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GEOCHEMISTRY

Potassium isotopic heterogeneity in subducting

oceanic plates

Yan Hu'*, Fang-Zhen Teng'*, Terry Plank?, Catherine Chauve

Oceanic crust and sediments are the primary K sinks for seawater, and they deliver considerable amounts of K to
the mantle via subduction. Historically, these crustal components were not studied for K isotopes because of the
lack of analytical precision to differentiate terrestrial variations. Here, we report a high-precision dataset that re-
veals substantial variability in oceanic plates and provides further insights into the oceanic K cycle. Sixty-nine
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sediments worldwide yield a broad 3*'K range from —1.3 to —0.02%eo. The unusually low values are indicative of
release of heavy K during continental weathering and uptake of light K during submarine diagenetic alteration.
Twenty samples of altered western Pacific crust from ODP Site 801 display 8*'K from —0.60 to —0.05%so, averaging at
—0.32%o. Our results indicate that submarine alteration of oceanic plates is essential for generating the high-*'K
signature of seawater. These regionally varying subducting components are heterogeneous K inputs to the mantle.

INTRODUCTION

Oceanic crust and seafloor sediments play an essential role in modi-
fying the chemical and isotopic composition of seawater; they are
also a primary input of volatile compounds and crust-enriched ele-
ments to subduction zones that leads to mantle heterogeneity (1-3).
Elevated potassium (K) contents in basalts have been used as an
indicator of such heterogeneity (4) because K concentration is sub-
stantially higher in oceanic crust [~1000 parts per million (ppm) (5, 6)]
and marine sediments [18,350 ppm (2)] relative to the mantle [260 ppm
(7)]. The basaltic crust further accumulates K (~5000 ppm) during
low-temperature hydrothermal circulation (8-10). Therefore, altered
crust is an important K sink for seawater, along with authigenic
mineral formation in marine sediments (9-16). Potassium has two
stable isotopes with mass 39 (93.3%) and 41 (6.7%), and variation in
the K isotopic ratio provides a rare opportunity to constrain mass
fluxes of crustal recycling from a major element perspective. However,
because of previous limitations in analytical precision, terrestrial
variations were unresolvable within +0.5%o (17). This study lever-
ages recently developed methods to provide high-precision [better
than 0.06%o (18)] measurements and further insights into K isoto-
pic variations in altered oceanic crust and subducting sediments,
the two major components of crustal cycling.

Markedly improved analytical precision of UK [8YK (%0) =
((41K/39K)sample/ (MK/¥K)standard — 1) X 1000] allows identification
of K-rich crustal materials that are recycled to the mantle. Studies of
an Iceland’s basalt-to-rhyolite differentiation sequence suggest neg-
ligible K isotope fractionation (<0.1%o) during mantle partial melting
and magmatic differentiation (19), which is supported by theoreti-
cally calculated fractionations between silicate melts and minerals
at equilibrium (20). Hence, 8*'K values in basalts are representative
of their mantle sources. Fresh oceanic basalts sampled globally have
8*'K values that range from —0.66 to —0.25%o, with 90% of the sam-
ples clustering between —0.52 and —0.34%o (fig. S1), indicating a
relatively homogeneous K isotopic composition of the global ambi-
ent mantle (19, 21). A suite of continental basalts from northeast-
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ern China displays a noticeably larger variation (-0.81 to —0.15%o),
and their 8*'K values correlate with elemental ratios and radio-
genic isotopes that are indicative of crustal inputs (22). These cor-
relations suggest modification of their mantle sources by recycled
crustal components (22). While large K isotopic variations have
been documented in sedimentary materials on continents (23-26),
the K isotopic compositions of crustal materials that are pres-
ently entering the subduction zones are poorly constrained. These
components are the focus of the current study.

Marine sediments and underlying basaltic crust are two primary
K sinks for the ocean. Constraining their K isotopic variations is
critical for identifying their roles in the oceanic K cycle. The oceanic
K cycle is largely controlled by continental silicate weathering and
marine authigenic aluminosilicate formation; both processes are
linked to the long-term carbon cycle (15). A major discovery from
recent high-precision K isotope studies is that seawater is isotopically
0.55%o heavier than average igneous rocks (27-29). With a homo-
geneous 8*'K value of 0.12 + 0.07%o, seawater constitutes the isoto-
pically heaviest K reservoir on Earth (30, 31). This high §*'K value
cannot be accounted for by K inputs from dissolved riverine loads
or mid-ocean ridge hydrothermal fluids, both of which are isotopically
lighter than seawater (25, 32). Therefore, there must be oceanic sinks
that remove light K isotopes from seawater. The major K sinks in-
clude low-temperature alteration of basaltic crust and authigenic
mineral formation in marine sediments. Depth profiles of 3*'K in
sediment pore fluids suggest removal of isotopically light K (33), yet
this removal cannot be unambiguously attributed to marine sedi-
ments or the underlying oceanic crust (15). On the other hand, two
recent studies on altered basalts, including samples from ophiolite
suites and ocean drilling cores, reached inconsistent conclusions
regarding the magnitude and direction of K isotope fractionation
during low-temperature hydrothermal alteration (34, 35). These
disparate findings motivated us to further investigate the behavior
of K isotopes during submarine alteration of oceanic crust and sediments
and how these alteration processes affect the oceanic §*'K signature.

