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Low-temperature (<100°C) alteration of oceanic crust plays an important role in determining the
chemical composition of the oceans. Although a major sink of seawater potassium, little is known
about the effects of low-temperature basalt alteration on the potassium isotopic composition of seawater
(841 K~0%,), which is ~0.50%. enriched relative to bulk silicate Earth (BSE, §*1K= -0.54%.). Here, we
present a suite of isotopic systems (§*1K, §26Mg, 87Li, 87Sr/%6Sr) and major/minor elements in bulk
rock, veins and mineral separates from the upper volcanic section of Cretaceous (Troodos ophiolite) and
Jurassic (Ocean Drilling Program Hole 801C) oceanic crust. We use these data to estimate the K isotopic
fractionation associated with low-temperature oceanic crust alteration and provide new constraints on
the role of this process in the global geochemical cycles of Mg and K in seawater. We find that
hydrothermally altered basalts from the Troodos ophiolite and ODP Hole 801C, most of which are
enriched in K relative to the unaltered glass compositions, have §41K values both higher and lower
than BSE, ranging from +0.01%. to -1.07%. (n=83) and +0.04%. to -0.88%. (n=17), respectively. Average
541K values of bulk-rock samples from Troodos and Hole 801C are indistinguishable from each other at
~-0.50%, indicating that low-temperature basalt alteration is a sink of 3°K from seawater, and explaining,
in part, why seawater has a higher 4'K/3°K than BSE. In contrast to K, average §26Mg values for both
Troodos (~0.00%.) and Hole 801C (~0.20%.) indicate that altered oceanic crust (AOC) is a sink of *6Mg
from seawater, likely contributing to the light §26Mg composition of seawater (~-0.8%.) relative to BSE
(~-0.2%.). We observe isotopically heavy §26Mg values in basalt samples characterized by small to no
changes in bulk Mg content, consistent with extensive isotopic exchange of Mg between seawater and
oceanic crust during low-temperature oceanic crust alteration. Finally, we find that variability in 8’Li and
51K across three sites in the Troodos ophiolite can be explained by different styles of alteration that
appear to be related to the timing of sedimentation and its effects on chemical and isotopic exchange
between seawater and oceanic crust.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Despite being a major seawater cation, the global seawater
potassium cycle remains poorly understood. Potassium is deliv-

Reconstructions of ancient seawater chemistry from fluid inclu-
sions in marine halite have suggested that, unlike other major ions
(e.g. Ca%t, Mg?T, SOi_ ), concentrations of K* in the ocean have
apparently remained at ~10 mM over the last 600 My (Lowen-
stein et al., 2001; Horita et al., 2002). These observations suggest
that strong feedbacks in the global K cycle may have acted to
maintain constant seawater K in face of large changes in in-
put and output fluxes (Demicco et al., 2005; Coogan and Gillis,
2013).
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ered to the oceans from the breakdown of silicate minerals dur-
ing continental weathering, and via high-temperature (>150°C;
e.g. Seyfried and Bischoff, 1979; James et al., 2003) leaching of
oceanic crust along mid-ocean ridges (Kronberg, 1985; Spencer
and Hardie, 1990; Demicco et al., 2005). Scavenging of seawater
K happens via the formation of authigenic silicates during both
marine sedimentary diagenesis and alteration of oceanic crust un-
der low-temperature conditions (<100 °C; e.g. Alt and Teagle, 2003;
Coogan et al,, 2017). In some of these authigenic silicate reactions,
the CO; initially consumed from the breakdown of continental/ma-
rine silicates is returned to the atmosphere-ocean system during
secondary mineral formation (i.e. reverse weathering; Michalopou-
los and Aller, 1995). As a result, the formation of authigenic marine
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silicates represents a potentially powerful and understudied con-
trol on Earth’s CO,-thermostat (e.g. Dunlea et al., 2017).

The development of high-precision methods for K isotope ra-
tio measurements (*'K/3°K; Li et al., 2016; Wang and Jacobsen,
2016; Morgan et al,, 2018; Hu et al.,, 2018; Chen et al,, 2019) has
revealed that the 4'K/39K of seawater is ~0.5%. higher than that
of bulk silicate Earth (BSE), a difference which must be due to K
isotope fractionation during (a) continental weathering (Li et al.,
2019), (b) high-temperature hydrothermal alteration, and/or (c) re-
moval of K from seawater into authigenic minerals. Santiago Ramos
et al. (2018) demonstrated that marine authigenic clay formation is
a sink of 39K from seawater, though the magnitude of the fraction-
ation depends on the type of silicate forming and sedimentation
rates. In addition, a recent K isotope study of continental weather-
ing showed that 39K is removed during secondary clay formation,
resulting in a riverine §*'K value higher than BSE (Li et al., 2019).
In contrast, K isotope measurements of the Bay of Islands ophio-
lite indicate little to no fractionation of K isotopes during K uptake
in altered oceanic crust (AOC; Parendo et al., 2017). However, this
result is based on a handful (n=6) of measurements from samples
deeper in the ophiolite and may not be representative of the aver-
age K-isotopic fractionation from K uptake in the upper volcanics,
the section of AOC associated with the most extensive seawater-K
addition (e.g. Bednarz and Schmincke, 1989).

Low-temperature oceanic crust alteration has also been pro-
posed as a major sink of seawater Mg and Li, and an important
but uncertain component of the isotopic mass balance of these el-
ements in seawater. For example, Higgins and Schrag (2015) and
Gothmann et al. (2017) invoked a decrease in the Mg sink in
low-temperature hydrothermal systems to explain both the rise in
seawater Mg/Ca and the small change in §2°Mg of seawater over
the Cenozoic. More recently, Huang et al. (2018), using measure-
ments of the Mg-isotopic composition of AOC from ODP Hole 801C,
argued that the §2Mg of modern seawater is consistent with a
low-temperature hydrothermal sink that accounts for 12% of the
riverine Mg flux. Estimates based on the §26Mg composition of
low-temperature hydrothermal fluids indicate a much larger Mg
flux into altered oceanic crust, accounting for up to 40% of the
riverine influx (Shalev et al.,, 2019). In the case of Li, while mod-
ern seawater composition is consistent with a low-temperature
hydrothermal Li sink equal to 30% of the total inputs (Misra and
Froelich, 2012), published §”Li values of altered basalts from Troo-
dos suggest that the hydrothermal Li sink was much larger in the
Cretaceous (Coogan et al., 2017).

