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ABSTRACT: The potassium isotope system was proposed as a new tracer in
continental weathering and global K cycling. The largest K isotope fractionation
observed among major reservoirs is between the ocean and bulk silicate Earth
(BSE). Seawater is significantly enriched in heavy isotopes compared to BSE, and

seawater represents the heaviest reservoir on Earth. Because of limited analyses, it is T Riverine Input
= s262Tgvear  Seawater

,_Earth's Potassium Cycle

still unknown whether seawater is homogeneous in terms of K isotopes vertically, -t K= 2 “

s i ‘ 5“K= +0.12 £ 0.07 %o
laterally, and globally. In addition, what processes (e.g., hydrothermal inputs) and
to what degrees these processes have contributed to this heavy isotope enrichment - 37.66 Tolyoar
in seawater are still not well constrained. To better understand the K isotopic 5K="?
compositions of modern seawater and to examine the possible influence of seafloor

g ong Hydrothermal Input
hydrothermal vents on the K isotope composition of seawater, we analyzed the K 5:36 Tglyear
5"K="?

isotope composition of 46 seawater samples collected as two pairs of depth profiles
in two locations from the Atlantic and Pacific oceans, including one near an active
hydrothermal vent field (ASHES, Axial Seamount, Juan de Fuca Ridge). We found
that within the current analytical uncertainty, all seawater samples have the same K isotope composition regardless of their location,
depth, [K] concentration, and salinity. Combining our new analyses with data from previous studies, we define the best
representative K isotope composition of modern seawater as +0.12 £ 0.07%o (2SD). The seawater is significantly higher (0.55 +
0.18%0) than BSE, which requires large K isotopic fractionation during continental weathering and reverse weathering.

KEYWORDS: potassium isotopes, ASHES vent field, Juan de Fuca Ridge, hydrothermal fluids, average seawater composition

1. INTRODUCTION K in rivers vary from —0.44 to +0.12%o (averaging at
—0.22%o0).” The hydrothermal flux is less constrained, ranging
from S to 36 Tg/year,””'"~** and there is no publication yet
that reports direct measurements of K isotopic compositions of
hydrothermal fluids.”’ To balance the K budget in seawater,
one must consider the two major processes for removing K

Understanding modern ocean chemistry and reconstructing
the evolution of ocean chemistry over geologic time are
imperative to understanding Earth’s evolution into a habitable
planet. Previous studies have shown that chemical exchange
between the lithosphere and hydrosphere is a key process in
regulating a steady-state ocean composition.l_5 Potassium (K)
is a major component of both lithosphere and hydrosphere
(2.8% K,O in continental crust; 0.11% K,O in oceanic crust;
and 399 ppm K in seawater),’ ® and accordingly, potassium
isotopes have been recently proposed as a potential tracer for
understanding the K budget in seawater and K exchange
between the lithosphere and hydrosphere.””'® Since 2016,
with improved precision in analyzing K isotopes using
multicollector inductively coupled plasma mass spectrometers
(MC—ICP-MSs),"' =" it has been consistently shown that
seawater is enriched in heavier isotopes compared to the bulk
silicate Earth (BSE); however, the mechanism of enrichment is
still not well understood.” Received: February 15, 2020
Potassium is a major cation in seawater, and its residence Revised:  June 18, 2020
time (7) is ~11 million years,16 The two major inputs of K in Accepted: June 19, 2020
seawater are riverine and hydrothermal. The flux of K from Published: June 19, 2020
riverine inputs is relatively well constrained, ranging from 52 to
62 Tg/year,w_19 and the K isotope compositions of dissolved

ions from seawater: marine sediment formation and low-
temperature alteration of basalts. The flux of K incorporated
into sediments is estimated to be 25 to 52 Tg/year,”'”'* and
the K isotope fractionation factor between sediments and
seawater (A giment—seawater) dUring authigenic clay formation is
inferred to be —2 to 0%0.”” The flux of K incorporated into
low-temperature altered basalts is 12 to 15.6 Tg/year,'”"" and
the K isotope fractionation factor between low-temperature
altered oceanic crust (AOC) and seawater (Axoc—seawater) i
estimated to be ~0%o.” As previously demonstrated,” K
isotopes can be used to better constrain the fluxes of different
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Table 1. K Concentration and Isotopic Compositions of Atlantic and Pacific Seawater Profiles

