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A B S T R A C T   

The aqueous alteration of mantle rocks is considered to play a key role in Earth’s global biogeochemical cycling. 
Uranium enrichment in fluid-altered mantle rocks is a common feature that may reflect redox state or fluid 
source, but it remains unclear when, why, and how uranium is mobilized within these systems. In this study we 
use uranium (U) isotopes (234U/238U and 238U/235U ratios) to deduce the timing, mobilization processes, and 
fluid sources responsible for weathering of subaerial and submarine serpentinites. We find that complex post- 
formation weathering processes continue to perturb serpentinite U isotope compositions and U concentrations 
long after initial serpentinization. Enriched 234U/238U ratios in dredged seafloor serpentinites require recent 
(<1.5 Myr) uptake of U, likely from derived from chemically evolved seawater that has circulated through 
igneous basement rocks. In contrast, depleted and variable 234U/238U ratios in a terrestrial serpentinite across 
<30 cm spatial scales from the Wadi Fins outcrop in the Samail Ophiolite, Oman, indicate alpha recoil effects, 
with differences in these ratios reflecting different grain sizes or shapes of U-hosting minerals in different 
weathering zones. Both seafloor and Wadi Fins serpentinites have 238U/235U ratios significantly different from 
seawater and mid-ocean ridge basalts, reflecting different initial protolith composition and/or overprinting of 
238U/235U ratios during weathering. Using 238U/235U and U concentrations we calculate the isotopic composition 
of evolved fluids weathering the serpentinites at both localities. We also use 234U/238U and models of alpha recoil 
to determine the grain sizes of minerals hosting U from samples at Wadi Fins. Our results suggest that U isotopic 
compositions and concentrations are sensitive to post-serpentinization weathering processes in subaerial and 
submarine environments. The U isotopic composition of abyssal serpentinites is set by seawater that has 
chemically evolved during flow through basement rocks, questioning the utility of weathered serpentinites as an 
archive of paleo-seawater U isotope compositions, as well as other fluid-mobile elements modified during crustal 
fluid flow.   

1. Introduction 

The process of serpentinization, where aqueous fluids alter primary 
minerals in peridotite to form serpentine and other secondary phases, 
makes serpentinite a key reservoir in the global cycles of water, carbon 
dioxide, and fluid-mobile elements in the solid Earth. Because serpen-
tinite has formed throughout Earth’s history, ancient serpentinites have 
been used as proxies for fluid-rock interactions, changes in rheology, 
and ancient microbial habitats on early Earth (D’Andres et al., 2019; 

Pope et al., 2012; Scott et al., 2017) However, serpentinite exposed to 
seawater or meteoric fluids is susceptible to weathering by open-system 
alteration at low-temperatures (Beinlich et al., 2018; Klein et al., 2020; 
Mervine et al., 2015; Mervine et al., 2014; Snow and Dick, 1995). Sea-
floor weathering of oceanic serpentinite can modify its mineralogy, 
chemical composition, and physical properties (Klein et al., 2017). 
Continental weathering of serpentinite has been linked to Mg isotope 
fractionation, Ni enrichment, and CO2 sequestration (Beinlich et al., 
2018; Mervine et al., 2015; Mervine et al., 2014; de Obeso et al., 2021; 
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Power et al., 2013). 
Despite its prevalence, many aspects of serpentinite weathering 

remain poorly understood, including the fluid sources, timescales of 
weathering, and redox conditions. Knowledge of which elements are 
mobile and under what conditions becomes particularly important for 
serpentinite systems used as geochemical proxies (D’Andres et al., 
2019), as well as systems used to understand fluid sources of elements 
delivered to the mantle by subduction (Kendrick et al., 2011). Specif-
ically, how do fluids impart their chemistry into serpentinite and how 
does subsequent weathering modify that signal? 