Here, we investigate how oceanic crust altered at low tempera-
tures affects the K- and Mg-isotopic composition of seawater by fo-
cusing on the upper volcanics (~500 m) of the Cretaceous Troodos
ophiolite (~91.6 Ma) and Jurassic Ocean Drilling Program (ODP)
Hole 801C (~167 Ma). We estimate isotopic fractionation during
low-temperature basalt-seawater exchange by calculating average
values for §*1K (weighted by K/Ti ratio) and §26Mg (weighted by
Mg/Ti ratio) from both Troodos and ODP Hole 801C bulk-rock sam-
ples. Our results suggest that K uptake during low-temperature
oceanic crust alteration is associated with fractionation of K iso-
topes, with alteration products enriched in 3°K compared to sea-
water. In contrast, we find that AOC constitutes a sink of heavy
magnesium (2Mg) from seawater, in line with previous results
(Huang et al., 2018; Shalev et al,, 2019). Our study also indicates
a decoupling between elemental and isotopic cycling of Mg during
low-temperature oceanic crust alteration, as we observe significant
Mg isotopic resetting accompanied by small to no changes in Mg
contents of most AOC samples analyzed here. Finally, we explore
mechanisms underlying the observed variability in §*'K values
within the Troodos ophiolite using three sections of upper vol-
canics that have experienced different histories of low-temperature
hydrothermal alteration.

2. Description of study sites

The Troodos ophiolite constitutes a complete section of oceanic
lithosphere, formed during a period of seafloor spreading in a
supra-subduction zone setting in the Tethys Ocean (Moores et al.,
1984). Troodos volcanic sequence has variable thickness and can
be divided into two compositionally distinct units. The Upper Lava
sequence contains highly depleted arc tholeiites of boninitic affin-
ity with low Ti contents, while the Lower Lavas are composed of
island-arc tholeiitic basalts with higher Ti contents (Malpas and
Williams, 1991), though these are intermixed at some crustal lev-
els. In order to track compositional changes during alteration, we
normalize major element concentrations to that of Ti, since the lat-
ter is virtually immobile during low-temperature basalt-seawater
reactions. Although Ti contents vary across these volcanic units,
K/Ti ratios of unaltered glass show a small range (0.15-1.25 g/g)
and average at 0.40 £0.18 (10; Regelous et al., 2014; Coogan and
Gillis, 2018). In contrast, glass Mg/Ti ratios are quite variable (1.11-
16.75 g/g), likely resulting from magmatic differentiation.

Troodos ophiolite samples include 90 whole rocks and 3 min-
eral separates from six sites in the upper-volcanic sequence and
one (Klirou) in the basal group (Fig. 1B). The mineral samples
are all void-filling celadonites that were easily separated from the
host rock (Coogan et al., 2017); although also important for the
K budget of these altered basalts, K-feldspar separates were not
included here since it typically appears as a fine-grained, replace-
ment phase that is difficult to isolate. Three upper-volcanic sites
(Akaki, Politico, and Onophrious) were selected to explore the ef-
fects of sedimentation on the chemical/isotopic exchange between
seawater and oceanic crust (e.g. Elderfield et al., 1999). Onophri-
ous represents a paleo-topographic low, is rich in sheet-flow lavas,
and was sedimented shortly after crustal formation. In contrast,
Politico and Akaki correspond to flat paleo-seafloor areas, are pre-
dominantly composed of pillow basalts, and did not start accumu-
lating sediment until ~20 Myr after crustal accretion (Coogan et
al., 2017). Politico and Onophrious samples come from outcrop ex-
posures, whereas Akaki samples were acquired from Cyprus Crustal
Study Project drill sites CY1/CY1a.

Our sample suite also includes bulk-rock (n=17) and vein (n=6)
specimens from Ocean Drilling Program (ODP) Hole 801C (Leg
185), a ~474-meter section of Jurassic oceanic crust (Plank et
al., 2000). The site is located in the Pacific Ocean (18°38.538'N,
156°21.588’E; Fig. 1A), consists of eight lithological units, and
is covered by ~0.5 km of sediment (Plank et al., 2000). Apart
from the upper alkali basalts (unit I), Hole 801C samples have
N-MORB compositions with a common magmatic source (Plank
et al., 2000). Measured K|Ti ratios of unaltered rocks vary be-
tween 0.01 and 0.11 g/g, and Mg/Ti ratios range from 1.94 to
6.11 g/g (Fisk and Kelley, 2002; Alt and Teagle, 2003). Secondary
mineralogy is mainly composed of low-K saponite, calcite, high-K
celadonite, iron-oxyhydroxides and trace pyrite (Plank et al., 2000;
Alt and Teagle, 2003). These alteration minerals are typical prod-
ucts of low-temperature (<100 °C) basalt-seawater interaction and
are similar to those observed in other drilled upper-crustal sec-
tions as well as in the Troodos ophiolite. Our 801C sample set
includes pillows and sheet flows from units IV, VI and VIII (Supp.
Table S1).

3. Methods
3.1. Mineralogy

Mineral quantification of 42 bulk samples from the Troodos
ophiolite was carried out by Qmineral Analysis and Consulting, Bel-

gium. Homogenized dry powders (0.2-1.0 g) were combined with
10% (by mass) of an internal standard material (ZnO) and ground
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Fig. 1. Location of study sites. (A) Global map indicating locations for the Troodos ophiolite and Ocean Drilling Program (ODP) Hole 801C; (B) Detailed map of the Troodos
ophiolite showing all sites analyzed in this study, along with important lithological boundaries. Map is adapted from Coogan et al. (2017).

in ethanol. Samples were measured by X-ray diffraction in a Bruker
D8 diffractometer with CuKo radiation, equipped with a Lynx-
eye XE-T detector. Mineral quantification was performed through
a combination of an in-house method and the Rietveld method,
using the Inorganic Crystal Structure Database (ICSD).

3.2. Sample digestion and major/minor element analyses

Approximately 50 mg of rock/mineral powder was weighed into
15 mL Teflon beakers for a 3-step HF-HNO3-HCI hotplate digestion
in a laminar flow hood (Supp. Info. A). Each digestion batch in-
cluded ~19 unknowns and one basalt standard (BCR-2). Major/mi-
nor element analyses were carried out at Princeton University us-
ing a quadrupole inductively coupled plasma mass spectrometer
(Thermo Scientific iCap Q). Concentrations and elemental ratios
were determined using externally calibrated standards (Supp. Info.
B). Replicate analyses of BCR-2 (n=10) indicate that our results are
accurate to within 10% of the expected values (Supp. Table S5) and
signal drift was mostly lower than 10% (Supp. Info. B).