sample latitude longitude depth [m] K [ppm] MK [%0] 2SD n
Atlantic Seawater
cast 3-3 25.50814 —79.863
C3-3-A 352 400 0.10 + 0.13 10
C3-3-B 147 415 0.08 + 0.21 10
C3-3-C 95 408 0.10 + 0.16 10
C3-3-D 71 412 0.13 + 0.20 10
C3-3-E 57 408 0.14 + 0.10 10
C3-3-F 22 411 0.12 + 0.16 10
average= 0.11 + 0.04
cast 3-4 25.54231 —79.845
C3-4-1 692 396 0.19 + 0.19 10
C3-4-2 526 388 0.10 + 0.16 10
C3-4-3 450 397 0.16 + 0.14 10
C3-4-5 284 400 0.14 + 0.05 10
C3-4-6 214 417 0.14 + 0.0 10
C3-4-7 180 417 0.12 + 0.06 10
C3-4-8 110 412 0.11 + 0.07 10
C3-4-9 80 405 0.14 + 0.07 10
C3-4-10 51 415 0.16 + 0.13 10
C3-4-11 31 406 0.13 + 0.03 10
C3-4-12 S 411 0.15 + 0.04 S
average= 0.14 + 0.0S
Atlantic average= 0.13 = 0.0
Pacific Seawater
station 17 45.941 —130.019
17-1-1 1537 297 0.02 + 0.13 10
17-1-2 1482 308 —0.01 + 0.13 11
17-1-3 1285 354 0.08 + 0.16 11
17-1-4 1088 346 0.08 + 0.13 12
17-1-5 891 354 0.02 + 0.12 11
17-1-6 693 354 0.04 + 0.11 11
17-1-7 495 369 0.09 + 0.12 11
17-1-8 396 431 0.03 + 0.12 11
17-1-9 297 348 0.02 + 0.11 10
17-1-10 198 354 0.11 + 0.12 10
17-1-11 149 354 0.07 + 0.08 12
17-1-12 99 341 0.11 + 0.09 12
17-1-13 65 358 0.13 + 0.10 12
17-1-14 45 389 0.07 + 0.11 12
17-1-15 10 349 0.12 + 0.11 12
average= 0.07 + 0.09
station 18 45.829 —129.452
18-2-1 1509 307 0.0S + 0.08 12
18-2-2 1384 346 0.06 + 0.09 12
18-2-3 1187 367 0.12 + 0.12 12
18-2-4 990 390 0.11 + 0.19 10
18-2-5 792 384 0.07 + 0.14 10
18-2-6 594 357 0.08 + 0.12 12
18-2-7 396 375 0.08 + 0.14 12
18-2-8 297 367 0.08 + 0.14 12
18-2-9 198 370 0.10 + 0.13 12
18-2-10 149 351 0.09 + 0.10 12
18-2-11 99 360 0.0S + 0.17 12
18-2-12 SS 362 0.09 + 0.17 12
18-2-13 35 378 0.09 + 0.08 12
18-2-14 10 360 0.12 + 0.09 12
average= 0.09 + 0.0S
Pacific average= 0.07 + 0.07
grand average= 0.10 + 0.08
1011 https://dx.doi.org/10.1021/acsearthspacechem.0c00047
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inputs and outputs and to improve our understanding of the
modern K cycle. However, because of the as-of-yet limited
availability of high-precision K isotope data for seawater, river
water, hydrothermal fluids, marine sediments, and altered
oceanic basalts, it is still challenging to achieve the full
potential of applying K isotopes into such mass-balance
calculations.”

