Penniston-Dorland et al., 2017;

Wang et al_, 2021).

5.2. Deep-sea sediment as an isotopically light sink for Rb
5.2.1 Potential impacts of silicate authigenesis

Our results show a 8*'Rb variation from -0.17%o to 0.03%e in pelagic clay
sediments, generally lower than the modern seawater value (Fig. 3). The variations of
3%7Rb in bulk sediments are predominantly controlled by silicate minerals (> 90% total
sediment Rb; Table S4). Previous works suggested that lithogenic clays, primarily
sourced from Asian or American dust, constitute the major part of pelagic clay
sediments (e.g., Jones et al., 1994; Nakai et al., 1993; Uematsu et al., 1983). However,
recent investigations revealed that there could be significant clay authigenesis in pelagic
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red clay sediments (Steiner et al., 2022), and abundant authigenic smectite and zeolite
(phillipsite) formed in deep—sea REY—rich muds (e.g., Lietal., 2023; Wang et al., 2024).
The silicate—water interactions in deep—sea sediments could have important influences
on global oceanic elemental budgets (e.g., Baldermann et al., 2015; Marz et al., 2015;
Steiner et al., 2023). Here, potential impacts of authigenic phillipsite and clays on Rb
cycling are discussed.

Phillipsite 1s a common authigenic silicate mineral in pelagic sediments and can
be formed by low—temperature alteration of volcanic materials (Hay and Shappard,
2001). Coarse phillipsite were identified under microscope for samples from GCO06
station (Fig. S3), which show an enrichment in K with much higher K/Rb (~ 1500). The
preference of K by phillipsite has been reported in previous investigations (e.g., Hay
and Sheppard, 2001; Li et al., 2023). The 6%’Rb of GC06 samples shifted from a crustal
value (8%’Rb ~ -0.15%o, K/Rb ~ 487) to compositions with much higher 3’Rb (-0.04%o
t0 0.03%o) and K/Rb (~ 900), indicating that phillipsite formation results in higher bulk
3%7Rb (Fig. 3a). The &%7Rb is still lower than the seawater, suggesting phillipsite can be
an 1sotopically light sink of Rb in the ocean.

Meanwhile, processes forming authigenic clay in deep—sea sediments include
recrystallization of detrital aluminosilicates and/or alteration of biogenic silica (Steiner
et al., 2022). Compared to Chinese loess that is representative of the Asian dust and
usually the UCC (-0.17%o to -0.07%o; Hu et al., 2022), four samples from W1302,
W1306 and Dive64 stations display typically higher §%’Rb (-0.03%o to 0.03%o) with
relatively high K/Rb (~ 570) (Fig. 3a). Interestingly, the leaching experiments showed
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that relatively higher Rb proportions in reactive Si fractions were observed for both
surface sediment and also sample W1302-4 with a high bulk 63’Rb of 0.03%. (Fig. 4a,
¢). The high value of surface sediment was due to high content of biogenic siliceous
debris (Fig. S3), which dissolved in the deeper part (e.g., Rahman et al., 2017; Steiner
et al., 2022). While the higher Rb proportion in the reactive Si fraction of sample
W1302-4 would imply more reactive (authigenic) silicates (Rahman et al., 2017).
Similarly higher 3’Rb (-0.06%0) and K/Rb (~ 640) were observed in clay sized particles
that potentially contain authigenic silicates (Fig. 3a). Previous observations also suggest
that due to the high K/Rb of the seawater, authigenic silicates precipitated from it tend
to have higher K/Rb with variable isotope compositions (e.g., Hu et al., 2020; Li et al.,
2022). Thus, the relatively higher 6®’Rb and K/Rb in these samples would imply
potential impacts of clay authigenesis, which are still lower than the seawater and can

potentially be an isotopically light sink of oceanic Rb cycling.

5.2.2 Potential impacts from other processes

Absorption—driven Rb isotope fractionation may not be important for bulk
sediment compositions (~ 4% total sediment Rb; Table S4), but fractionation can
mfluence the composition of porewater and seawater, which has been suggested in a K
1sotope study (Santiago Ramos et al., 2018). The exchangeable fractions in our leaching
experiment display homogeneous §¥’Rb with a mean value at -0.07 = 0.05%o (2SD, n =
6), even though the samples are from different regions and bulk 6®’Rb have changed
significantly (Fig. 4a, b). A possible explanation would be that the variations of bulk
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compositions were mainly driven by the extent of silicate authigenesis, while
exchangeable fractions may continue to undergo ion exchange with the surrounding
waters, representing re-equilibrium of the absorbed Rb with surrounding waters. The
AP'R Dexchangeable-seawater is approximately -0.20%o, implying a preferential adsorption of
light Rb isotope by sediments. This observation is consistent with a laboratory
absorption experiment that Rb* forms inner—sphere complexes in phyllosilicates (i.e.,
vermiculite and illite) with negative A®’Rbsotid tiquia (Konagaya et al., 2022).