3.3. Ion chromatography and mass spectrometry

Cations were purified using either an automated high-pressure
ion chromatography (IC) system (K, Mg, Li) or traditional gravity
columns (Sr). The IC methods utilized here followed those previ-
ously described in Morgan et al. (2018) and Santiago Ramos et al.
(2018) for K, and in Husson et al. (2015) for Mg; Li and Sr pu-
rification methods are discussed in detail in Supp. Info. C-D. The

accuracy of our chromatographic methods was verified by purify-
ing and analyzing external standards (SRM70b for K, Cambridge-1
for Mg, L-SVEC for Li, BCR-2 for Sr, and modern seawater) along-
side unknown samples. As this is the first study utilizing an IC for
Li isotope analyses, we performed a series of tests to establish both
the accuracy and precision of the method (Supp. Info. E), and re-
produced 87Li values of 10 samples reported in Gillis et al. (2015)
and Coogan et al. (2017) (Supp. Table S2).

Purified aliquots of K, Mg, Li, and Sr were analyzed in 2% HNO3
for their isotopic compositions on a Thermo Scientific Neptune
Plus multi-collector inductively coupled plasma mass spectrom-
eter (MC-ICP-MS) at Princeton University, using previously pub-
lished methods for Mg and K (Fantle and Higgins, 2014; Morgan
et al,, 2018), and the protocols detailed in the Supplementary In-
formation for Li and Sr. K, Mg, and Li isotopes are reported in
delta notation (8*'K, §26Mg, 87Li) relative to international stan-
dards (seawater, DSM-3, and L-SVEC, respectively) and 87Sr/36Sr
ratios are normalized to NBS 987. Other standards have been used
for K isotopic data normalization (e.g. SRM 3141a, Suprapur KNO3),
leading to small differences in reported §*'K values for seawater.
To account for that, we have also provided §*'K values normalized
to SRM 3141a (Supp. Tables S1-S2) in order to facilitate inter-
laboratory data comparison. We did this by simply shifting our
seawater-normalized values by 0.12%., which corresponds to the
difference between our seawater average (-0.02%.) and the average
8*1Ksrm3141a composition of seawater (0.10%.) based on values re-
ported in Li et al. (2016) and Hu et al. (2018). We stress that,
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despite differences in the adopted K isotope scale, data reported
from different labs are indistinguishable within uncertainties, as
has been demonstrated in Hu et al. (2018) and Chen et al. (2019).
More importantly, we show in Supp. Table S4 that the K isotopic
offset between seawater and a number of USGS standards is virtu-
ally indistinguishable across labs, attesting to the efficacy of exist-
ing methods for high-precision K isotopic ratio analyses.

The external reproducibility of our protocols (chromatogra-
phy and mass spectrometry) was determined through replicate
measurements of international standards. Isotopic compositions
of all measured standards are indistinguishable from published
values: 8*'Kseqwarer= -0.02 £0.17% (20, n=30; Morgan et al.,
2018), 8*°Mgcambridge= -2.57 +0.08%. (20, n=8; Galy et al., 2003),
87Lii_syec= 0.01 £0.80% (20, n=21; Millot et al, 2004), and
875r/86Srpcr_n= 0.705032 +£40 (20 x 1076, n=13; Weis et al.,
2006). For samples analyzed once (chromatography and mass spec-
trometry), reported errors are the 20 uncertainties of the external
standard for that isotopic system. In cases where samples were an-
alyzed multiple times, reported errors are twice the standard error
of the mean (2SE). Replicate analyses improved uncertainties in
measurements of Li, K, and Sr isotopes. In the case of Mg, 67% of
replicated analyses (28 of 42) yielded uncertainties smaller than
or equal to this laboratory’s long-term external precision of 0.09%.
(Supp. Table S1).

4. Results

Ti-normalized elemental ratios, isotopic measurements, and
XRD mineral abundances are listed in Supplementary Tables S1-S3
and shown in Figs. 2-6.

4.1. The composition of AOC from Troodos ophiolite and ODP Hole 801C

4.1.1. K/Ti and Mg/Ti ratios

Whole-rock samples from the Troodos ophiolite span a large
range of K/Ti ratios with 79% being elevated compared to unal-
tered basalt (Supp. Table S1; Fig. 2A, C). The average K/Ti ratio
of the sample suite is ~12x higher than unaltered Troodos glass
(K/Ti= 0.40 +0.18, 10, n=184; Regelous et al., 2014; Coogan and
Gillis, 2018). Seven samples from Klirou, near the lava-dike bound-
ary, show either no K enrichment or a lower K/Ti ratio compared
to unaltered glass. Whole-rock samples from Hole 801C all have
higher K/Ti ratios than fresh basalt (K/Ti= 0.01 to 0.11; Fisk and
Kelley, 2002; Alt and Teagle, 2003), with an average of 0.50 +0.33
g/g (10, n=17). Three celadonite mineral separates from Troodos
have much higher K/Ti ratios than any whole-rock sample in the
ophiolite (avg. K/Ti= 442 +153 g/g, 10). Sampled veins from Hole
801C also show elevated K/Ti ratios of 1.39 to 47.61 g/g, or 10 to
1000x higher than the unaltered basalt.

Measured Mg/Ti ratios (Supp. Table S1) mostly fall within the
observed range of unaltered glass for both Troodos (1.11 to 16.75
g/g) and Hole 801C (1.94 to 6.11 g/g). There are a few exceptions
at both sites, with values that are lower and higher than reported
glass compositions (Fig. 2B). As in the case for K/Ti ratios, the
celadonite separates from Troodos are characterized by elevated
Mg/Ti ratios (229 £73 g/g, 10). At Hole 801C, three out of six
sampled veins are enriched in Mg/Ti compared to unaltered com-
positions, with ratios up to 63.11 g/g.

4.1.2. Radiogenic Sr

Supplementary Table S1 contains measured 87Sr/86Sr ratios for
Troodos and Hole 801C samples as well as ratios corrected for
radiogenic ingrowth from Rb decay, assuming crustal formation
ages of 91.6 Ma (Troodos) and 167 Ma (Hole 801C). Age-corrected
875r/86Sr ratios (Fig. 2A) from the Troodos ophiolite (0.70365 -
0.70837) and Hole 801C (0.70303 - 0.70853) are variably more

radiogenic than the unaltered end-members (0.7035 and 0.7024,
respectively; Rautenschlein, 1987; Hauff et al., 2003), and posi-
tively correlate with K/Ti ratios. Troodos samples with 87Sr/36Sr
ratios similar to unaltered basalt (0.70365 - 0.70383) are from
basal group site Klirou. 87Sr/36Sr ratios in Troodos samples span
the entire range from pristine basalt to 71-91 Ma seawater, with
12 samples having 87Sr/%6Sr ratios that are more radiogenic than
late Cretaceous seawater. Age-corrected 37Sr/86Sr ratios from Hole
801C are mostly lower than Jurassic seawater, with one excep-
tion. In both Troodos and Hole 801C, the most radiogenic samples
have Rb/Sr ratios on the higher end of the range of measured val-
ues (Supp. Table S1), suggesting that Rb loss may, in part, explain
875r/86Sr values that are more radiogenic than coeval seawater.