The samples analyzed here include marine cores of altered basaltic
crust and sediments drilled in front of major subduction zones around
the globe (fig. S2). The basaltic basement core was recovered from
Ocean Drilling Program (ODP) Site 801, which lies seaward of the
Mariana Trench and represents the majority of the subducting western
Pacific crust. As the oldest drilled oceanic basement [ca. 170 million
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years (Ma) (36)], it preserves a long history of low-temperature alter-
ation and is a reference section for altered basement formed at fast-
spreading ridges (10, 37, 38). The sediment cores encompass a wide
variety of sedimentary materials that were used to constrain the bulk
composition of global subducting sediments (2). Overall, our study
provides direct evidence that low-temperature alteration of oceanic
crust and authigenic mineral formation during sediment diagenesis
preferentially remove light K isotopes from seawater, thereby leading
to its heavy K isotopic composition. These fractionation processes
impart distinct *'K signatures in altered basaltic crust and sediments
that can be used to identify their contributions to the mantle.

RESULTS

The 5*'K values measured in altered crust vary from —0.60 to —0.05%o
and in subducting sediments from —1.3 to —0.02%o (tables S1 and S2);
these values span a range of 20 times greater than the long-term
precision of our analytical methods. The 8*'K data straddle the av-
erage mantle value of —0.43%o (21); however, they are all lower than
the seawater value of 0.12%o (see Materials and Methods for sample
details) (30, 31).

Altered basaltic crust from western Pacific

The upper oceanic basement at ODP Site 801 formed in two stages:
The 315-m lower unit represents the Pacific crust formed at the
spreading ridges around 167.4 Ma (on-axis), and the 175-m upper
unit represents off-axis sill intrusions into the basal sediments at
around 160.1 Ma (36). Both units are altered by low-temperature
hydrothermal fluids (10). The basement core analyzed here includes
individual samples and composite mixtures made by reconstituting
the various lithologies in proportions to their abundance at a given
depth (8). Compared with fresh basaltic glass from the core, altered
basalts are enriched in K,O to various extents (Fig. 1A). There is a
concomitant increase in K,0O and 8*'K upward in the core (Fig. 1).
Eight individual samples that encompass a broad range of alteration
have 5*'K values between —0.60 and —0.29%o. A single sample from
the hydrothermal layer at 625 mbsf (meters below the seafloor) was

SUPER

also analyzed. It is composed mainly of iron oxyhydroxides cemented
by quartz (10), and it has an exceptionally high 8*'K value of —0.05%o.
Ten composite samples have §*'K values ranging from —0.49 to —0.31%s,
and samples from the upper unit that underwent more intense alter-
ation display greater K enrichment and slightly higher §*'K values
than those from the lower unit (Fig. 1). A composite of interflow
sediments (SED) accumulated between basaltic pillows in the upper
230 m of the basement has a §*'K value of —0.42%o, similar to fresh
mid-ocean ridge basalts (MORBs). A grand composite (SUPER) rep-
resentative of the entire basaltic column has a *'K value of —0.32%o
(2SD), which is ~0.1%o higher than the average 5*'K value of fresh
MORBs.

Santiago Ramos et al. (34) recently reported §*'K values for 17
samples from the same drill core at depths complementary to this
study. Their data have much larger analytical uncertainties and are
mostly indistinguishable except for two extreme values (-0.74 and
0.18%o, all their data are converted from seawater scale to reference
standard SRM 3141a used in this study) (Fig. 1B). Nevertheless,
their samples generally follow the trend defined by our samples,
displaying increasing 5*'K upward in the core. Samples adjacent to
the hydrothermal layer have substantially higher 5*'K values (Fig. 1B).
On the basis of 12 whole-rock samples, Santiago Ramos et al. (34)
calculated an average 5*'K of —0.35 + 0.18%o (2SD) weighted by the
K/Ti ratios of the samples. Given the large uncertainty with their aver-
age, the 8*'K value of the SUPER composite presented here is better
constrained (—0.32 * 0.04%o, 2SD). This composite incorporates
various alteration lithologies weighted by their abundance in the
core. Hence, the SUPER composite offers a more robust estimate of the
bulk composition of altered basaltic basement at ODP Site 801.

Subducting sediments worldwide

Sixty-nine marine sediments recovered from 11 drill sites of the
Deep Sea Drilling Project (DSDP) and ODP, along with the sediment
composite (SED) from ODP Site 801, were measured to capture the
8*'K variability of sedimentary input to subduction zones on a global
scale. Their 8*'K values range from —1.3 to —0.02%, with the low end
reaching nearly 1%o lighter than the average mantle value of —0.43%o
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Fig. 1. Potassium content and isotopic composition of altered basaltic basement at ODP Site 801 plotted as a function of depth. (A) KO, (B) 5*'K. Depth in mbsf. SUPER
refers to the super composite, and SED refers to the interflow sediment composite at Site 801 (8). In (A), KO contents of altered basalts are from (8) and those of fresh MORBs
[0.12 +0.06 weight % (wt %)] are Site 801 basaltic glass measurements from (5). In (B), 5%'K of fresh MORBs is taken from the recommended average for the Japanese basalt stan-
dard JB-1[-0.42 +0.06%o (27)]; this basalt is the closest sample to the drill site that has high-precision 5*'K data. Colored symbols are §*'K data from this study plotted with 95%
confidence interval (Cl) (table S1). Gray circles are literature data (34) from the same drill core but different depths (solid and open symbols represent whole-rock and vein sam-
ples, respectively). These data are reported relative to an in-house seawater standard measured at —0.02 + 0.17%o, and uncertainties are only available as 2SD (34). These data are
converted to the international K isotopic standard [National Institute of Standards and Technology (NIST) SRM 3141a], to which seawater has a §*'K value of 0.12 + 0.07%o (30, 37).
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and the high end approaching the seawater value of 0.12%o (Fig. 2A).
These sediments also display regional variations in 5*'K. Detrital
sediments (turbidites and terrigenous clays) from Cascadia and Peru
have 3*'K values of —0.44 to —0.35%o, similar to the average mantle
value. In comparison, those from South Sandwich, Nicobar Fan,
Lesser Antilles, and Alaska have 8*'K extending to variably lower values.
Notably, most sediments from Lesser Antilles range between —1.0
and —0.7%o. Hydrothermal clays from Ryukyu display even lower
3*"K values down to —1.3%o. On the other hand, four hemipelagic mud
sediments from Central America have §*'K values of —0.37 to —0.27%o,
slightly higher than the mantle average. High §*'K values are also
found in oxidized brown clays from the Philippines and Tonga, with
an exceptionally high value of —0.02%o in a Tonga ferromanganese
nodule. Overall, the §*'K variation in these marine sediments is
more than double that documented in worldwide loess and shale
samples (—0.68 to —0.12%o) from upper continental crust (Fig. 2B)
(23). Furthermore, greater dispersion in 5*'K occurs in marine sedi-
ments with older depositional ages, in particular, toward values
lighter than continental 5*K (Fig. 2B).