Even the global K isotope composition of modern seawater
is not well defined. There are four reports of K isotope data for
seawater: (i) one Pacific seawater sample (TPS 24°N, station
35, 400 m), which is 0.10 + 0.07%o¢ (2SE);"" (ii) one Atlantic
seawater sample (IAPSO standard seawater purchased from
OSIL) from an unknown location in the open Atlantic ocean,
which is 0.06 + 0.03%0;'” (iii) one Atlantic seawater sample
from Bermuda at 0.03 + 0.03%¢"’ (note: this value was
converted from their reported value via SRM 999b); and (iv)
one Pacific seawater sample from Hawaii reported by the
University of Washington,'#”> which is 0.14 + 0.01%o.
Although these four seawater samples (two from the Pacific
and two from the Atlantic) have similar K isotopic
compositions within analytical errors, the range spans from
0.03 to 0.14%o. Whether this 0.11%o variation is simply due to
interlaboratory analytical uncertainties'> or represents real
heterogeneity is still unknown. Considering that the entire
range of K isotopic variation among all terrestrial samples is
typically less than ~2%o,"'~'* it is crucial that the global K
isotope composition of seawater be better determined before
the K isotope system can be applied as a tracer in studies of
continental weathering and global K cycling. Until recently,”*
there has been no systematic study on K isotopic variation
among samples from different locations and from various
depths. In addition, there is no evaluation yet of the influence
of seafloor hydrothermal vent plumes on the K isotope
homogeneity of seawater.

Here, we present new high-precision measurements of the K
isotope compositions of 46 seawater samples from two pairs of
water columns in both the Atlantic and Pacific oceans. Among
them, two water columns are near the hydrothermal vent field,
where the presence of plume influence is expected. The
purpose of this study is two-fold: first, to evaluate the
homogeneity of K isotopes in seawater from varying locations
and at varying depths, as well as the influence of hydrothermal
K on the homogeneity of K isotopes in seawater; second, to
determine the best available estimate of the K isotope
composition of modern seawater using results from this
study and previously published data.

2. SAMPLES AND METHODS

2.1. Sample Description. A total of 46 individual samples
analyzed in this study were collected from two pairs of
seawater profiles in the Atlantic and Pacific oceans. All samples
were whole seawater collected directly from a rosette of Niskin
bottles into cryovials that were prerinsed with sample seawater
and stored at —20 °C. The sample numbers and locations are
listed in Table 1.

Atlantic samples (n = 17) were collected on April 20, 2019
on R/V F.G. Walton Smith (Cruise ID: WS19110). The
samples were obtained from two locations, cast 3—3 and cast
3—4, which were approximately 4.3 km apart. At location 3—3
(n = 6), sample depths ranged from 22 to 352 m below the
surface. At location 3—4 (n = 11), depths ranged from S to 692
m below the surface.
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Pacific samples (n = 29) were collected on August 20 and
21, 2018 on R/V oceanus (Cruise ID: OC1808C). The
samples were obtained from two locations: station 17 (n = 15)
and station 18 (n = 14). Station 17 and station 18 are directly
above the Axial Seamount Hydrothermal Emission Study
(ASHES) vent field (100 m by 90 m; depth 1542 m) in the
Axial Volcano of the Juan de Fuca Ridge.b’26 Two more active
hydrothermal vent systems in Axial Volcano are located within
close distance: Canadian American Seamount Expedition (8
km north) and the International District (3 km east). Axial
Volcano is the most active volcano on the Juan de Fuca
Ridge.27 At both, stations 17 and 18, samples were collected at
varying depths between 10 and ~1550 m below the sea
surface, the deepest being within 70 m from the sea floor.

2.2. Analytical Method. The analytical method used in
this study is reported in greater detail in ref 15. Other
groups''~'* have reported the use of similar methods, and
cross-laboratory comparisons of K isotopes measured in
geostandards have shown that the methods of these groups
produce data that generally agree with each other within the
current limits of analytical uncertainty.'> Our seawater samples
were prepared and analyzed in four steps: (1) evaporation,
digestion, and rehydration in acid; (2) purification for K using
ion-exchange chromatography; (3) iCapQ_ quadrupole ICP—
MS concentration and matrix analysis; and (4) isotope analysis
with the Neptune Plus MC—ICP—MS.