4.1.3. Mg isotopes

Measured §26Mg values for 90 bulk-rock samples and 3 min-
eral separates from the Troodos ophiolite range from -0.73%. to
+0.50%.. Only four samples have §26Mg values lower than MORB
(826Mg= -0.25 +£0.04%.; Teng, 2017); two of these are celadonite
mineral separates (both have §26Mg= -0.59%.) and one (§%Mg= -
0.73%.) is the deepest sample from core CY1a, at ~460 m below
the sediment-basement interface (Fig. 2B). In contrast, 88 of the 90
whole-rock samples from Troodos have §26Mg values higher than
MORB, even though Mg/Ti ratios are mostly indistinguishable from
glass values. The average §2Mg of bulk-rock samples from Troo-
dos (weighted by Mg/Ti; Fig. 3B, Supp. Info. F) is +0.01 £0.02%.
(10, n=90). Measured §26Mg values for 23 bulk-rock and vein sam-
ples at Hole 801C range from -0.11%. to +0.92%. (Fig. 2B), with
weighted average of +0.21 +0.06%. (10, n=17; Supp. Info. F); all
801C samples have §2Mg values similar to or higher than MORB
and no correlation is observed between §26Mg and Mg/Ti. Our re-
sults are similar to the range of §26Mg values, -1.70%. to +0.21%.
(n=15), recently published by Huang et al. (2018) on individual
samples from a similar crustal depth interval at Hole 801C.

4.1.4. K isotopes

Potassium isotopic compositions of bulk rock and mineral sep-
arates from the Troodos ophiolite and ODP Hole 801C range from
-1.07%. to +0.01%. (n = 83) and -0.88%. to +0.04%. (n = 17), re-
spectively (Fig. 2C). The variability in §*'K values at both sites
is ~1%. and spans values that are both lower and higher than
BSE (§*'K= -0.54 40.17%.; e.g. Morgan et al., 2018). The lowest
841K value measured at Troodos is a celadonite mineral separate
from Onophrious (2014CL 200A). Mineral separates from Troodos
and veins from 801C have higher K/Ti than bulk-rock samples and
show lower average §4'K values: -0.88 £0.17%. (1o for Troodos
celadonites (n=3) and -0.58 +0.21%. (10 ) for Hole 801C veins
(n=5). Excluding the celadonites, the range of §4'K compositions
from Troodos rocks (-0.97%. to 0.01%.) is similar to that of Hole
801C (-0.88%. to 0.04%.), and at both locales measured §4'K values
do not strongly correlate with K/Ti ratios (Fig. 2C). When weighted
by K/Ti ratios (Supp. Info. F), whole-rock samples from the Troodos
ophiolite yield an average §4*'K value of -0.48 +0.20%. (15, n=80;
Fig. 3A), indistinguishable from the weighted average for whole-
rock samples from Hole 801C (-0.49 +0.18%., 10, n=12), and BSE
(-0.54 £0.17%.). The highest §4!K values from Troodos are from
Klirou, with two of six samples characterized by §*'K composi-
tions that are similar to modern seawater. The two samples from
Hole 801C with the heaviest §4'K values (-0.20%. and 0.04%.) come
from shallow crustal depths (156-167 meters) and are associated
with the least radiogenic 87Sr/36Sr ratios measured at that site.

4.2. Troodos ophiolite mineralogy

The composition of secondary minerals in altered oceanic crust
has been argued to control, at least in part, the net isotopic frac-
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Fig. 2. Elemental and isotopic compositions of Troodos ophiolite and Hole 801C. (A) Age-corrected 87Sr/36Sr ratios for Troodos ophiolite (91.6 Ma) and Hole 801C (167 Ma)
show a strong correlation with K/Ti ratio, suggesting extensive basalt-seawater exchange and crustal uptake of seawater-K; (B) §26Mg values of AOC from both Troodos and
Hole 801C are mostly elevated compared to unaltered basalt, even when Mg/Ti ratios remain virtually unchanged; (C) AOC samples from both sites show a large range in
841K compositions, with values that are both heavier and lighter than bulk silicate Earth (BSE). (A-C) Shaded boxes represent the elemental and isotopic compositions of the
unaltered glass end-members for both Troodos (light gray) and Hole 801C (dark gray), while dashed lines represent compositions for Jurassic/Cretaceous seawater (see text
for details). Errors on the isotopic composition of unaltered glass are 0.04%. for §26Mg (Teng, 2017) and 0.17%. for §*'K (Morgan et al., 2018). Since errors on 87Sr/36Sr ratios
are too small at this scale, the thickness of the shaded areas in panel (A) was arbitrarily set to equal the size of data symbols.

tionation between fluid and altered basalts (e.g. Coogan et al., of the well-documented differences in alteration styles and the po-
2017). To test the hypothesis that the observed range in §*'K tential for systematic differences in secondary mineralogy (Coogan
compositions of Troodos ophiolite samples might be explained by et al,, 2017; Gillis et al., 2015).

variable secondary mineralogy, we analyzed the mineral makeup Primary mineralogy of the Onophrious, Politico and Akaki sam-
of a subset of samples from Onophrious (n=14), Politico (n=24), ples analyzed here is composed of plagioclase (0-57 wt%, n=39),
and Akaki (n=4). We chose to focus on these Troodos sites because clinopyroxene (1-19 wt%, n=38), and magnetite (0-2 wt%, n=42),
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Fig. 3. Comparison of bulk §*'K, §26Mg compositions of AOC from the Troodos
ophiolite and Hole 801C. Histograms show distributions of §*'K (A) and §26Mg (B)
compositions, while dashed lines represent the average §4'K (A) and §26Mg (B) val-
ues for both sites weighted by their K/Ti and Mg/Ti ratios, respectively. Arrows mark
the §4'K and §26Mg compositions of ancient seawater (see text for details) and bulk
silicate Earth (Teng, 2017; Morgan et al., 2018) for reference.