DISCUSSION

Our 8*'K data reveal more than 0.5%o variation in altered oceanic
basement from ODP Site 801 and ~1.3%o variation in marine sediments
approaching major subduction zones. The large K isotopic het-
erogeneity in these crustal components suggests that substantial
fractionation occurs during submarine alteration. For detrital sedi-
ments, subaerial continental weathering also affected their §*'K values
before they enter the ocean. Below, we examine the direction and
extent of associated fractionations and discuss insights that these
results provide to the oceanic K cycle and mantle heterogeneity.

Controls of seawater alteration on basaltic crust

Alteration of oceanic crust by low-temperature hydrothermal fluids
is associated with substantial enrichments in K (8-10, 12, 38). An
earlier study of the Bay of Islands ophiolite, Canada, found that the
K added during alteration have seawater-like 5K values (35), whereas
a more comprehensive study on Troodos ophiolite, Cyprus, suggests
preferential uptake of light K isotopes by altered basalts (34). Given
that both ophiolite suites are formed in supra-subduction zone set-
tings where exotic fluids may be discharged from downgoing slabs,
they may not be representative of a normal segment of oceanic crust
formed at spreading ridges (12). For example, Santiago Ramos et al.
(34) argued that K-feldspar dominates the K budget in Troodos

ophiolites because its abundance increases positively with K,O con-
tents in the ophiolite samples. This contrasts with observations from
marine basement cores, where K,O increases coincidingly with H,O,
hence indicating the formation of K-bearing hydrous phases (Fig. 3A)
(12). This is supported by the observations that the majority of altered
basalts from ODP Site 801 have chemical compositions projecting
from fresh MORB glass to saponite and celadonite, with a few samples
potentially containing a larger amount of Fe oxyhydroxides or zeolites
(Fig. 3B). It is thus essential to analyze in situ oceanic basement for
comparison with the ophiolites.

The western Pacific basement analyzed here underwent an exten-
sive period of low-temperature hydrothermal alteration, subsequent
to a short period of high-temperature hydrothermal alteration at the
ridge axis since its formation ~170 Ma ago (36). While the K isotopic
composition of contemporaneous seawater is unknown, it is sug-
gested that the K™ concentration in seawater has not changed ap-
preciably during the Phanerozoic (541 Ma to present) (39). Furthermore,
several late Permian sylvite (KCl) evaporites display 5*'K similar to
present-day seawater (28, 29). It is thus reasonable to assume that
the 3*'K value of seawater has been more or less constant since the
Permian. This assumption is further supported by the indistin-
guishable average 5*'K values obtained for the ~92-Ma Troodos
ophiolites and the ~170-Ma in situ basement at ODP Site 801 [this
study and (34)].

Our data indicate that altered basalts take up K from seawater
with a large K isotope fractionation. At a given 1/[K,O] ratio, the
altered basalts have §*'K values that fall below the binary mixing
line between fresh MORB and an infinite seawater reservoir, indi-
cating that secondary minerals formed in basalts preferentially take
up light K isotopes from seawater (Fig. 3C). This conclusion holds
true even if Jurassic seawater was 0.2%o lighter than present-day
value. The preference for light K by altered basalts is consistent with
results from theoretical calculations (20) and field studies (23-26),
likely due to weaker K—O bonds in clays than in fluids (20). The
Si-Fe-rich hydrothermal layer formed between the on- and off-axis
basements exhibits the highest *'K (~0.05%0) among the sample
suite, indicating a dominant seawater influence on the distal hydro-
thermal fluids (10). Samples from the upper unit display a modest
decrease in 5*'K with K enrichment, pointing toward a celadonite
breccia cement and an interflow sediment sample that is likely rich
in celadonite (Fig. 3D). By contrast, samples from the lower unit
display a progressive enrichment in heavy K (Fig. 3D). This trend
may reflect more restricted access to oxygenated seawater in the
lower unit and evolving fluid §*'K, as light K isotopes have been
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Fig. 2. K isotopic composition of subducting marine sediments. The data reveal (A) large regional variation among the 11 drill sites and (B) increasing variation with
sediment deposition ages. In (A), the horizontal axis (drill site latitude) is not equally spaced to avoid overlap between data from different trenches. Typical 5*'K ranges
for the mantle (fig. $1), upper continental crust (23), and seawater (30, 37) are plotted for comparison. Sediment §*'K data are reported in table S2.
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Fig. 3. Variations of K,0 and 5*'K in altered basaltic basement from ODP Site 801. (A) and (B) indicate that K enrichment is associated with the formation of clay and
zeolite minerals. LOI, loss on ignition. In (B), representative secondary minerals reported for Site 801 and the nearby Site 1149 are plotted to identify major K-bearing minerals
(10,56). In (C), altered basalts have §*'K values lower than that expected for binary mixing between an unlimited K reservoir [6"K=0.12+0.07%o (30, 37)] and fresh MORBs
[K;0=0.12 wt % (5), 8*'K = —0.42 + 0.06%o (27)], suggesting preferential uptake of light K isotopes from seawater during alteration. In (D), *'K of altered basalts are plotted
against the degree of K enrichment assessed by K/Ti ratios. Elemental data for altered basalts are from (8), and those for fresh MORBs are Site 801 basaltic glass measurements
from (5). Gray circles are literature data (34) from the same drill core but different depths (solid and open symbols represent whole-rock and vein samples, respectively).