Fe—Mn hydroxides are also important authigenic phases in deep—sea sediment, but
they are less significant for sequestering Rb (<1% total sediment Rb; Table S4). The
phase is represented by Dive64-01 and —05 samples, which are enriched in Fe-Mn
(micro—) nodules and have lower Rb/Ti and similar bulk 8*Rb compared to other
samples (Table S2; Fig. 4b). Thus, an abundance of Fe—Mn hydroxides could result in
dilution of the total sedimentary Rb content, but have limited impacts on bulk 3*’Rb.

Here, a homogenous 8®’Rb is observed in porewaters in surface sediments (upper
10 cm) at the central equatorial Pacific Ocean (Fig. 2; Table S3). In this region, the K
1sotope compositions of bulk sediment are similar to that of the UCC, suggesting
limited impact of early diagenesis (Li et al., 2023). Meanwhile, despite the presence of
phillipsite in the upper sediment layers at station GC06 (Fig. S1), the 5®’Rb of the bulk
samples are close to that of the UCC (Fig. 3). To produce a detectable change in §*’Rb
(1.e., at least 0.05%o that 1s the long-term analytical uncertainty), the modified fraction
of Rb in bulk sediments can be simply calculated as fmodified = 0.05%0 / (Omodified — Oinitial ),
where the Omodified 1S assumed to be 0.03%o and the dmodified 15 -0.14%o. Thus, over 30%
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of Rb is need to be authigenic to significantly change the bulk §*’Rb. Considering the
relatively high Rb contents in porewaters (~1.6 pmol/L) and sediments (~80ppm),
5%Rb similar to seawater or the UCC would be observed if the extent of water-silicate

interaction is relatively low.

5.3. The Rb budgets of the modern ocean

Here we review the flux data of major inputs (rivers and hydrothermal fluids) and
outputs (sediments and oceanic crust alteration) for Rb in the modern ocean, and
constrain the elemental mass balance with isotope data (Fig. 5). At a steady state, the

elemental and isotopic fluxes into the ocean are equal to the output fluxes:

Friv+ Foyd = Fsed + Fait (Eq. 1)
Friv X 8%’Rbyiv + Fyd X 8%"Rbnyq =

Fsed X (587Rb5w + Ag?Rbsed) + Fa]t X (68?Rb5w + AS?Rbalt) (Eq 2)

Where the Frv, Fnyd, Fseq, and Far represent the fluxes (kg/year) of Rb from riverine (r1v)
and hydrothermal (hyd) inputs, Rb outputs to marine authigenic/adsorbed sediments
(sed), and altered oceanic crust (alt), respectively. The §%"Rbsw, 8%’Rbyiy, and 8%’Rbnya
represent Rb isotope compositions of seawater, river water, and hydrothermal fluid,
respectively. A*’Rbsed and A®’Rbar represent Rb isotope fractionation during sediment
formation and crustal alteration.

The estimations in previous studies of Friy and Fiya are 3.2 — 6.1 x107 kg/year and
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2.2 — 8.1x107 kg/year, respectively (Fig. 5; Hart and Staudigel, 1982; Elderfield and
Schultz, 1996; Berner and Berner, 2012; Gaillardet et al., 2014 Staudigel, 2014; Wheat
et al., 2017); while Far is around 1.6 — 3.2 x107 kg/year (Fig. 6; Elderfield and Schultz,
1996; Hart and Staudigel, 1982; Staudigel, 2014; Staudigel et al., 1996). Because it is
difficult to directly estimate Fseq for whole ocean Rb due to variability in lithogenic
phases (e.g., Thomson et al., 1984), a variation of 0.0 — 20.0 x10” kg/year was assumed
for Fseq for initial Monte Carlo simulations (please see SI for more information).