Here we explore the impact of weathering processes on uranium 
concentrations [U] and isotope ratios in serpentinite systems. Seafloor 
serpentinite exhibits [U] enrichment by up to 1000x compared to un-
altered mantle peridotite (Kodolányi et al., 2011; Niu, 2004; Paulick 
et al., 2006). Uranium enrichment in serpentinite is generally attributed 
to interaction with seawater, which is a well-mixed U source (Chen 
et al., 1986). Recent work documents a similar range of U enrichment in 
a subaerially exposed serpentinite (de Obeso and Kelemen, 2020). The 
mechanism for U enrichment, where U is hosted, and the timing of up-
take during serpentinization and post-serpentinization weathering are 
not well known, particularly in regard to how they vary across different 
geologic settings (Kodolányi et al., 2011). 

Uranium isotopes provide a potential toolkit for evaluating serpen-
tinite formation conditions and weathering. The ‘stable’ isotope ratios of 
238U/235U are fractionated during U redox transformations between U 
(VI) and U(IV), with higher 238U/235U ratios found in solids formed 
under reducing conditions (Andersen et al., 2017; Stirling et al., 2007; 
Tissot and Dauphas, 2015; Weyer et al., 2008). The radiogenic U isotope 
ratios, 234U/238U, deviate from secular equilibrium (activity ratio of 1) 
due to either U addition from fluid sources with high 234U/238U ratios, or 
due to preferential removal of 234U relative to 238U during rock 
weathering (DePaolo et al., 2006; Fleischer, 1980; Kigoshi, 1971). 

In this study, we present 238U/235U, 234U/238U, and U concentrations 
in a suite of oceanic and continental serpentinites and we use these 
measurements to assess the fluid histories and weathering dynamics of 
U. To our knowledge, these are the first published measurements of 
uranium isotopes in serpentinites. An initial motivation of our study was 
to determine whether serpentinites record the 238U/235U ratio of 
seawater, thus opening the door to their use as archives of past 
238U/235U variations in the deep ocean, which reflect the extent of 
seafloor anoxia. We find that serpentinite 234U/238U ratios deviate 
significantly from secular equilibrium in our study sites, and that these 
234U/238U variations correlate strongly with 238U/235U. Our findings 
provide new constraints on the timescales and fluid sources of weath-
ering in submarine and subaerial environments and suggest that ser-
pentinites likely do not record the unaltered 238U/235U ratio of seawater. 

2. Background and methods 

2.1. Sample descriptions and geological context 

Well-characterized samples from oceanic and continental settings 
were selected that had previously published petrology and 
geochemistry. 

2.1.1. Dredged seafloor serpentinites 
Oceanic samples were dredged from the Southwest Indian Ridge, 

South American-Antarctic Ridge, and Central Mid-Atlantic Ridge. 
Sample CH35 18–287 is a strongly serpentinized and weathered peri-
dotite protomylonite dredged north of the St. Paul’s Rocks archipelago. 
Samples Vulc-5 35–37 and Vulc-5 41–29 are partially serpentinized and 
weathered peridotites from the Bullard Fracture Zone and the Vulcan 
Fracture Zone, respectively (American Antarctic Ridge). Sample IO 
11–76 60–171B is a completely serpentinized and weathered peridotite 
that was dredged at the Islas Orcadas Fracture Zone (Southwest Indian 
Ridge). Sample KN162–9 58–23 is a strongly serpentinized and 

weathered peridotite that was dredged at Oblique Spreading Center on 
the Southwest Indian Ridge. Dredged samples show brown staining due 
to the formation of hematite and goethite at the expense of magnetite 
whereas none of these samples contain brucite, consistent with pro-
longed exposure to seawater at or near the seafloor (Klein et al., 2020). 
The occurrence of relict magnetite in these samples suggests that the 
temperature of serpentinization likely exceeded 200 ◦C (Klein et al., 
2013; Klein et al., 2014). Approximate seafloor ages for these samples 
range from 1.5 to 11.4 Ma (Table 1). For additional sample-specific in-
formation see Dick (1989) and Klein et al. (2020). 