continuously removed into altered basalts. In addition, the slightly
higher alteration temperatures at deeper depth may lead to a smaller
fractionation between secondary minerals and hydrothermal fluids.
Different secondary minerals (e.g., clay versus zeolite; Fig. 3B) can
also contribute to 8*'K variability among the altered basalts.

While the K added to altered basalts is significantly lighter than
seawater, it does not differ substantially from fresh MORBs. For exam-
ple, the two celadonite-rich samples have highly enriched K contents,
yet their 5*'K values are similar to fresh MORBs (Fig. 3D). Consequently,
K enrichment in altered basalts does not produce a substantial shift
in 8*'K on bulk-rock scale, with the entire basaltic basement averag-
ing at —0.32%o. These 8*'K features may be typical of altered base-
ment formed at fast-spreading ridges, where oxidation halos along
fractures are an order of magnitude less abundant compared to some
other altered crustal sections, possibly due to low basement relief
and high sedimentation rates (10). Exceptionally higher *'K values
are restricted to samples adjacent to the hydrothermal layers, which
is consistent with previous petrographic observations by Alt and
Teagle (10) that such samples are the most altered. Slow-spreading
crust generated in Atlantic and Indian Oceans may acquire higher
8"!K values assisted by fault-enhanced fluid pathways and abundant
pillow lavas at depth (10, 40).

Controls of continental weathering and marine diagenesis
onsediments

Marine sediments are mixtures of detrital phases, biogenic phases
(opal, calcium carbonate, and apatite), and authigenic phases formed
in situ in the ocean (I, 2). Biogenic phases have low K contents;
nevertheless, they are susceptible to postdepositional dissolution,

Hu et al., Sci. Adv. 2020; 6 : eabb2472 2 December 2020

thereby providing Si and Ca that promote the formation of authi-
genic minerals. Potassium in marine sediments correlates positively
with Rb (Fig. 4A), indicating that both elements are primarily associated
with detrital phases, particularly K-feldspar and clay (including mica)
that are compatible with the large K cation. The majority of sediments
analyzed here share a K,O/Rb ratio similar to that of Post Archean
Australian Shale (PAAS), suggesting that K in these sediments is
primarily inherited from subaerial continental weathering. By contrast,
many sediments from the Philippines, Tonga, Ryukyu, and Lesser
Antilles display elevated K,O/Rb ratios that are indicative of post-
depositional diagenetic K uptake (Fig. 4A), which is consistent with
their older depositional ages (Fig. 2B). Except for these sediments,
there is a general negative correlation between 5*'K and Rb/K,O (Fig. 4B).
This correlation is reflective of continental weathering, during which
the larger Rb cation is preferentially retained over K by clay minerals
and heavy K isotopes are preferentially released to the hydrosphere
(23-26). As aresult, sediments derived from ancient, highly weathered
sources are characterized by higher Rb/K,0 and lower *'K. In ad-
dition to Rb/K;O, the release of heavy K during continental weathering
is further supported by correlations of 5*'K with other weathering
indices, such as Cs/K,0, Rb/Sr, the chemical index of alteration
(CIA), and sediment Li contents (fig. S3).

The effect of subaerial continental weathering on the K isotopic
compositions of marine sediments is constrained by comparing
them with published data on continental sedimentary materials in
Fig. 4C. For this comparison, CIA is used as a measure of the weathering
of feldspar and volcanic glass to clay minerals (41). Terrigenous
sediments from Nicobar Fan, Peru, and South Sandwich form a
negative correlation between 5*'K values and CIA (Fig. 4C and fig. $3C),
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Fig. 4. Major factors controlling K isotope fractionation in marine sediments. (A) Positive correlation between K0 and Rb contents in marine sediments. Sediments

with Rb/K;0 ratios similar to PAAS (57) are mainly affected by subaerial continental
diagenetic K uptake. (B and C) Preferential release of heavy K isotopes during contine
of the samples. 5*'K range for PAAS is from (23). In (C), CIA =100 x Al,03/(Al,03 + Ca

weathering, whereas those with lower Rb/K,0O are possibly subjected to submarine
ntal weathering leads to a decrease in §*'K with increasing weathering in the majority
0O + NayO0 + K;0), where only Ca0 in the silicates should be considered (41). The cou-

pled decrease in §*'K and CIA in Lesser Antilles and Ryukyu sediments likely reflects diagenetic uptake of K. The gray diamond symbols represent published data on
continental sedimentary materials (23, 24, 26). (D and E) Preferential uptake of light K isotopes during diagenetic alteration of Ryukyu and Lesser Antilles sediments.