2.2.1. Sample Evaporation, Digestion, and Rehydration.
Between 3 and 5 mL of each sample was separated and frozen.
Upon their arrival at Washington University in St. Louis,
samples were allowed to thaw at room temperature and then
weighed into Teflon beakers to ensure accurate records of their
volumes. The samples were then left to evaporate under a heat
lamp for several hours. Once evaporated, between 1 and 2 mL
of concentrated nitric acid was added to each beaker before
they were closed and heated overnight to sterilize the residual
of any potential microbial material. The samples were then
evaporated a final time and rehydrated in 5 mL of 2% nitric
acid. There were no residual salts observed after rehydration. A
0.1 mL aliquot of the rehydrated, unpurified solution for each
sample was then run through the iCapQ_quadrupole ICP—MS
to determine major element concentrations for the unpurified
seawater. The remaining 4.9 mL of each sample was retained
to be purified for K.

2.2.2. lon-Exchange Chromatography. The ion-exchange
chromatography method used to purify each sample for K was
first proposed in 1970*° and is extensively used in recent
studies of potassium isotopes.'' ~'® For each seawater sample,
0.5 mL of the rehydrated sample was passed through one cycle
of “big” columns (filled with 17 mL BioRad AGS0-X8 100—
200 mesh cation-exchange resin) eluted with 0.7 N HNO;, and
the resultant 111 mL collected solution, or “K-cut”, was
evaporated under heat lamps. The residual was then
rehydrated in 1 mL 0.5 N HNO; and passed through one
cycle of “small” columns (filled with 2.4 mL of the same
BioRad AGS0-X8 100—200 mesh cation-exchange resin)
eluted with 0.5 N HNO; to produce a 21 mL K-cut. This
final K-cut was then evaporated under heat lamps and
rehydrated in 5 mL of a 2% HNOj solution for analysis.

Prior to introducing the samples, columns were first rinsed
with 60 or 14 mL 6 N HCI for big or small columns,
respectively. Additionally, several milliliters (S for big columns
and 2 for small columns) were collected immediately before
and after the K-cut volume, which serve as “precuts” and

https://dx.doi.org/10.1021/acsearthspacechem.0c00047
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Figure 1. Sample location from this study (Pacific ocean: station 17 and 18; Atlantic ocean: cast 3—3 and 3—4) and literature.

A Literature

11-14,23,24

Cast 3-3
[K] ppm 541K (%o) Salinity (PSU) Temp. (°C) 0,
350 400 450 -0.1 0,.1 0.3 35 36 37 10 20 30 24 25 26 27 28
200
s
g [ — ——
& 400 .
600} L
80
0
f. gi
. H
200 s =
< L E 2
g
400) |
e . e
. oo
600) i
° e
800245200 450 02 00 02 04 35 36 37 10 20 30 24 25 26 27 28
[K] ppm 3K (%o) Salinity (PSU) Temp. (°C) g
Cast 34

Figure 2. [K] abundance, K isotope composition, salinity, temperature, and potential density anomaly (6y) vs sample depth at cast 3—3 and 3—4
from Atlantic ocean. The global average K isotope composition of seawater (+0.12 & 0.07%o) is also plotted for comparison.

“postcuts” to compare with the K-cut. Chromatography steps
and specifications are outlined in greater detail in the
literature. '

2.2.3. Elemental Analysis with iCapQ ICP—MS. The aliquot
of raw seawater and purified K-cut for each sample, along with
their precuts and postcuts from both big and small columns,
were analyzed against a multielement standard using the
iCapQ_quadrupole ICP—MS (Thermo Scientific, Bremen,
Germany) in the Department of Earth and Planetary Sciences
at Washington University in St. Louis. This serves two
purposes: first, to ascertain whether any matrix elements
remained in the solution for analysis, and second, to ensure
complete (>99%) recovery of K. If any other element is found
in the K-cut in amounts >1% relative to K, the sample is run
through an additional cycle of small columns to avoid matrix

1013

effects; this did not occur in any of our 46 analyzed samples
because K is a major ion in seawater. The K concentrations
acquired from iCapQ_ analysis were then used to dilute each
sample to match our K standard (500 ppb NIST SRM3141a)
within 3%.