Only limited information available for 8®’Rb of major inputs and outputs. We
assume that the extent of equilibrium K isotope fractionation is around 3.5 times that
of Rb (Zeng et al., 2019). As the Rb isotope fractionation in continental margin
sediments are currently unknown, the A®’Rbseq is inferred to vary between -0.41%o to -
0.04%o, according to the A*'Keq from -1.42%o to -0.14%o observed in sediments (Hu et
al., 2020; Li et al., 2022). The A*'Ka is from -0.88%o to 0.04%o based on data of altered
oceanic crust (Hu et al., 2020; Liu et al., 2021; Liu et al., 2023; Parendo et al., 2017;
Santiago Ramos et al., 2020), implying a A®’Rbay from -0.25%o to 0.01%o. Since 5¥’Rbyiy
and 5%"Rbunyq are not known, we assume that 5*’Rbyiy has a range from -0.37%o to -0.07%o,
which is the mean 8*’Rb of stream water = 0.15%o (Zhang et al., 2021). While 5*’Rbnyq
was assumed to vary between compositions of seawater and the BSE (-0.13%o to 0.13%eo;
Wang et al., 2023; This study). Combining these assumptions with the 3¥’Rbsw observed,
ten billion Monte Carlo simulations were performed to refine the data. The result
indicates a Fseq at 2.2 — 12.0 x107 kg/year (Fig. 5). The variation of Fseq is largely driven
by Fuya (Fig. S4a). Meanwhile, the uncertainty of A%’Rbseq also displays relatively
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significant influence on the flux estimation (Fig. S4b). Based on current data, the
proportion of sediment removal in total Rb output fluxes is around 40 — 85%, suggesting
sediments as a major sink of Rb in the ocean (Fig. S4). Further Rb elemental and
isotopic investigations on major inputs and outputs will improve the constrains on
oceanic Rb budgets.

Here, potential impact of groundwater was not assessed due to data limitations.
Nevertheless, previous investigations suggested that the contribution of groundwater
on Li budgets would be 5% — 43% that of riverine mput with similar isotope
composition (Mayfield et al., 2021). If we assume that groundwater provides a Rb flux
that 1s also 5% — 43% to the riverine Rb input, it won’t result in magnitude changes in
our mass balance estimations. Meanwhile, the observed §*’Rb of authigenic silicates
and absorbed fractions in deep—sea sediments (-0.07%o to 0.03%o) are currently higher
than the candidates of riverine (stream water: -0.22%o) and hydrothermal (the BSE: -
0.13%o) inputs. To achieve a mass balance in the oceanic Rb cycling, identification of
isotopically lighter sinks or heavier sources is necessary. A wider range of 6*'K was
observed in continental margin sediments and altered crusts with relatively high K/Rb
(e.g., Hu et al., 2020; L1 et al., 2022). Further Rb isotope investigations in these areas

would help find the missing isotopically light Rb sink in the ocean.

5.4. A comparison with other alkali and alkaline earth elements
Most of the alkali and alkaline earth elements are conservative in the ocean with
residence times at several million years (i.e., 0.8 — 10.1 Ma for Li, K, Ca, Mg, Sr;
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Lecuyer et al., 2016). Their isotopic budgets in the ocean hold promise as tracers of
long—term tectonic/climatic forcing on ocean chemistry. In general, the isotope
compositions of these elements in seawater are all heavier than the riverine input, and
most of them (i.e., Li, K, Ca, Sr) in rivers are also heavier than the lithosphere, except
Rb and Mg (Fig. 6; Gussone et al., 2016; Paytan et al., 2021; Penniston-Dorland et al.,
2017; Teng, 2017; Wang et al., 2021). The preferential release of heavy isotopes during
silicate weathering and the removal of light isotopes by carbonate burial contribute to
the higher dissolved §**?Ca and &%¥®6Sr in rivers and seawater (e.g., Krabbenhoft et
al., 2010 Blattler et al., 2012). Meanwhile, the enrichment of light isotopes by clays
during incongruent continental weathering and silicate authigenesis also results in the
elevated dissolved 8’Li and 6*'K in rivers and the ocean (e.g., Penniston-Dorland et al.,
2017; Wang et al., 2021). In contrast, lower 8*’Rb and 8*Mg are observed in
stream/river waters, due to the preferential retention of heavy isotopes by secondary
clays, and significant release of isotopically light Mg during carbonate weathering (e.g.,
Tipper et al., 2006; Zhang et al., 2021). Furthermore, the higher §2’Rbsw and §*Mgsw
than riverine inputs suggest an overall preferential removal of light isotopes during
oceanic processes (e.g., Li et al., 2015; Shavel et al., 2019). Based on the information,
distinct evolution curves and controlling factors for seawater isotope compositions can
be expected.