(F) Diagenetic alteration of Tonga sediments shifts their 5*'K to slightly higher valu
data for sediments are from (52, 53).

where the increasing extent of chemical weathering is concomitant
with preferential loss of isotopically heavy K. By contrast, no
substantial variation in 3*'K is observed for Cascadia and Alaska
turbidites (Fig. 4C), suggesting that the increased CIA is mainly
caused by weathering of plagioclase rather than K-feldspar, which is
more resistant to weathering. This is consistent with their origins from
high-latitude regions where physical weathering prevails (Fig. 2A).
Moderately to intensively weathered continental sedimentary materials
(CIA up to 90) have 5*'K values ranging between —0.70 and —0.35%o
(Fig. 4C). This range is representative of terrigenous sediments de-
livered to the ocean and is comparable to eolian dust and riverine
suspended loads (—0.68 to —0.31%o) (25, 26, 42). Nonetheless, con-
tinental weathering cannot account for the observed broad range in
8*'K, and additional processes required are discussed below.
Diagenetic uptake of K in the Ryukyu and Lesser Antilles sedi-
ments leads to lowering of Rb/K,0 and CIA that coincides with a
decrease in 8*'K to exceptionally low values (Fig. 4, B and C). These
correlations indicate that isotopically light K from pore fluids is
preferentially incorporated and fixed into authigenic minerals formed
in the sediments. This preference is supported by modeling results
of sediment pore fluids (33), possibly due to a combination of pro-
cesses occurring during diagenetic K uptake, including a decrease in
K—O bond strength (20), faster diffusion of *’K to the growing clays
(43), and preferential loss of 1K during desolvation of hydrated K (44).
The role of diagenetic alteration is also supported by the negative
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es, possibly due to sorption of heavy K from seawater or pore fluids. Major element

correlation between 8*'K and &’Li for Lesser Antilles sediments
(Fig. 4D), which is consistent with the formation of high-67Li diagenetic
phases, as opposed to low-8’Li clay minerals formed during conti-
nental weathering (45). In addition, 8*'K values in Ryukyu and Lesser
Antilles sediments decrease with increasing K,O/Nb, suggesting light
K enrichment with progressive sediment diagenesis (Fig. 4E).
X-ray diffraction (XRD) analyses on three representative Ryukyu
sediments provide additional evidence for preferential uptake of
light K by authigenic minerals (fig. S4). Sample 295-3-2-30-35 contains
illite-smectite as the only major host of K. Its §*'K value of —1.2%o
possibly reflects diagenetic transformation of smectite to illite, which
may involve dehydration and fixation of K in the interlayer of clays,
with both processes favoring light K isotopes as discussed above.
Another Ryukyu sediment (294-4-1-110-115) that has a higher 31K
of —0.86%o contains a large fraction of illite/smectite (37%) and
orthoclase (26%). Its relatively high 5*'K may thus reflect higher
8K in K-feldspar relative to clay, which is supported by the
measurement of a K-feldspar standard in this study (FK-N;
8*'K = —0.27%o; table $3). The Ryukyu sediment that displays the
lowest 8K in this study (sample 295-2-6-84-89, ~1.3%o) has 27%
clinoptilolite (a K-rich zeolite) in addition to 20% illite/smectite, sug-
gesting that clinoptilolite is likely to have exceptionally low 8*'K values.
The low 8*'K values in Lesser Antilles sediments are possibly caused
by similar diagenetic processes because clinoptilolite is the predominant
zeolite in the Atlantic Ocean; furthermore, clinoptilolite is often
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associated with calcareous sediments and old sediments (Miocene
to Cretaceous) (46).

The K-enriched Tonga sediments display 8*'K values slightly
higher than terrigenous sediments that underwent little weathering
(Fig. 4B) and form a positive correlation with Na/K (Fig. 4F). This
correlation is consistent with sorption of isotopically heavy K from
high Na/K fluids similar to seawater. Sorption of hydrated K ap-
pears to occur with limited isotope fractionation, which is reflected
in a ferromanganese nodule that has a §*'K value close to seawater.
Tonga sediments contain abundant bentonite clays that could have
strong sorption capabilities (fig. S4). The positive correlation may
alternatively suggest formation of authigenic minerals with high Na/K
ratios such as phillipsite and merlinoite zeolite. These zeolites can
form from abundant amorphous phases in Tonga sediments (fig. S4).
Last, K-feldspar and muscovite in Tonga sediments (fig. S4) may
also contribute to their slightly higher 8*'K values. Similar diagenet-
ic effects are observed in the Philippines and Central American
sediments but are less apparent because of dilution by detrital clays
(fig. S3D).

In summary, diagenetic influences are more prominent in sedi-
ments that have lower amounts of detrital components. The diagenetic
effects on the K isotopic compositions of marine sediments depend
primarily on mineral types formed during alteration and the mech-
anism of K uptake. While sorption of hydrated K may lead to mild
enrichment in heavy K isotopes, incorporation of K into authigenic
minerals appears to be strongly favoring light K, and in general,
marine sediments are a sink for light K isotopes in the ocean.

Implications for oceanic K cycle

Potassium is the fourth most abundant cation in the ocean with a
residence time of approximately 10 Ma (15). The K concentration
and isotopic composition of seawater are thus expected to be in
steady state. However, the oceanic K fluxes associated with its primary
inputs and outputs remain poorly constrained. A better estimate
of K fluxes can be obtained by solving mass and isotope balance
equations simultaneously

Jriv + Jnyd = Jsed + Jaoc (1)