2.2.4. Isotopic Analysis Using MC—ICP—MS. The diluted
solutions were then analyzed in the Neptune Plus MC—ICP—
MS (Thermo Scientific, Bremen, Germany) in the Department
of Earth and Planetary Sciences at Washington University in
St. Louis. Each sample was measured ~10 times using the
standard-sample bracketing method. The average of the ~10
measurements is reported as each sample’s 6*'K value, where
SHK = [("K/PK) sampte/ (MK/PK)nist srusiara — 11X1000 in
units of per mille (%o). Analytical uncertainties are reported as
2 standard deviations (2SD), which are given for each sample

https://dx.doi.org/10.1021/acsearthspacechem.0c00047
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Figure 3. [K] abundance, K isotope composition, salinity, temperature, and potential density anomaly (6,) vs sample depth at station 17 and 18
from Pacific ocean. The global average K isotope composition of seawater (+0.12 + 0.07%o) is also plotted for comparison.

in Table 1. The long-term (20 months) reproducibility is
~0.11%0 (28SD; n = 890), and the total procedure blank is 0.26
+ 0.15 pg (28D; n = 7), which is negligible."

3. RESULTS

Table 1 presents all the K concentrations and K isotope
compositions of all four water columns analyzed in this study.
Figure 1 shows the locations for all samples in this study as
well as other seawater samples from the literature,'"''**>**
Figure 2 and 3 illustrate the K concentration, K isotope
composition, salinity, temperature, and potential density
anomaly (o,) versus sample depth.

3.1. Two Water Columns from Atlantic Ocean. The six
water samples from cast 3—3 (from 22 to 352 m water depth)
have K concentrations varying from 400 to 415 ppm (average:
409 + 10 ppm) and K isotope compositions varying from 0.08
+ 0.21 to 0.14 + 0.10%o0 (average: 0.11 + 0.04%0). The 11
water samples from cast 3—4 (from S to 692 m water depth)
have K concentrations varying from 388 to 417 ppm (average:
406 + 19 ppm) and K isotope compositions varying from 0.10
+ 0.16 to 0.19 + 0.19%o (average: 0.14 + 0.05%o). For each
profile, there was no systematic variation in the K
concentration and K isotope composition with sample depth.
All Atlantic ocean samples have the same K isotope
compositions within uncertainty. The grand average of K
isotope compositions for all Atlantic ocean samples in this
study is 0.13 = 0.05%c (2SD), which agrees well with the
Atlantic ocean average (0.14 + 0.02%0) reported in
literature.”*

3.2. Two Water Columns from Pacific Ocean Adjacent
to Hydrothermal Vents. The 15 water samples from station
17 (from 10 to 1537 m water depth) have K concentrations
varying from 297 to 431 ppm (average: 354 + 61 ppm) and K
isotope compositions varying from —0.01 + 0.13 to 0.13 +
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0.10%o¢ (average: 0.07 = 0.09%0). The 14 water samples from
station 18 (from 10 to 1509 m water depth) have K
concentrations varying from 307 to 390 ppm (average: 362
+ 40 ppm) and K isotope compositions varying from 0.05 +
0.08 to 0.12 + 0.09%c (average: 0.09 + 0.05%o). For each
profile, there was no systematic variation in the K
concentration and K isotope composition with sample depth.
All Pacific ocean samples have the same K isotope
compositions within uncertainty. The grand average of K
isotope compositions for all Pacific ocean samples in this study
is 0.07 = 0.07%o¢ (2SD), which is not significantly different
from the average value of all Atlantic ocean samples (0.13 +
0.05%o).