with fewer occurrences of amphibole (0-6 wt%, n=8) and ilmenite
(<0.3 wt%, n=6) (Supp. Table S3). Alteration mineralogy mainly
consists of mixtures of trioctahedral smectite (12-72 wt%, n=42),
K-feldspar (1-41 wt%, n=42), calcite (0-32 wt%, n=39), dioctahedral
mica (0-18 wt%, n=36), and chlorite (0-2 wt%, n=39) (Supp. Ta-
bles S2-S3). Goethite, an iron-oxyhydroxide phase, is absent from
Onophrious, but ranges up to 2 wt% (n=21) at Politico/Akaki (Supp.
Tables S2-S3). Although celadonite is a common dioctahedral mica
in AOC, little to no celadonite was detected in these samples.
With the exception of chlorite, the minerals observed at Troodos
are typical of low-temperature alteration of oceanic crust (Gillis
and Robinson, 1991). Among the secondary phases identified here,
the main potential K-bearing minerals are K-feldspar, dioctahedral
mica, and, to a lesser extent, smectite. In addition, a strong posi-
tive correlation is observed between K0 and K-feldspar wt% at all

sites (R% = 0.90; Fig. 6A), indicating that this mineral is the ma-
jor sink of seawater K in the samples analyzed here. In addition to
K, smectites are also potential hosts for Mg and Li in these altered
basalts (e.g. Gillis et al., 2015).

5. Discussion

The low-temperature alteration of oceanic crust by seawater re-
moves K, Mg, and Li from the ocean at rates that are potentially
of the same order of magnitude as the fluxes of these elements
in rivers draining the continents (Hart and Staudigel, 1982; Elder-
field and Schultz, 1996). As such, understanding low-temperature
oceanic crust alteration will contribute invaluable information on
the mechanisms controlling seawater chemistry in the modern and
through time. This study presents the first dataset with paired K,
Mg, and Li isotopes in AOC from the Troodos ophiolite (91.6 Ma)
and ODP Hole 801C (167 Ma) in an effort to (1) quantify K isotope
fractionation during low-temperature alteration of oceanic crust
and estimate its role in elevating the 4'K/3°K of seawater com-
pared to BSE and (2) pair these measurements with analyses of
5%6Mg and $7Li values to develop an isotopic fingerprint for the
alteration of oceanic crust at low temperatures.

5.1. Potassium isotope mass balance during low-temperature oceanic
crust alteration

Both Troodos and Hole 801C show clear evidence of exten-
sive reaction with seawater for a few tens of millions of years
after crust formation from age-corrected 87Sr/%6Sr ratios (e.g. Hart
and Staudigel, 1982; Alt and Teagle, 1999). K uptake during low-
temperature alteration of oceanic crust has been previously re-
ported for both Troodos ophiolite and Hole 801C samples (Bednarz
and Schmincke, 1989; Plank et al., 2000) and is corroborated here
by the strong positive correlation between K/Ti and 87Sr/86Sr ra-
tios in both sites (Fig. 2A). As most seawater-K uptake occurs in
the upper volcanics (e.g. Bednarz and Schmincke, 1989), it is not
surprising that the few Troodos samples (n=5) with K contents and
875r/36Sr ratios similar to the unaltered glass are all from basal vol-
canics at Klirou.

Although we do not know the §4!K value of seawater at the
time of low-temperature alteration of the Troodos ophiolite or Hole
801C, two lines of evidence suggest that its §*'K value was within
~0.2%. of the modern seawater composition. First, §41K values in
bulk samples that approach modern seawater at both Troodos and
Hole 801C are difficult to explain if the §4'K of seawater was
significantly lower than modern. Elevation of bulk-rock §4'K val-
ues due to Rayleigh-type distillation of the hydrothermal fluid is
unlikely as (1) the fraction of seawater K removed during low-
temperature alteration is generally small (i.e. <5%; e.g. Wheat and
Fisher, 2008) and (2) a lower §*'K of seawater would mean less
K isotope fractionation between seawater and AOC at both sites,
making it more difficult to elevate fluid §4'K values with isotopic
distillation. Second, a recent study by Li et al. (2019) found that
while the formation of secondary clays during continental silicate
weathering preferentially retains 3°K, the magnitude of this effect
is relatively small, e.g. an order of magnitude change in weather-
ing intensity is expected to change the §*'K of the river flux by
only ~0.2%.. Taken together, these observations suggest that the
841K of seawater in the Jurassic and Cretaceous was likely close
to the modern value (§*'K ~0%.). Considered in this light, the
observation that §4'K values for both the Troodos ophiolite and
ODP Hole 801C are ~0.5%. lower than modern seawater implies
that the low-temperature alteration of oceanic crust preferentially
removes 39K from seawater. Assuming Cretaceous/Jurassic seawa-
ter with a §4'K value indistinguishable from the modern yields a
fractionation factor (csolig— fiia) for 4'K/3°K of ~0.9995, similar in
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both magnitude and direction to estimates of K isotope fraction-
ation associated with the formation of authigenic silicates during
marine sediment diagenesis (Santiago Ramos et al., 2018) and con-
tinental weathering (Li et al., 2019).

The large range in §*'K values reported here contrasts with
results from Parendo et al. (2017), who concluded, based on 6
analyses of altered basalts/gabbros from the Bay of Islands Ophio-
lite, that K isotopes were not fractionated during low-temperature
basalt alteration. The apparent discrepancy between the two stud-
ies is likely related to the absence of samples from the upper
volcanics in the ophiolite studied by Parendo et al. (2017). Samples
analyzed in that study originate from deeper within the ophio-
lite sequence (>400 m), where conditions of alteration are dis-
tinct from those of the upper volcanic sequence. For example, the
lower water-to-rock ratios and higher alteration temperatures in
the sheeted dikes and gabbros may lead to K being leached from
the crust rather than added to the crust at depth. Additionally, the
secondary minerals formed at these temperatures are distinct from
low-temperature assemblages (e.g. Gillis and Robinson, 1991). Fi-
nally, the observed K/Ti ratios of the volcanic samples studied by
Parendo et al. (2017) are much lower (0.23 to 0.66 g/g, n=3) than
those in the upper volcanics analyzed at both Troodos and Hole
801C, and may not accurately reflect the average isotopic compo-
sition of the seawater K sink in altered oceanic crust.