Brivriv + 6hyd]hyd = OsedJsed + Oa0cSaoc = (Bsw+ Ased) Joed +
(8sw + Aaoc)Jaoc 2)

where the subscripts riv, hyd, sed, and AOC represent the fluxes
(J; Tg/year) and 51K values (8; %o) of K inputs from riverine dissolved
loads (riv) and hydrothermal fluids from mid-ocean ridge (hyd), as
well as K outputs to marine sediments (sed) and altered oceanic
crust (AOC). “A” represents K isotope fractionation factors associated
with the sediment and AOC sinks. Li et al. (25) used a Monte Carlo
approach to constrain the oceanic K fluxes. Following their approach,
we provide a simulation using up-to-date fractionation factors for
principle K sources and sinks. This updated model based on our
new data incorporates AOC as a sink for light K isotopes in the ocean,
as opposed to a fractionation factor of zero used by Li et al. (25).
Surface runoft is the primary K input to the ocean, delivering 50
to 62 Tg of dissolved K each year (12, 13, 15). Li et al. (25) proposed
an average 8*'K of —0.22 + 0.04%o for global rivers based on a nega-
tive correlation of 8*'K in riverine dissolved load with the weathering
intensity from 15 river water samples collected in China. A sub-
ordinate fraction of K is added to the ocean by mid-ocean ridge

Hu et al., Sci. Adv. 2020; 6 : eabb2472 2 December 2020

hydrothermal fluids, and the estimated flux varies from 5 to 36 Tg
(9, 11-14). A recent study of high-temperature hydrothermal fluids
collected from Gorda Ridge and East Pacific Rise found that these
fluids preferentially leach light K isotopes from MORBs, with a frac-
tionation factor of —0.6 to —0.2%o between fluids and basalts (32).
Therefore, presently known inputs of K are isotopically lighter than
seawater.

Our study indicates that both marine sediments and AOC prefer
to take up light K isotopes from seawater. However, the K fluxes
associated with these two K sinks are poorly constrained in pre-
vious studies, with estimated fluxes varying from 25 to 43.2 Tg/
year for marine sediments (11-13) and from 10 to 19.2 Tg/year
for AOC (12-14, 16). Here, we use K isotopes to further constrain
the K fluxes in the ocean. The K budget in marine sediment reflects
a mixture from detrital phases and seawater K incorporated into au-
thigenic minerals. The 5*'K values of 1.3 to —0.22%o measured in
marine sediments suggest a possible range of —1.4 to —0.34%o for
fractionation factors between authigenic minerals and seawater,
except for the ferromanganese nodule. The fractionation factor during
low-temperature alteration of oceanic crust can be constrained from
the SUPER composite that is representative of the entire altered
basement drilled at ODP Site 801. The SUPER composite has a K,O
content of 0.62 weight % (wt %) (8) and a 8*'K value of —0.32%o.
Considering it as a mixture of fresh basalts [K,O = 0.12 wt % (5) and
8*1K = —0.42%o (27)] and an completely altered endmember, the S*K
of the latter is calculated to be —0.29%o based on mass balance.
Hence, the fractionation factor between altered basalts and seawater
is —0.41%o. This value represents a more robust estimate than the
slightly lower value of —0.5%o proposed by Santiago Ramos et al.
(34) based on whole-rock samples from the Site 801 drill core and
the Troodos ophiolites; because their average 3*'K value is associated
with a large uncertainty of 0.2%o and does not consider relative con-
tributions from different alteration lithologies.

The ranges of K fluxes and K isotope fractionation factors that
solve the mass and isotopic balance are plotted in Fig. 5. The identi-
fication of AOC as a light K sink reduces the sediment fluxes from
41 to 52 Tg/year estimated earlier by Li et al. (25) to between 36 and
43.2 Tg/year. The flux associated with AOC is constrained to vary
between 12.4 and 19.2 Tg/year; thus, it can be as high as half of the
sediment fluxes. The average fractionation factor during sediment
diagenesis is constrained to vary between —0.50 and —0.35%o, which
is similar to the fractionation factor of —0.41%o during low-temperature
hydrothermal alteration of the basaltic crust. These similar fractionation
factors indicate that the two K sinks are eilually efficient in elevating
the §*'K value of seawater, and thus, the 5*'K signature of seawater is
insensitive to changes in Jaoc/Jsed- On the other hand, Kleached by
hydrothermal fluids circulating at mid-ocean ridges is isotopically
lighter than MORBs, whereas riverine waters preferentially leach
away heavy K isotopes from continental rocks. As a result, seawater
&*'K will increase in response to an increase in Jiv//nyd. In addition,
the 3*'K of riverine input is suggested to be strongly dependent
on weathering intensity (25). These observations collectively imply a
link between continental weathering and marine §*'K records in
sedimentary evaporates, making K isotopes a potential proxy for
paleoclimate.

Implications for crustal recycling and mantle heterogeneity
The revealed large variability of 3*'K in subducting oceanic plates has
implications for tracing crustal recycling with K isotopes (Fig. 6A).
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Although sediment columns investigated here yield a flux-weighted
average (—0.48%o; table S5) that is indistinguishable from the mantle,
there is a distinguishable inter-arc variation in *'K (Fig. 6A). There-
fore, sedimentary columns that have more extreme §*'K may pro-
duce a measurable change in the K isotopic composition of local mantle
domains. For example, sediments from the Lesser Antilles and
Ryukyu arcs are significantly lighter than the mantle, while those
from the Philippines and Tonga are slightly heavier (Fig. 6A). It is
currently unknown whether K isotopes fractionate during sediment
subduction. Yet, studies on exhumed metasediments suggest that
subducted sediments retain their K to the depth of arc magma for-
mation (47). Therefore, shallow dehydration reactions are expected
to have little effect on the K isotopic compositions of the subducting
sediments, and melting of sediments is generally required to liberate
appreciable amount of K (48). The sediment melts will inherit the
8*'K signatures of their precursors because partial melting does not
fractionate K isotopes (19, 20). Altered seafloor basalts have K
close to fresh basalts [this study and (34)] or substantially higher
[-0.17 to 0.19%o (21, 35)]. On the basis of eclogite studies, dehy-
dration of the basaltic crust is expected to release most of its K to
fluids (49), with the fluids enriching in heavy K isotopes relative
to dehydrated eclogites by a fractionation factor of 1.5%o (50).
Therefore, regardless of the §*'K of basaltic protolith entering sub-
duction zones, dehydration fluids will be considerably heavier than
the ambient mantle. The dehydrated crust may then form a low 3*'K
(down to —1.6%o) domain in the deep mantle, with much reduced K,O
(<0.3 wt %) (50). Overall, the 8*'K imprints of subducted assem-
blages to the mantle depend apparently on the low-temperature
weathering histories of the slabs, the dehydration processes, and
the transfer mechanism of K.