4. DISCUSSION

4.1. Hydrothermal Influence on K Isotopic Hetero-
geneity of Seawater. A main goal of this study is to
constrain the hydrothermal input on the K isotope
composition of seawater. In order to do so, we compare two
water columns from the Atlantic, which are without any close
affinity to a hydrothermal vent system, with the two water
columns from the Pacific ocean (station 17 and 18) that are
right above the ASHES vent field, Axial Seamount, Juan de
Fuca Ridge. As shown previously,”* there is no measurable
difference in K isotopes between the Atlantic and Pacific open-
ocean samples that are not adjacent to any hydrothermal vents.
Thus, if we were to observe any difference between the two
columns from the Atlantic and Pacific ocean samples in this
study, the difference would likely be due to the hydrothermal
influence from the ASHES vent field, an active hydrothermal
system.zs’26

Overall, the two pairs of depth profiles from both the
Atlantic and Pacific ocean samples show variability in K
isotope compositions to some degree. Particularly, the two

https://dx.doi.org/10.1021/acsearthspacechem.0c00047
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water columns right above the ASHES vent field show slightly
higher variability than the two water columns not adjacent to
any hydrothermal systems (2SD: 0.07 vs 0.05%o¢). However,
neither water column shows statistically significant variation
across its depth profile regardless of the distance to the
hydrothermal vent (see Figures 2 and 3). We could reach this
conclusion by comparing Pacific water samples from above and
below the pycnocline (~200 m). In the mid-latitude Pacific,
high rates of precipitation and/or advected freshwater mixing
at the ocean surface create a strong halocline and pycnocline
(Figure 3), which prevents mixing between waters above and
below ~200 m. As a result, seawater chemical signatures
originating at the seafloor are unlikely to reach depths
shallower than 200 m. The upper 200 m of both water
columns appear to have K isotope compositions that are
indistinguishable from the subpycnocline waters: 0.10 + 0.05
vs 0.04 + 0.07%o0 and 0.09 + 0.05 vs 0.08 + 0.05%o for station
17 and 18, respectively.

When dissecting the data in more detail, it is intriguing to
note that the deepest two samples in each column near the
ASHES vent field display the lowest values (0.02 & 0.13, —0.01
+ 0.13, 0.0S + 0.08, and 0.06 + 0.09%¢) among each column
and the largest deviations from the global average (0.10 + 0.15,
0.13 + 0.15, 0.07 + 0.11, and 0.06 + 0.11%0). The deepest
two samples from station 17 and 18 are 1537 and 1482 m
(station 17) and 1509 and 1384 m (station 18), which are
within ten or tens of meters to the vent field sea floor (~1542
m).”>?® The exact distances of each water sample to the vent
orifices are unknown. However, previous studies have shown
that thermal and chemical anomalies of plumes exhibit peak at
S50 m or less from the vent opening, and that buoyant
hydrothermal plumes can affect a bottom layer of water up to
100-250 m thick.”**>** A decrease in 650 nm beam
transmission was also observed by CTD instrumentation at
these bottom depths at station 17 (see the Supporting
Information and full CTD data archived at rvdata.us, DOI:
10.7284/907996), indicative of a particle source or nepheloid
layer that may be related to a hydrothermal origin—station 17
also exhibited the lowest K isotope ratios at these depths.
Nevertheless, the differences between these deepest samples
and the global average are at the edge of current analytical
precision and thus cannot be entirely resolved from each other
with statistical significance. Therefore, we are cautious to make
any suggestion that these deepest samples near the ASHES
vent field have been influenced by locally advected hydro-
thermal fluids.