2.1.2. Wadi fins continental serpentinites 
Continental samples came from a peridotite outcrop in Wadi Fins 

(Samail Ophiolite, Sultanate of Oman (22.891611 ºN, 59.169060 ºE). 
These samples were collected in the bottom of a deep canyon where 
serpentinized peridotite is exposed below an unconformable contact 
with Cretaceous limestone ( de Obeso and Kelemen, 2020). Samples 
were taken from an outcrop that exhibits concentric alteration patterns 
characterized by sharp oxidation fronts and mineralogical changes over 
length-scales of one to thirty centimeters, with cross-cutting calcite and 
serpentine veins (Fig. 1). Three samples (OM15–5, OM15–6, OM15–7) 
were collected within 5–10 m of each other, each one targeting an in-
dependent concentric alteration pattern, totaling three distinct alter-
ation profiles. Each of these profiles was subdivided into three 
sub-samples, labeled core, green, and red zones (Fig. 1). Subsamples 
were analyzed from a total of one core zone (OM15–6), two green zones 
(OM15–6, OM15–7) and three red zones (OM15–5, OM15–6, OM15–7) 
(Table 1). 

Here we provide a brief overview of the characteristics and hy-
pothesized formation histories of these zones based on the findings in de 
Obeso and Kelemen (2020), where a full accounting of these alteration 
zones can be found. Core zones are the least altered, consisting of 
partially serpentinized peridotite with low [U] and evidence of reducing 
formation conditions inferred from the presence of sulfide mineral as-
semblages and low Fe3+/Fetot. Green zones are nearly completely ser-
pentinized, with MgO and FeO depletions and 10x Sr, Rb, and U 
enrichments relative to the core zones. Sulfides present in the green 
zones have low metal to sulfur ratios, which alongside the high Sr, Rb, 
and U suggest formation under more oxidizing conditions and higher 
water/rock ratios than the core zones. Red zones are more oxidized than 
either core or green, with goethite present in bulk rock powder XRD 
analyses, significant enrichment in FeO, high Fe3+/Fetot, similar Sr and 
Rb enrichments as the green zones, but with [U] concentrations 10x 
higher than green zones. Calcite veins in Wadi Fins are typically asso-
ciated with the red zones, but smaller veins extend into the core and 
green zones, as well. 

The proposed geologic history of the Wadi Fins samples is that ser-
pentinization of the peridotite began during the Late Cretaceous. 
Alteration zones formed as seawater percolated through overlying car-
bonates and through the peridotite, serpentinizing primary minerals, 
and mobilizing Fe and Mg between core, green, and red zones during 

Table 1 
Dredge Serpentinite Sample Name, Location, and Approximate Seafloor Age.  

Sample 
Name 

Ridge 
Location 

Latitude Longitude Seafloor Age (Ma) ( 
Müller et al., 2008) 

CHN35 
18–287 

St Paul’s 
Rocks 

00 56.0′ 
N 

29 20.0′ W 4.2 

VULC-5 
41–29 

Vulcan FZ 
SAAR 

59 05.21′ 
S 

16 48.46′ 
W 

1.5 

IO11–76 
60–171b 

Islas Orcadas 
FZ SWIR 

54 02.7′ 
S 

6 29.2′ E 1.5 

KN162–9 
58–23 

SWIR Oblique 
SC 

52 06.4′ 
S 

13 43.9′ E 3.8 

VULC-5 
35–37 

Bullard FZ 
SAAR 

57 56.97′ 
S 

7 48.73′ W 11.4  
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weathering (see Figure 12 in de Obeso and Kelemen, 2020). The 
behavior of Fe during serpentinization and weathering is critical 
because it largely controls the potential for oxidation–reduction re-
actions (Scott et al., 2017). Magnetite grains in carbonate veins that 
cross-cut the red and green zones were dated to be 15 ± 4 Ma by 
(U-Th)/He chronometry, suggesting that the formation of the alteration 
zones was complete by ~15 Ma (Cooperdock et al., 2020). 

2.2. Analytical methods 

Prior to crushing, calcite veins were removed from the Wadi Fins 
samples to provide pure lithological separates from each zone. We 
measured the calcium carbonate content of these Wadi Fins separates as 
a check on the efficacy of the vein removal. Sample powder aliquots 
were loaded into AutoMate vials, which were subsequently evacuated 
and acidified using 10% phosphoric acid. The CO2 produced by acidi-
fication was measured by a G2131-I Picarro cavity ringdown spec-
trometer coupled to an AutoMate autosampler at University of Southern 
California, following established methods (Dong et al., 2022). We note 
that this method only dissolves calcium carbonate, not dolomite or 
magnesite, which require higher temperatures and stronger acids to 
dissolve (Yager et al., 2017). 