A binary mixing calculation is presented to evaluate the sensitivity
of mantle 8*'K in response to crustal addition (Fig. 6B). Assuming a
global average K concentration for subducting sediments [2.21 wt %
(2)], an addition of 1 to 3% of Ryukyu or Lesser Antilles sediments
to the mantle would produce a sizeable negative shift in 8*'K. By
contrast, it seems difficult to generate magmas with §*'K notably
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higher than the mantle via sediment melt additions. Therefore, low
8*'K in basalts is a sensitive indicator of sediment input (Fig. 6B).
Dehydration fluids from altered basalts appear to be a more effec-
tive source of heavy K to the mantle than sediment melts. To evalu-
ate their influence, we conservatively use the lowest value of 0.65%o
suggested by Liu et al. (50) as the high end of *'K in dehydration
fluids. The low end of 8*'K is taken from the highest AOC value
measured in this study (—0.05%o). The average K contents of altered
basement from ODP Site 801 (8) are taken as an approximation of
the K content in dehydration fluids released from the basaltic crust.
Under these assumptions, an addition of 3% of such fluids would
lead to a notable elevation of §*'K in the mantle above the slab
(Fig. 6B), forming a high-3*'K reservoir that could contribute to arc
magmas or remix into the upper mantle, whereas the dehydrated
residual slabs will transfer light K to the deep mantle. The light K
may contribute to mantle-derived magmas upon melting, which is
readily distinguishable from subducted sediments using radiogenic
isotopes. The calculation presented in Fig. 6B suggests that a small
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contribution from subducted crustal components can cause notice-
able 5*'K perturbation on a local mantle domain.

There are currently limited high-precision basalt 3*'K data to eval-
uate the influence of subducted components in generating mantle
heterogeneity. We thus perform a random mixing model between
the mantle [260 ppm K and 0.595 ppm Nb (7); §*'K = ~0.43 + 0.09%o
(fig. S1)] and subducting sediments. The Nb/K ratio is used as an
indicator of slab input, where K is released to the mantle and Nb is
retained in the slab. Modeled results predict a wide variation in *'K
that extends to considerably low 8*'K values of —1.2%o. This broad
range of predicted 8*'K is consistent with recent findings of hetero-
geneous 8*'K values in mantle peridotites (51). The mixing calcula-
tion also lends support to previous conclusion that lithospheric mantle
modified by subducted sediments is responsible for the formation
of low-8*'K (-0.81 to —0.43%o) potassic basalts from northeastern
China (22). The modeled results concentrate between —0.6 and —0.2%o,
which is comparable to the range of —0.66 to —0.25%o reported for
global oceanic basalts (19, 21), and suggest that recycled sediments
may have been involved in the generation of a few oceanic basalts
that have 3*'K values deviated from the typical mantle range (fig. S1).

The subduction recycling of crustal K may play an important
role in other aspects of the evolution of the mantle given that radio-
genic decay of *’K dominates the production of *’Ar and is one of
the major heat sources in Earth’s interior. The subduction flux of K
from global sediments is calculated to be 2.48 x 10'° kg/year based
on parameters provided in (2), and that from the oceanic crust is
3 x 10" kg/year (12). Together with the large variations of 3*'K ob-
served in some oceanic and continental basalts, recycled K may be
pervasively distributed in the mantle, affecting mantle’s heat
production that powers mantle convection and crustal cycling. Sub-
ducted K is also an integral component to be considered in con-
straining the size of undegassed primitive mantle based on global
Ar budget. While *°Ar is lost from the mantle to the atmosphere
during volcanic eruption, a substantial portion of K buried in the
basaltic crust and sediments is returned to the mantle. Future studies
on the K isotopic heterogeneity sampled by arc lavas and oceanic
basalts will lead to a better understanding of the fluxes and distribution
of various recycled crustal materials in the mantle.

MATERIALS AND METHODS

Samples

Altered oceanic crust

Samples of altered oceanic crust were recovered seaward of the
Mariana Trench, from ODP Site 801 that drilled into the oldest
basement in the western Pacific (fig. S2). It is a reference basement
for consecutive alteration occurring in fast-spreading oceanic crust
surrounding the Pacific Ocean and has been well characterized for
lithological and geochemical compositions (8, 37, 38). The basaltic
basement comprises a 315-m lower unit formed at the mid-ocean
ridge (on-axis; 167.4 Ma) and a 175-m upper unit formed approx-
imately 400 to 600 km away from the spreading ridges (off-axis;
160.1 Ma) (36). The basement contains eight lithological units
(38), including ~60 m of transitional/alkali basalts and ~400 m of
three tholeiitic MORB units that differ in relative abundance of
massive/sheet flow, pillows, and intercalated sediments. In addi-
tion to a 10-m breccia layer, two Si-Fe-rich hydrothermal layers
are observed in the core, which are not commonly seen in other
drilled basement (10).
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The alteration history recorded in the core has been studied by
Alt and Teagle (10) in detail. Secondary minerals observed in the
basement are characteristic of low-temperature alteration (<100°C),
including the formation of celadonite and Fe oxyhydroxides in rel-
atively oxidized fluids, followed by saponite and pyrite formation in
more reduced fluids, and finally calcite precipitation. The alteration
temperatures constrained from oxygen isotopes in phyllosilicate and
calcite generally increase downward. The upper unit typically un-
derwent higher degree of alteration than the lower unit (30 to 80%
versus 10 to 20%), probably related to more pervasive and longer
duration of seawater circulation in the upper unit, assisted by a
denser network of open veins. In contrast, fluid pathways in the lower
unit are sealed by secondary mineral precipitation during the pre-
ceding low-temperature hydrothermal circulation that forms the
silica-iron deposit.