In summary, this study comparing water columns with and
without potential hydrothermal inputs does not conclusively
show any direct influence on the seawater K isotopic
compositions from hydrothermal fluids. Within our current
analytical limitations, the modern seawater is homogeneous in
terms of K isotopes, which is consistent with the long residence
time of K in seawater.'® So far, there is no peer-reviewed
publication available on direct measurements of the K isotope
composition of hydrothermal fluids, yet”' it was assumed to
have a very large range from —1 to 0%o (cf., seawater 0.12 +
0.07%o0) without providing any direct measurements.” Here,
we observe no direct evidence of hydrothermal influence on
seawater K isotope compositions, though we emphasize that
our Pacific seawater samples were merely adjacent to a
hydrothermal vent system and might not have directly sampled
waters with hydrothermal influence. Direct measurements on
hydrothermal fluids from the ASHES vents and other vent
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systems are required in order to quantify the endmember K
isotope compositions of hydrothermal fluids.”" Further
systematic studies of K isotope variations in hydrothermal
fluids and their contributions to the seawater K isotope budget
need to be conducted.

4.2. Global Average K Isotope Composition of
Seawater. The global average K concentration of seawater
is 399 ppm,” and the total ocean mass is about 1.4 X 10'* Tg,
thus the total amount of K dissolved in seawater is 5.6 X 10°
Tg. The annual riverine flux of K is 52—62 Tg,l7_19 while
annual hydrothermal flux is 5—36 Tg.">'"~*° Based on the
estimation above, the oceanic residence time (7) of potassium
calculated here is 5.7—9.8 million years, which is close to the
previously estimated 11 million years.'® Regardless of which
value is used, the residence time of potassium is very long
compared to the average mixing time of the oceans, which is
about 1000 years. Therefore, potassium is a conservative
element in seawater. Potassium and its isotopes are expected to
be well mixed among oceans. Accordingly, varying K
concentrations measured here correlated with the varying
salinity observed across the Atlantic and Pacific samples.

Until recently there were only four individual published
analyses of seawater samples (two from the Atlantic ocean and
two from the Pacific ocean) in the literature, and their K
isotope compositions varied significantly between 0.03 + 0.03,
0.06 =+ 0.03, 0.10 + 0.07, and 0.14 + 0.01%o0.""~"*** Recently,
researchers from the University of Washington™ conducted
the first systematic study on the heterogeneity of K isotopes in
seawater, and they defined the ranges of K isotope variations to
be 0.13 + 0.04 to 0.17 + 0.05%o for the Atlantic ocean, 0.13 +
0.04 to 0.15 = 0.04%o for the Pacific ocean, and 0.12 + 0.0S to
0.15 + 0.04%o for the Indian ocean. The authors™* concluded
that the K isotopic compositions of global oceans are
homogeneous, and the average of all of their samples is 0.14
+ 0.02%o.

Our new analyses show results to be consistent with the
literature.”* As seen in Table 1 and Figure 2, all columns show
no resolvable variation of K isotopes despite the presence of
multiple water masses across depth exhibiting varying temper-
atures and salinity. The average of K isotope compositions for
all samples from this study is 0.10 + 0.08%o, which is
indistinguishable from the literature values of 0.14 + 0.02 and
0.10 + 0.07%0" ** but significantly higher than other literature
values of 0.03 + 0.03 and 0.06 + 0.03%..'*"3

Combining this study with all literature data, we
calculated the most comprehensive average of the modern
global seawater constructed from the largest database (70
individual samples from 17 locations in the Atlantic, Pacific,
and Indian oceans with varying depths of 0 to 4500 m; see the
Supporting Information). We found that there is no resolvable
K isotopic difference between the three oceans: 0.12 + 0.08%o
(Atlantic), 0.11 + 0.06%o (Pacific), and 0.14 + 0.01%o
(Indian). The best available average global K isotope
composition of modern seawater calculated here is 0.12 +
0.07%o0 (2SD).