X-ray diffraction (XRD) analyses were performed on both dredged 
serpentinite and Wadi Fins samples. Oceanic serpentinite powders were 
analyzed at Woods Hole Oceanographic Institution using a Phillips 
Analytical PW1830 instrument. XRD of Wadi Fins sample powders were 
analyzed at Lamont-Doherty Earth Observatory, using an Olympus Terra 
XRD and Match! software (de Obeso and Kelemen, 2020). Fe3+/Fetot was 
determined by mass balance using X-ray fluorescence analysis for 
oceanic samples at the Peter Hooper GeoAnalytical Lab at Washington 
State University and using ICP-OES analyses of Fe2O3 for Wadi Fins 
samples (de Obeso and Kelemen, 2020), together with FeO analyzed by 
titration for both sample suites. Loss on ignition was measured by 
heating to 900 ºC for oceanic serpentinites and 950 ºC for Wadi Fins. 
Thorium (Th), rubidium (Rb), and cesium (Cs) concentrations for sub-
marine samples were determined by ICP-MS at the Washington State 
University GeoAnalytical Lab. Wadi Fins Th, Rb, and Cs were previously 
reported (de Obeso and Kelemen, 2020) and were measured on a VG 
PlasmaQuad ExCell ICP-MS. 

Sample processing and U isotope analyses of both dredged and Wadi 
Fins serpentinites were performed at the Isotoparium (Caltech) 
following previously published protocols (Tissot and Dauphas, 2015). In 

brief, 100–430 mg of sample powders were digested in HF-HNO3 mix-
tures, checked for their U concentrations via an iCAP RQ ICP-MS, and 
spiked with the IRMM-3636 233U-236U double spike to achieve a spi-
ke/sample U ratio of ~ 3% (Tissot et al., 2019). Uranium purification 
was done using two successive separations on U/Teva resin and U iso-
topes were measured on a Thermo Neptune Plus MC-ICPMS. We calcu-
lated U isotope ratios and concentrations using a double spike inversion 
protocol (Tissot and Dauphas, 2015). 

The 238U/235U ratios are reported as δ238U values in units of permil 
relative to the U standard CRM-112a (238U/235U = 137.837 (Richter 
et al., 2010); also named SRM960 or NBL112-a; CRM-145 for the solu-
tion form): 

δ238U =

[ 238U
/

235Usample
238U/235Ustandard

− 1
]

× 1000.

The 234U/238U ratios are expressed relative to secular equilibrium as: 

δ234Usec =

[234U
/

238Usample
234U/238US.E.

− 1
]

× 1000,

where (234U/238U)S.E. is the atomic ratio at secular equilibrium and is 
equal to the ratio of the decay constants of 238U and 234U, λ238/λ234 =

(1.5513 × 10− 10)/(2.8220 × 10− 6) = 5.497 × 10− 5 (Cheng et al., 2013). 
Uncertainties are reported as the 95% confidence interval and 

calculated as the 2-sigma standard deviation of CRM-145 standard so-
lutions bracketed by themselves for a given session divided by the square 
root of the number of sample replicates analyzed. To monitor accuracy, 
we measured three full procedural replicates of the USGS reference 
material BCR-2. These gave average δ234U values of − 0.113 ± 0.240 ‰, 
within error of δ234U = 0 ‰ (Table S1) and consistent with historical 
results for BCR-2 (Cheng et al., 2013; Matthews et al., 2010; Tissot et al., 
2018) but about 0.6 ‰ lower than the recent highly precise values 
determined by Kipp et al. (2022). The δ238U values of the three BCR-2 
replicates we measured were − 0.261 ± 0.018 ‰, within error of the 
average literature value of − 0.262 ± 0.004 ‰ (n = 36) (data available 
taken from the uranium isotope database (Li and Tissot, 2023)). 