Subducting sediments

Sediment samples (fig. S2) were selected to cover a wide range of
sedimentary lithologies, fluxes, and compositions; they were used
for establishing the chemical and isotopic characteristics of the global
subducting sediments (1, 2, 52-54). Among them, sedimentary columns
that are near continental margins, including the Cascadia, Alaska,
and Antilles, are dominated by thick turbiditic sequences. In addition,
Himalayan-derived turbidites comprise a large portion of the Java-
Sumatra column. Further away from land, sedimentary columns
from South Sandwich, Central American, and Peru trenches com-
prise pelagic/hemipelagic clay mixed with volcanic ash and siliceous
oozes and sometimes overlying a carbonate layer. By contrast, sedi-
ments approaching the Philippines, Tonga, and Ryukyu trenches
are featured by slowly deposited metalliferous brown to black clays
with a prominent input from hydrogenous and hydrothermal com-
ponents. These sediments contain much higher concentrations of
FeO (>25 wt %), MnO (~2 wt %), Ba, and Pb than sediments de-
rived from continental weathering.

Methods

Potassium isotope analysis

Potassium extraction and isotopic measurement were performed at
the Isotope Laboratory of the University of Washington, Seattle.
Approximately 10- to 30-mg sample powders were dissolved in
screw-top Teflon beakers with an acid mixture of Optima-grade
HE-HNO3-HCI. A few drops of Optima-grade H,0O, were added to
organic-rich samples. Potassium was purified using cation exchange
chromatography (2 ml; Bio-Rad AG50W-X8, 200 to 400 mesh) with
double-distilled 0.5 N HNOj as the eluent (27). The separation was
repeated to ensure the high purity of the K fractions. At least one
standard was processed along with samples for each batch of column
chemistry. The procedural blank is less than 10 ng, which is negligi-
ble compared to the amount of K (100 to 200 pg) loaded onto the
columns.

Potassium isotopic ratios were measured on a Nu Plasma IT multi-
collector inductively coupled plasma mass spectrometer in high-mass
resolution mode operating at reduced Radio frenquency (RF) power
with a DSN-100 desolvation nebulizer system to suppress the for-
mation of argon-based interferences, particularly OAr'H? (18).
#IK* and K" were measured simultaneously on interference-free
peak shoulders with the subtraction of on-peak zero values. On-peak
zero on mass 41 typically varies between -8 x 10 and - 1.5 x 10> V
and that on mass 39 is around —3 x 107 V; these backgrounds are
negligible compared to the signals of sample solutions (typically 4
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to 10 V). Instrumental mass bias was corrected by bracketing sample
measurement with measurements on a K standard (SRM 3141a)
from the National Institute of Standards and Technology (NIST).
Potassium isotopic data are reported relative to this standard in &
notation, following the recommendation by Hu et al. (18)

(41 K/39 K) sample

I, 39
("' K/7K)NisT sRM 3141a

MK (%o0) = —1 % %1000

At least one standard was analyzed during each session as an
unknown to evaluate accuracy and reproducibility (table S3). Stan-
dards of basalt (BHVO-1), granite (G-2), and mica schist (SDC-1)
yield similar §*'K values from —0.47 to —0.41%o, whereas the shale
standard (SGR-1) has a significantly higher 5*'K value of —0.24%o.
A similar 8*'K value of —0.27%o has been measured in a potash feldspar
standard (FK-N). The Hawaiian seawater standard has the highest
3*'K value of 0.14%o. All these values agree with published data
(18, 27, 30, 31, 55). In addition, 8*'K values for duplicates (repeat
instrumental measurement) and replicates (repeat dissolution and
column chemistry) are reproducible within +0.06%o at 95% confi-
dence interval (CI).

XRD analysis

Mineralogy was determined in five representative sediment samples
from DSDP Sites 294/295 and Site 596. They were analyzed using a
Rigaku MiniFlex 600 benchtop x-ray diffractometer (XRD) fitted
with a D/teX high-speed detector and Co Ko radiation at the NASA
Johnson Space Center. Diffraction data were collected at a step size
of 0.02° per minute step counting rate, from 2 to 80° 26 at 15 mA
and 40 kV. Samples were mounted in aluminum holders, and the
instrument was operated under ambient conditions and calibrated
with a NIST silicon standard. A NIST lanthanum hexaboride stan-
dard is used to characterize the instrument line broadening function.
Rietveld refinement is carried out using MDI Jade Software with
initial structure parameters for crystalline phases from the RRUFF
database. Background patterns were fit by a polynomial, and peaks
were modeled by a pseudo-Voigt profile function. Pattern overlays
of standard phyllosilicates (Clay Mineral Repository) with known
reference intensity ratio (RIR) and full width at half maximum
(FWHM) were used in Rietveld refinements to estimate abundances
of phyllosilicates in bulk samples.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/49/eabb2472/DC1
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