5.2. Magnesium isotope mass balance during low-temperature oceanic
crust alteration

Compared to K, the Mg sink in low-temperature AOC is more
difficult to quantify due to the high initial Mg content of unaltered
oceanic crust, sources of variability unrelated to low-temperature
alteration (e.g. fractional crystallization), and sampling biases as-
sociated with incomplete recovery of drilled oceanic crust (e.g.
Coogan and Gillis, 2018). Mg isotopes have emerged as a poten-
tially powerful tool for constraining Mg fluxes between seawater
and AOC, as the incorporation of Mg into secondary clays fraction-
ates Mg isotopes; studies in both laboratory and natural settings
indicate that secondary clays are characterized by §26Mg values
that are up to 1.25%. higher than the fluid (Wimpenny et al., 2014;
Dunlea et al., 2017). As a result, depending on the §26Mg value of
seawater, the secondary clays in low-temperature AOC may be ei-
ther heavier or lighter than the §26Mg value of unaltered oceanic
crust.

Results from both the Troodos ophiolite and ODP Hole 801C in-
dicate that low-temperature AOC is associated with an increase in
bulk-rock §26Mg compositions; average §26Mg values, weighted by
Mg/Ti ratios, are +0.01 +0.02%. (10') and +0.21 +0.06%. (10) for
samples from Troodos and Hole 801C, respectively. These values
are ~0.2 to 0.4%. higher than the MORB §%°Mg composition and
indicate that low-temperature alteration of oceanic crust is a sink
of 26Mg from seawater. The average §26Mg composition presented
here for Hole 801C is similar to, but higher than, the §26Mg value
of 0.00 +0.09%. (20, n=12) observed by Huang et al. (2018), a dif-
ference likely due to the limited size of both datasets. When light
(n=2) and heavy (n=3) §%6Mg outliers are excluded, both datasets
are characterized by a similar range in 26Mg values: -0.11%. to
+0.47%. (this study) and -0.35%. and +0.21%. (Huang et al., 2018).

The observation that, at both Troodos and Hole 801C, low-
temperature oceanic crust alteration leads to an increase in bulk-
rock §%6Mg values, despite the fact that seawater has a much
lower §26Mg value than unaltered oceanic crust, is consistent with
the preferential incorporation of 26Mg in secondary clays formed
during basalt-seawater exchange. Reconstructions of the §*6Mg of
seawater since the Mesozoic from fossil corals indicate that the
526Mg of seawater at the time of alteration of the Troodos ophi-
olite was within a few tenths of a permil of modern seawater

(~-0.80%.; Gothmann et al., 2017). Taking the difference between
this seawater §26Mg value and the highest measured §26Mg value
at Troodos, we estimate that the magnitude of Mg isotope fraction-
ation associated with the Mg sink in low-temperature AOC is at
least ~1.30%., a value that is indistinguishable from available esti-
mates of Mg isotope fractionation during secondary clay formation
(Wimpenny et al,, 2014; Dunlea et al., 2017). Despite the lack of
definitive archives of seawater §26Mg values coincident with the
time of low-temperature alteration at Hole 801C, upper Triassic
shallow-water dolomites (Geske et al., 2012) are characterized by
526Mg values that are 0.6 to 0.8%. higher than Neogene shallow-
water dolomites (Fantle and Higgins, 2014; Higgins et al., 2018).
Although we cannot exclude local fluid evolution and variable for-
mation temperatures may explain, in part, the difference in §26Mg
values between Triassic and Neogene dolomites, a §26Mg value of
seawater of ~-0.2%. in the Triassic is the most straightforward ex-
planation. Accordingly, we note that the highest measured §26Mg
value from bulk-rock samples at Hole 801C is 0.92%., or ~1.12%.
higher than Triassic-Jurassic seawater, again, similar to estimates
of Mg isotope fractionation associated with secondary clay forma-
tion (Wimpenny et al., 2014; Dunlea et al., 2017).

Although our results for Hole 801C do not capture the low
526Mg values observed in Huang et al. (2018), two bulk-rock sam-
ples from the Troodos ophiolite (CY1a-14.96 and CY1-298.3) have
5%6Mg compositions (-0.73%. and -0.57%., respectively) that are
lighter than MORB (826Mg = -0.25 +0.04%.; Teng, 2017). Potential
explanations for §26Mg values lower than unaltered basalt include
exchange with evolved fluids, which become enriched in 2*Mg due
to the formation of secondary silicates, and higher carbonate con-
tents, as carbonates tend to be characterized by §26Mg values that
can be >3-4%. lower than unaltered basalt (Higgins and Schrag,
2010; Huang et al., 2018). For sample CY1a-14.96, its small carbon-
ate content, along with the low abundance of Mg in calcite, suggest
that the presence of carbonates cannot explain the sample’s low
526Mg value. As this is the deepest sample in the Akaki site (~460
m), Rayleigh-type distillation of the alteration fluid due to forma-
tion of secondary clays is the more likely explanation for the light
§26Mg composition observed. In contrast, the high Ca content of
sample CY1-298.3 (~20 wt% Ca0O; Coogan et al, 2017) suggests
this sample contains substantial calcite (~15-25%) that is proba-
bly sufficient to explain its light §26Mg value, assuming a low-Mg
calcite end-member with §26Mg of ~-4.25%.. Finally, carbonates
cannot account for the low §26Mg in two celadonite separates. Al-
though Rayleigh distillation is a plausible explanation for the light
Mg-isotopic composition of these celadonites, another possibility
is that the celadonite structure fractionates Mg isotopes differently
than most clays.

5.3. Decoupling of elemental and isotopic fluxes of Mg during oceanic
crust alteration at low temperatures (<100 °C)

Measured Mg/Ti ratios for almost all of the bulk samples from
the Troodos ophiolite and ODP Hole 801C fall within the range of
protolith compositions at both sites (Fig. 2B). However, in spite of
the lack of variability in bulk-rock Mg/Ti ratios, most of our AOC
samples are characterized by Mg-isotopic compositions that are el-
evated (826Mg up to 0.92%.) compared to unaltered MORB (526Mg=
-0.25 +0.04%.; Teng, 2017). The highest measured §26Mg values in
bulk samples from Troodos and 801C, reflecting the most isotopi-
cally modified samples, are ~1.12 to 1.30%. higher than seawater.
This isotopic difference is similar to the fractionation factor for clay
minerals formed at low-temperatures (Dunlea et al.,, 2017; Wim-
penny et al., 2014), suggesting that the Mg in these samples has
undergone virtually complete isotopic exchange with seawater Mg
despite little change in the bulk Mg content. The mechanism for
this exchange is likely the concurrent dissolution of Mg-bearing



8 D.P. Santiago Ramos et al. / Earth and Planetary Science Letters 541 (2020) 116290

primary phases and growth of secondary Mg-clays such as smec-
tite. This isotopic effect is similar to what has been previously
described for 87Sr/80Sr isotopes during low-temperature basalt al-
teration of the upper volcanics (e.g. Butterfield et al., 2001).