3. Results 

The seafloor samples experienced varying degrees of serpentiniza-
tion and weathering: CHN35 18–287 is a partially serpentinized peri-
dotite, IO11–76 60–171b is a serpentinized peridotite with its outer 

Fig. 1. Sample OM15–7 from Wadi Fins showing the three alteration zones discussed in this paper, as well as the average U concentrations, δ234U values, and δ238U 
values measured for these zones. Stippled lines demarcate the core, green, and red zones analyzed in this study. 
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weathering rind removed. While all abyssal samples showed visual ev-
idence of moderate to pervasive weathering, none of them contain 
brucite (Klein et al., 2020). Seafloor serpentinites analyzed in this study 
with XRD are all primarily composed of serpentine (lizardite) with 
minor magnetite and in most cases small amount of relict orthopyroxene 
and olivine. In addition samples VULC-5 41–29 and CHN35 18–287 
contain small amounts of dolomite and tremolite, respectively. 

The mineralogy of Wadi Fins samples shows increasing degrees of 
serpentinization in sequential order of the core being the least altered, 
followed by green zones, with red zones being the most altered. Core 
zones contain primary minerals such as olivine, pyroxene, and spinel in 
addition to serpentine. Green zones are dominated by lizardite, and clay 
minerals such as diopside and stevensite. Red zones are primarily liz-
ardite and stevensite with intergrown goethite. More details on the trace 
mineralogy of Wadi Fins samples can be found in de Obeso and Kelemen 
(2020). 

Fluid-mobile element (FME) concentrations (Rb, Cs) as well as ratios 
to immobile elements (Rb/Th, Cs/Th) show enrichments above depleted 
mantle values in both Wadi Fins and abyssal samples (Table S1), with 
the exception of the Wadi Fins core sample which does not show sig-
nificant FME enrichment. 

The oceanic samples have [U] ranging from 291 to 694 ng/g. One 
oceanic sample (CHN35 18–287) has δ234U of 71‰, roughly halfway 
between the secular equilibrium value of 0 ‰ and the seawater value of 
145.55 ‰ (Kipp et al., 2022). The δ238U of CHN35 18–287 is − 0.383 ±
0.055 ‰, within error of the seawater δ238U of − 0.379 ± 0.023 ‰ (Kipp 
et al., 2022). The other four oceanic serpentinites have δ234U signifi-
cantly higher than seawater, with values ranging from 281.1 to 400 ‰ 
(Fig. 2). These four other oceanic serpentinites also have δ238U that are 
isotopically light compared to seawater, with values ranging from 
− 0.645 to − 0.575 ‰ (Fig. 2). 

The [U], δ234U, and δ238U in the Wadi Fins rocks show variability 
corresponding to the different alteration zones (Figs. 1, 2). The core 
sample (black square, Fig. 2) has [U] of 8.3 ± 0.15 ng/g, δ234U of 
− 170.1 ± 1.51 ‰, and a δ238U value of − 0.024 ± 0.116 ‰. Green zone 
samples have higher [U] averaging 21.7 ± 5 ng/g but lower average 
δ234U values of -256 ± 5‰, and marginally lower average δ238U of 

− 0.087 ± 0.053 whereas red zone samples have the highest [U] and 
δ234U values amongst the continental samples; 503 ± 188 ng/g and -16 
± 9 ‰, respectively, and lowest average δ238U of − 0.299 ± 0.010 ‰ 
(Fig. 1) (Kipp et al., 2022). 

Both sample suites have non-secular equilibrium δ234U compositions 
(i.e., significantly offset from δ234U of 0 ‰, Fig. 2). The δ234U range of 
our samples, which spans several hundred ‰, is far larger than can be 
explained by stable isotope fractionation, which could drive a maximum 
fractionation of <2 ‰ for δ234U for the 1 ‰ observed range of 238U/235U 
observed in this study (Tissot and Dauphas, 2015). Our data reveal a 
systematic difference between the submarine and subaerial sample 
suites, where the submarine samples dredged from multiple seafloor 
localities have exclusively positive δ234U and the subaerial samples from 
Wadi Fins have exclusively negative δ234U. The δ238U values of both 
sample suites also show systematic differences both within and from 
each other. Continental samples have decreasing δ238U from core to 
green to red zones, while oceanic samples have δ238U values that are 
depleted relative to the continental samples, and with one exception are 
0.2–0.25 ‰ lower than seawater. We focus our discussion on unraveling 
the processes that changed the U isotopic composition of the studied 
samples. 