This new global average K isotope composition of modern
seawater agrees well with the previous reports'' ~'**>** within
analytical uncertainties. It further highlights the large and
significant difference between the two major reservoirs on
Earth, that is, the ocean and the BSE. A large number of
igneous rocks (e.g., ultramafic, mafic, intermediate, and felsic)
from different regions and tectonic settings on Earth have been
analyzed,''~'*****! exhibiting a tight range of K isotopic

11—14,23,24
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variation between —0.5 and —0.4%c. The BSE values have
been defined by multiple groups based on datasets with varying
sample sizes, such as —0.5,>> —0.48 + 0.03,'" —0.52,** and
—0.54 + 0.06%0."> Most recently, the K isotopic compositions
of 51 fresh mid-ocean ridge basalts and oceanic island basalts
have been analyzed on samples collected from the Atlantic
mid-ocean Ridge, East Pacific Rise, Galapagos Ridge, Gulf of
Aden, Red Sea, Austral Chain, Hawaii, Society Plume, and
North Fiji Basin.”* The mean value calculated from this largest
database of globally distributed fresh oceanic basalts is —0.43
+ 0.17%o0 (2SD), which can be used as the best available
representative BSE value. Using this BSE value and the average
global K isotope composition of modern seawater in this study,
we derived a significant difference of 0.55 + 0.18%o¢ between
the seawater and BSE.

The reason why seawater is significantly enriched in heavy K
isotopes relative to the BSE is still not entirely known and
would require quantitatively modeling and balancing the major
inputs and outputs of K into seawater, that is, the riverine and
hydrothermal inputs as well as the isotopic fractionation during
marine sediment formation and reverse weathering.” The K
isotopic compositions of global riverine inputs, hydrothermal
fluids, and isotope fractionation factors during authigenic clay
formation and low-temperature alteration have not been well
constrained and are still debatable.>®*"** The well-studied, Li
isotope system could become a useful analogue for under-
standing the global cycling of K isotopes as both Li and K are
alkali metals and have similar geochemical behavior. The Li
isotope composition of seawater (31 + 0.05%0)>° has long
been known to be enriched in heavy Li isotopes compared to
the BSE value (3.5-4.0%0¢).>® This heavy Li isotope
composition of seawater has been successfully explained by
balancing the inputs (from rivers, groundwaters, and hydro-
thermal fluids) and outputs (through low-temperature
alteration of oceanic basalts and authigenic clay formation in
sediments).>* Most importantly, Li isotopes have been used as
a tracer of climate change and continental weathering through
geological history by applying the same mass-balance box
model of Li isotopes of modern seawater into that of the paleo-
seawater.”” It has been found that the Li isotope composition
of paleo-seawater was heavier by 9%o during the Cenozoic,
which has been linked to the increased riverine flux caused by a
stronger continental weathering because of the tectonic
uplift.g’7 In contrast to Li, K is not a major constituent of
carbonates, thus the K isotope flux of riverine inputs to
seawater is not affected by carbonate weathering and is mostly
dominated by silicate weathering. Thus, combining K isotopes
with Li isotopes may better distinguish carbonate weathering
from silicate weathering. Similar to Li isotopes, K isotopes have
also the potential to become a novel proxy of the secular
evolution of continental weathering.”

5. CONCLUSIONS

In this study, we report the K isotope compositions of 46
seawater samples from four depth profiles from two locations
in the Pacific and Atlantic oceans. Seawater samples from both
oceans with or without any close affinity to a hydrothermal
vent system showed uniform K isotope compositions and no
correlation between K isotope composition and location, K
concentration, depth, temperature, or salinity. Using these new
results, combined with literature data, we calculated the best
available average global K isotope composition of modern

seawater to be 0.12 + 0.07%o (2SD), which is 0.55 + 0.18%0
higher than the BSE value.

In addition, we also searched for direct hydrothermal
influence on the seawater K isotope composition in seawater
samples from above an active hydrothermal vents field
(ASHES vent field, Juan de Fuca Ridge) in the Pacific
ocean. Considering the current analytical uncertainty, there is
no resolvable direct influence from hydrothermal vent systems
on the seawater K isotope composition. Nevertheless, direct
measurements on hydrothermal fluids are still lacking, and it
remains to be investigated what the end-member values of
hydrothermal fluids would be, and whether they could
significantly change the K isotope budget of the ocean. The
hydrothermal inputs to seawater need to be further constrained
before applying the K isotope system to understand
continental weathering and tracing global K cycling.
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