Ambiguity remains when evaluating the relative impacts of continental weathering
and seafloor interactions on ocean chemistry (e.g., Coogan and Dosso, 2022). For
example, the rise of ’Lisw in Cenozoic seawater can result from enhanced incongruent
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continental weathering, changes in the rate of clay formation, and/or slowdown of
seafloor spreading (e.g., Misra and Froelich, 2012; Caves Rugenstein et al., 2019;
Coogan and Dosso, 2022; Zhang et al., 2022; Cai et al., 2024). Deciphering the specific
contributions from these processes is challenging due to their similar 1sotope variation
tendencies. Rb i1sotopes generally display fractionations opposite to Li during
continental weathering, but behave similarly during oceanic processes (Fig. 6).
Therefore, the similarity or difference between the §"Lisw and §*’Rbsw evolution curves
can potentially help constrain the relative importance of oceanic processes versus

continental weathering in changing seawater chemistry.

6. Conclusions

This study reports Rb isotope compositions in modern surface seawaters,
porewaters and deep—sea sediments. Major conclusions are summarized as follows:

(1) Modern seawater has a homogeneous 62’Rb with mean value at 0.13 = 0.04%o
(2SD, n = 13). This value is around 0.27%o higher than that of the lithosphere.

(2) The correlation between bulk K/Rb and 6%3’Rb (-0.17%o to 0.03%o) of sediments,
along with leaching experiments and mineralogical investigations, suggest that silicate
authigenesis (clay and phillipsite) and absorption in deep—sea sediments contribute to
removal of isotopically light Rb from seawater, and partially result in the high *’Rb in
the ocean.

(3) A Monte Carlo simulation based on Rb isotope mass balance model indicates
that Rb fluxes of sediment removal is at 2.2 — 12.0 x107 kg/year. However, isotopically
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lighter sinks of Rb than the sediments observed in this study are still required to reach
the mass balance of oceanic Rb cycling.

(4) Our data generally suggest that oceanic outputs would drive the &®’Rb of
seawater to higher values, contrasting previous investigations in a soil profile that
mcongruent continental weathering tends to produce lower 3*Rb in rivers and
subsequently in seawater. Such opposite variation tendencies of Rb isotopes are
different from those observed for Li and K and can potentially provide new constrains

on the evolution of ocean chemistry.
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Figure captions

Fig. 1.

Sample locations in this study including seawaters (DY 68 cruise), porewaters
(KM2012 H101 cruise) and sediments (DY 125-31 cruise and DY 67 cruise). The
overview map was produced using Ocean Data View. Color bar on the right side

represents the water depth.

Fig. 2. The Rb isotope compositions of water samples. The blue and orange

Fig. 3.

Fig. 4.

backgrounds represent the average §3’Rb of seawater and the UCC, respectively.

The UCC data are from Hu et al. (2022).

Relationships between &®’Rb and (a) molar K/Rb and (b) Rb/Ti for sediment
samples. Literature data of loess, river sediments, sedimentary rocks and the
UCC (orange pentagram) were plotted for a comparison, which are from Hu et
al. (2022) and Rudnick and Gao (2014). The red arrow and purple arrow
represent more contributions from phillipsite and Fe-Mn hydroxides,
respectively. The green triangle represents the composition of clay sized

particles.

Leaching experiment results for the 33’Rb of (a) W1302 station and (b) GC06
station, and (c) Rb proportions in the reactive Si fractions. The blue and orange
backgrounds represent the average compositions of seawater and the UCC,
respectively. Data of the UCC are from Hu et al. (2022).
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Fig. 5. Schematic diagrams illustrating the global ocean Rb isotopic mass balance. Flux

estimates are in blue and are x107 kg/year. Mean concentrations of the UCC and
modern seawater are in green. The 6%’Rb values are in red. Data shown here are
seawater (Bruland et al., 2014; Zhang et al., 2023; This study), the UCC
(Rudnick and Gao, 2014; Hu et al., 2022), riverine input (Hart and Staudigel,
1982; Elderfield and Schultz, 1996; Berner and Bermer, 2012; Gaillardet et al.,
2014; Zhang et al., 2021), hydrothermal input (Hart and Staudigel, 1982;
Elderfield and Schultz, 1996; Berner and Berner, 2012; Staudigel, 2014; Wang
et al., 2023), altered oceanic crust (Hart and Staudigel, 1982; Elderfield and
Schultz, 1996; Staudigel et al., 1996; Staudigel, 2014) and sediment (though

mass balance estimation; This study).

Fig. 6. A comparison of isotope compositions among the UCC, river water and modern

seawater. Data shown here are &8’Li (Penniston-Dorland et al., 2017; and
references therein), *'K (Wang et al., 2021; and references therein), 5*’Rb (Hu
et al., 2022; Zhang et al., 2021; This study), §**Mg (Teng, 2017; and references
therein), 6*¥#?Ca (Gussone et al., 2016; and references therein), and 5%¥/86Sr
(Pearce et al., 2015; and references therein). The dash line represents the 1:1

line, implying same compositions between water and the UCC.
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