4. Discussion 

4.1. Alteration of U isotope ratios in submarine serpentinites by 
weathering 

The seafloor serpentinite samples come from different localities and 
ridge systems. High δ234U and low δ238U values (Fig. 2) suggest U 
addition from a δ234U enriched and δ238U depleted fluid, which we 
interpret as resulting from seafloor weathering. The idea that seafloor 
serpentinization and subsequent weathering adds U is based on 
observed U enrichments in dredged and drilled oceanic serpentinites 
from distinct tectonic environments (Deschamps et al., 2013; Kodolányi 
et al., 2011; Peters et al., 2017). While it is generally assumed that the 
source for U enrichment is seawater, when the U addition occurs and 
where the U is hosted are still unknown, especially since it has been 

Fig. 2. U concentrations in ng/g (left panel), δ234U values (center panel), and δ238U values (right panel) for the samples discussed in this paper. Error bars are smaller 
than symbol sizes for U concentrations and δ234U. Squares represent samples from Wadi Fins, with colors showing the respective weathering zones (core/black, 
green, and red). Seafloor serpentinites are shown as blue circles. Dashed black line in the left panel shows the secular equilibrium δ234U = 0 ‰ value, the dashed blue 
line in the left panel shows the seawater δ234U = 146.8 ‰ value, and the dashed blue line in the center panel shows the seawater δ238U value of − 0.379 ‰. The arrow 
pointing up in the center panel indicates the direction of high δ234U values for sedimentary pore fluids (e.g. Henderson et al., 1999). 
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suggested that both serpentinization and weathering can be sources of 
this U addition (Kodolányi et al., 2011). 

Our δ234U results suggest that unaltered seawater cannot be the sole 
fluid source for U enrichment during seafloor weathering and/or ser-
pentinization. Four of the five oceanic serpentinite samples have δ234U 
values significantly higher than seawater, suggesting that these ser-
pentinites incorporated U from δ234U enriched fluids with δ234U 
>145‰. Three possible fluid sources which will be evaluated in detail 
below are high-temperature hydrothermal fluids, low-temperature hy-
drothermal fluids, or sedimentary pore fluids. There are limited mea-
surements of δ234U in high-temperature vent fluids. Thus far none have 
been found to be above 200‰ (Chen et al., 1986), which are lower than 
our uppermost values of nearly 400‰. The δ234U system is subject to 
resetting by radioactive production and decay. The 234U half-life is 245, 
620 years (Cheng et al., 2013), so in a closed system with no other 
processes causing continuous δ234U deviations, δ234U values will be 
reset to secular equilibrium (δ234U = 0) over five 234U half-lives, or 
about 1.5 million years. The basement ages older than 1.5 Ma at all sites 
suggest that these samples should not have been exposed to 
high-temperature vent fluids recently enough to affect δ234U. Thus, we 
posit that high-temperature vent fluids are an unlikely source for the 
high δ234U in these dredged serpentinites. 

Instead we argue that U uptake into these dredged serpentinites must 
have happened during weathering processes occurring post- 
serpentinization, with a source from fluids that are chemically evolved 
from seawater. One potential fluid source is sedimentary pore fluids, 
which have high δ234U due to alpha recoil ejection of 234U from sedi-
ments to pore waters (Henderson et al., 1999; Ku et al., 1977; Maher 
et al., 2004). Another fluid source could be low-temperature fluids 
circulating through the ocean crust and shallow mantle. These fluids can 
be enriched in U (Mills and Dunk, 2010) and ferromanganese pre-
cipitates from low-temperature hydrothermal systems can have δ234U 
values of up to 225 ‰ (Reyss et al., 1987). Uptake of U into serpentinites 
during weathering by 234U-enriched low-temperature hydrothermal 
fluids is consistent with measured δ234U at or near seawater values in 
altered but unweathered basalt (Bacon, 1978; MacDougall et al., 1979). 

Therefore while seawater may serve as an initial fluid source to ser-
pentinite, the highly enriched δ234U signals we observe requires subse-
quent overprinting of the original fluid signature. 