The recognition that chemical and isotopic fluxes of Mg are
decoupled during the low-temperature alteration of basalt has im-
portant consequences for the Mg isotopic budget of seawater. In
particular, it indicates that low-temperature oceanic crust alter-
ation could play an important role in determining the §26Mg value
of seawater even if the net sink of seawater Mg in oceanic crust
is small. Using the Troodos ophiolite as an example, if we as-
sume a §%6Mg value of seawater of -0.8%., a fractionation factor
associated with Mg removal during low-temperature oceanic crust
alteration of 1.3%., and an average §26Mg value of AOC of ~0%
(weighted by Mg/Ti ratio), we estimate that ~33% of the Mg in
the bulk crust was isotopically exchanged with seawater. Averaged
over 300-600 meters of altered oceanic crust and assuming a pro-
tolith MgO content of 6.8 wt%, we estimate a gross exchange flux
between seawater and crust of 1.4 to 2.7 Tmol of Mg/yr, or 27% to
54% of the modern riverine Mg flux.

5.4. Site-to-site variability in the 841K and 87 Li of low-temperature AOC
in the Troodos ophiolite

Our results show large and, in some cases, systematic ranges
in the isotopic ratios of 7Li/SLi (~7%.), 26Mg/?*Mg (>1.20%.) and
4TK/PK (~1%.) across the Troodos ophiolite. In particular, his-
tograms of 841K and 87Li values for the three sites of upper vol-
canic rocks indicate that Onophrious is distinct for both §41K and
87Li values (Fig. 4). While 841K values in Politico and Akaki span
a similar range (-0.77%. to -0.17%. and -0.81%. to -0.06%., respec-
tively), Onophrious samples show a much lighter isotopic distribu-
tion (-0.97%. to -0.59%.; Fig. 4A). When celadonite mineral sepa-
rates are included, the lowest §4'K value at Onophrious reaches
-1.07%. A similar pattern is observed in 8’Li values (Fig. 4B);
Politico and Akaki yield similar distributions and a combined range
of 87Li values between 6.71% and 12.6%. In contrast, measured
57Li values from bulk-rock samples at Onophrious are lower, rang-
ing from 6.29%. to 9.10%.. Celadonite mineral separates from the
same locale are characterized by even lighter §7Li values (5.80%.
to 7.27%.; Coogan et al., 2017). In addition to the differences in
841K and 87Li values, Onophrious is also characterized by smaller
K and Li enrichments and the absence of Fe-oxyhydroxides (Supp.
Table S1-S2; Coogan et al., 2017). In the following section we eval-
uate the potential sources of this variability, including (1) Rayleigh
distillation of the aquifer fluid, (2) temperature of the aquifer fluid,
(3) mineralogy, and (4) the relative importance of advective and
diffusive supply of K and Li and its effect on net isotopic fraction-
ation during low-temperature oceanic crust alteration.

5.4.1. Rayleigh distillation of the aquifer fluid

Sediment cover inhibits fluid ingress into the oceanic crust and
leads to fluid recharge being focused on unsedimented regions. As
a result, fluids feeding sedimented areas have to be transported
there by lateral flow in the aquifer, leading to a more evolved fluid
composition due to fluid-rock reactions along the flow path (e.g.
Farahat et al, 2017; Lauer et al., 2018). Thus, we expect higher
water-to-rock ratios, and an aquifer fluid composition less shifted
from seawater, in the Akaki/Politico areas compared to Onophrious,
which was sedimented much earlier. In fact, the absence of Fe-
oxyhydroxides in our Onophrious samples is consistent with the
presence of evolved fluids with low oxidizing power (e.g. Kuhn et
al.,, 2017).

During fluid-rock reactions, the precipitation of secondary K,Li-
silicates, which are enriched in the light isotope (PLi, 3°K), is
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Fig. 4. Site-to-site variability in §4'K and §”Li compositions across the Troodos ophi-
olite. Distributions of §*'K (A) and §7Li (B) values for Onophrious, Politico and
Akaki show the distinct isotopic composition of the Onophrious site in both iso-
tope systems. Bulk silicate Earth (e.g. Tomascak et al., 2008; Morgan et al., 2018)
and Cretaceous seawater compositions are indicated for reference. See text for de-
tails on how we estimate the §4'K composition of Cretaceous seawater; for the §7Li
value of Cretaceous seawater, we use that of Pogge Von Strandmann et al. (2013).

expected to drive 87Li, §4'K values higher in fluids that have re-
acted with more rock. However, this behavior is precisely the op-
posite of what is observed in the Troodos ophiolite, as samples
from Onophrious are characterized by systematically lower 87Li
and 841K values compared to Akaki/Politico. In addition, though
K50 (up to 4.80 wt%; Supp. Table S2) and Li (up to 73 ppm,; Gillis
et al., 2015; Coogan et al., 2017) contents observed at Onophrious
are lower than Akaki/Politico, they still imply water-to-rock ratios
of 100’ to 1000’s g/g. Under these conditions, secondary mineral
formation is unlikely to substantially modify the isotopic compo-
sition of the fluid, further indicating that Rayleigh distillation of K
and/or Li in the aquifer fluid cannot explain the overall lower §41K
and §7Li values observed at Onophrious relative to Akaki/Politico.

5.4.2. Temperature of the aquifer fluid

Differences in fluid temperatures between Onophrious and
Akaki/Politico are unlikely to be sufficient to explain their distinct
541K and 87Li distributions. Based on the §'80 values of secondary
calcite amygdales, Coogan et al. (2019) have shown that, over the
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Fig. 5. Cross-plot of §4'K (y-axis) and 87Li (x-axis) values in Troodos sites. Corre-
lation between §4'K and 87Li likely results from the combined effects of variable
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2006; Bourg et al., 2010). Closed symbols represent 8Li data from this study, while
open symbols correspond to 8”Li values from Gillis et al. (2015) and Coogan et al.
(2017).

depth range where most of our samples come from, alteration
temperatures at Onophrious are indistinguishable from those at
Politico and Akaki and similar to coeval seawater. This suggests
that all three sites experienced comparably low temperatures dur-
ing the period of alteration that coincides with the formation of
calcite. In addition, the §*'K and 87Li values at Onophrious are
lower than those at Akaki and Politico, whereas if early sedimen-
tation led to elevated temperatures at Onophrious, this should lead
to smaller fractionation of K and Li isotopes, and thus heavier §41K
and §7Li compositions.