The composition of the fluid source can be further investigated using 
U/Th, Rb/Th, and Cs/Th ratios. Rubidium and cesium are fluid-mobile 
but are not redox sensitive. Instead, Rb and Cs are highly sensitive to 
the formation of clay minerals, which strip them from solution (Spivack 
and Edmond, 1987). Most MOR serpentinites including the dredged 
samples in our study have U/Cs and U/Rb addition ratios higher than 
those of seawater by factors of ten and one hundred, respectively 
(Fig. 3). To our knowledge, combined measurements of Rb, Cs, and U 
have not been made on sedimentary pore fluids. However, sparse mea-
surements from differing locations have shown sedimentary pore fluids 
to have U concentrations similar to or slightly lower than seawater 
(Santschi et al., 1988) and Rb and Cs concentrations higher than in 
seawater within upper sedimentary layers (James and Palmer, 2000). 
Thus, sedimentary pore fluids would have lower U/Cs and U/Rb ratios 
than seawater, the opposite direction of what we observe in serpentin-
ites. Low-temperature crustal fluids from reducing environments expe-
rience significant U removal, minor Rb depletion, and Cs enrichment 
(Wheat et al., 2010), while colder crustal fluids from oxic environments 
have Rb and Cs similar to seawater and only 10%  U depletion (Meyer 
et al., 2016). Composite altered ocean crust (AOC) samples have U/Cs 
ratios of 0.3 to 10.3 and U/Rb ratios of 0.004 to 0.13, with higher 
U/FME ratios generally found in deeper samples (Staudigel et al., 1996). 
These ratios are lower than the U/Cs and U/Rb addition ratios found for 
mid-ocean ridge serpentinites in Peters et al. (2017) and in the samples 
analyzed in this study. The Rb and Cs data are linearly correlated (R2 =

0.95) in the AOC samples of Staudigel et al. (1996), but not correlated 
with U (R2 = 0.007 for U and Cs, R2 = 0.03 for U and Rb). This suggests 
Cs and Rb are taken up from fluids together, but independently of U 
during fluid flow through the ocean crust. We argue that the fluids 
contributing high 234U/238U to serpentinites have likely circulated 
through the upper ocean crust, progressively losing FME while 
exchanging U between the fluid and solid-phase. The fluids weathering 
the serpentinites in our study must be more evolved than even the fluids 

Fig. 3. Comparisons of U/Th with Rb/Th (left panel) and Cs/Th (right panel). Samples analyzed in this study are shown as large colored circles and squares, where 
abyssal serpentinites are blue circles, the Wadi Fins core zone is a black square, Wadi Fins green zones are green squares, and Wadi Fins red zones are red squares. The 
depleted mantle (Salters and Stracke, 2004) is shown as a large magenta star, and seawater (Chen et al., 1986; Li, 1991) is shown as a large blue star. Compilations of 
mid-ocean ridge serpentinites and forearc serpentinites (Peters et al., 2017) are shown as small downward-facing triangles and upward-facing triangles, respectively. 
Previous measurements of Samail Ophiolite serpentinites (Godard et al., 2021; Hanghøj et al., 2010) are shown as small gray squares. Dashed lines show addition 
lines starting from depleted mantle values for different U:Rb and U:Cs ratios. 
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weathering the upper ocean crust samples analyzed in Staudigel et al. 
(1996), as they have U/Cs and U/Rb addition ratios higher than those 
measured in the AOC. 

The δ238U values of most dredged serpentinites are also offset from 
seawater. Sample CHN35 18–287, the least altered sample in our suite, 
which has U/Th, Rb/Th, and Cs/Th similar to depleted mantle values 
(Fig. 4) is within error of modern seawater δ238U, but all other samples 
have δ238U lower than seawater by up to 0.265 ‰. CHN 35 18–27 also 
has the lowest δ234U values in our sample suite, roughly halfway be-
tween secular equilibrium and seawater. This value indicates that sec-
ondary alteration is responsible for both FME and U uptake in seafloor 
serpentinites. 