5.4.3. Mineralogy

Another possible explanation for the systematic differences in
841K and §7Li values between Onophrious and Politico/Akaki is
variable secondary mineralogy. K isotope fractionation during ma-
rine silicate diagenesis was speculated to be dependent on the
coordination number of potassium in the secondary silicate prod-
uct (Santiago Ramos et al., 2018). Crystal bonding environment
also appears to control the 87Li of silicates, as has been demon-
strated for Li-clays synthesized in the laboratory (Hindshaw et al.,
2019). Finally, differences in the mineralogy and abundance of al-
teration products have been proposed to explain the large range
in Li isotopic composition of altered basalts from Troodos, includ-
ing a number of the samples discussed here (Coogan et al., 2017).
In fact, the correlation we observe between §4'K and §7Li values
within our Troodos samples (Fig. 5) could be related to variations
in mineral-specific fractionations, given that some alteration prod-
ucts host both cations (e.g. celadonite).

XRD results for 42 Troodos samples indicate that their overall
K,0 content is largely controlled by secondary K-feldspar abun-
dance; K-feldspar and KO0 wt% strongly correlate in these samples
and the slope of the relationship is indistinguishable from that ex-
pected for an “ideal” K-feldspar (17 wt% K,0; Fig. 6A). For samples
that are more K-enriched than predicted from K-feldspar abun-
dances, other K-bearing minerals must be present (e.g. celadonite)
and could affect the overall §41K, §’Li compositions of the bulk
sample. Although all three celadonite separates measured here
from Onophrious indeed have §*'K (-1.07%. to -0.77%.) and 87Li
(5.80%0 to 7.27%.; Coogan et al., 2017) values lower than the av-
erage Troodos crust, celadonite was not detected in any of the

bulk samples analyzed for mineralogy. Even if all the dioctahedral
mica were prescribed to celadonite, its abundance is considerably
smaller than K-feldspar, and there are no major differences in the
mica content of the samples studied here from Onophrious relative
to Akaki/Politico (Supp. Table S2). Further, Fig. 6B clearly shows
samples with similarly high K-feldspar content and very different
841K values, indicating that mineralogy is unlikely to be the main
source of the systematically lower §4'K and §’Li values observed
at Onophrious.

5.4.4. Advective vs. diffusive supply of cations

The recognition that most site-to-site variability in §4!'K and
87Li values between Onophrious and Akaki/Politico cannot be fully
explained by differences in fluid chemistry, temperature or sec-
ondary mineralogy implies the existence of alternative sources of
local isotopic variability. One intriguing possibility is that the low
841K and §7Li values at Onophrious reflect a greater role for the
diffusive supply of these cations at this site. As sediment thick-
ness increases, the mode of cation transport through the sediment
column to the underlying crust changes from advection to diffu-
sion (McDuff, 1981; Elderfield et al., 1999; Wheat and Mottl, 2000;
Mewes et al., 2016). Recent work on the K cycling in deep-sea sed-
iments has shown that the §*'K composition of marine pore-fluids
is affected by diffusive K fractionation, as 3°K diffuses through the
sediment pore-fluid at a faster rate than 4K (Bourg et al., 2010;
Santiago Ramos et al., 2018). With measured pore-fluid §4'K values
as low as -2%. (Santiago Ramos et al., 2018), local K supply from
diffusion could affect the overall §4'K of aquifer fluids even though
the amount of K supplied by diffusion would remain small relative
to K supplied by hydrothermally advected fluids. In addition, as Li
isotopes also fractionate during aqueous diffusion (Richter et al.,
2006; Bourg et al., 2010), diffusive fractionation of both K and Li
isotopes provides a plausible mechanism for both the low §”Li val-
ues at Onophrious and the positive correlation between §4*'K and
87Li values in our samples from the Troodos ophiolite (Fig. 4-5).

6. Conclusions

The seawater 841K value is elevated by ~0.5%. relative to bulk
silicate Earth for reasons that remained enigmatic until recently.
Here, we presented 84K measurements from a large sample suite
of bulk-rock, veins, and mineral separates from AOC in the Troodos
ophiolite and ODP Hole 801C; our results indicate that the elevated
841K value of seawater can be explained, in part, by the preferen-
tial incorporation of 3°K into secondary silicates formed during the
low-temperature alteration of oceanic crust by seawater. Average K
isotope fractionation factors estimated for the K sink in AOC are
~-0.5%0, and the weighted average K sink in AOC for both Troo-
dos and Hole 801C are indistinguishable from each other and from
BSE; however, both sites show significant variability in §4'K com-
positions, with values that are both higher and lower than BSE.

Our reported fractionation factors for Mg incorporation into
AOC from Troodos (~+1.3%.) and Hole 801C (~+1.1%.) are similar
to previous estimates of Mg isotope effects associated with sec-
ondary clay formation in both laboratory (Wimpenny et al., 2014)
and natural settings (Dunlea et al., 2017). Our results thus confirm
that secondary silicate formation in AOC is a sink of 26Mg from
seawater, in line with recent findings by Huang et al. (2018) and
Shalev et al. (2019). Together, these results indicate that the AOC
Mg sink explains, in part, the light §26Mg composition of seawater
(~-0.8%0). In addition, our results point to a decoupling of elemen-
tal and isotopic fluxes of Mg during basalt alteration by seawa-
ter, suggesting that Mg isotope exchange during low-temperature
oceanic crust alteration may play an outsized role in the Mg iso-
topic budget of seawater even if the net fluxes of Mg into AOC are
small.
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Fig. 6. K;0 content (A) and §*'K (B) values as functions of K-feldspar abundance in Troodos samples. (A) Regression line through data has a similar slope to that expected
for an “ideal” K-feldspar (17 wt% K;0), suggesting that, for the samples analyzed here, K-feldspar is a major K-bearing mineral phase. Samples with high K,O wt% despite
low K-feldspar contents likely contain other K-rich secondary minerals (e.g. celadonite). (B) Cross-plot of §4'K and K-feldspar content shows samples with similarly high
K-feldspar abundance and markedly different §4'K compositions, suggesting mineralogy cannot explain all the variability observed across Troodos sites.

Finally, the observed site-to-site variability in §*'K and 87Li val-
ues in the Troodos ophiolite probably comes from the combined
effects of mineralogy and diffusive vs. advective supply of K and
Li. In turn, variations in these parameters result from differences
in the history of sedimentation across these sites. We thus suggest
that paired K and Li isotope measurements can be used as isotopic
fingerprints for the study of low-temperature oceanic crust alter-
ation.
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