Stable isotopic fractionation of U occurs during U isotope exchange 
between reduced and oxidized U and makes the reduced U(IV) in the 
solid phase isotopically heavy relative to soluble oxidized U(VI) (Weyer 
et al., 2008). Serpentinization typically occurs under highly reducing 
conditions, with oxygen fugacities sufficiently low to allow for microbial 
sulfate reduction (Alt and Shanks, 1998). However, incorporation of U 
in serpentinites by reductive addition during serpentinization from a 
seawater-like fluid should result in higher δ238U in the serpentinite and 
is inconsistent with the δ238U values similar to or lower than seawater 
measured in our samples. 

Addition of U into oceanic serpentinites by fluids that have circulated 
through the ocean crust that results in δ234U enrichment can also drive 
the δ238U depletion we observe. Partial uranium reduction during fluid 
flow deposits solid-phase U with elevated δ238U leaving the residual 
fluid with a lighter U isotope composition, for even a small amount of U 
reduction (Lau et al., 2020). A modest degree (<10% initial U removed) 
of U reduction during pore fluid flow is sufficient to generate fluids with 
0.2–0.3 δ238U depletion (Lau et al., 2020). Indeed, AOC samples 
analyzed by Andersen et al. (2015) had higher δ238U values than either 
the bulk mantle or seawater (composite δ238U = − 0.170 ‰). These high 
solid-phase values would isotopically complement the low δ238U found 
in the seafloor serpentinites analyzed in this study. As these fluids 
weather serpentinites, the depleted δ238U signal is imparted onto the 
solids. 

We propose that these δ234U-enriched and δ238U-depleted fluids 
further alter already-serpentinized mantle rocks. All dredged samples 
are associated with seafloor topography from faulting and fracturing and 
may be affected by landslides and sedimentation, however dredging is 
usually performed on steep slopes with limited sediment. The fluids can 
chemically evolve through lateral flow and interaction with the igneous 
basement. After undergoing weathering, either these rocks were not 
exposed to pure seawater in the past 1.5 Ma or if they were exposed to 
seawater, then seawater alteration must have effectively ceased to 

prevent resetting serpentinite δ234U to the seawater value of 145‰. The 
serpentinites may also be continuously weathered by a δ234U-enriched, 
δ238U-depleted fluid. Our suggestion of U uptake during weathering is 
corroborated by the rough correlation between U isotopes and the and 
the extent of alteration, as well as the correlation between δ234U and 
δ238U (Fig. 4). Sample CHN35 18–287, which has a δ234U value of +71 
‰ that is intermediate between seawater and secular equilibrium and 
has a δ238U value within error of seawater, is a partially serpentinized 
peridotite mylonite. The next lowest δ234U value (+281 ‰) is from the 
core of a completely serpentinized peridotite after the outer weathered 
rind was removed. The remaining three samples are all moderately to 
pervasively weathered and have δ234U values of more than 300 ‰ and 
δ238U values less than − 0.57 ‰. 

Despite variations in degree of weathering, all samples show evi-
dence of interaction with a δ234U-enriched, δ238U-depleted fluid in the 
past 1–1.5 My. The seafloor serpentinites analyzed in this study have 
δ234U and δ238U values that are correlated with both each other and with 
U concentrations (Fig. 4), despite being sampled from different ridge 
systems. The linear correlation between U isotopes and 1/[U] can be 
used to infer an isotopic composition of the fluid source through the y- 
intercept of a linear regression, assuming a single fluid source with a 
constant isotopic composition. We infer weathering fluid values of 
δ238U = − 0.799 ‰ (linear regression r2 = 0.89) and δ238U = 587.3 ‰ 
(linear regression r2 = 0.70). Importantly, the observed correlation of 
both δ238U and δ234U with 1/[U] in serpentinites spanning these 
different ridge systems suggests the enrichment of δ234U and depletion 
of δ238U in evolved seawater within igneous basement rocks is a com-
mon phenomenon across the seafloor. 

4.2. Processes controlling δ238U at Wadi fins 

The least altered core and green zone samples at Wadi Fins, con-
sisting of partially to fully serpentinized peridotite, have relatively high 
δ238U values of − 0.125 to − 0.025 ‰. The formation of the green zones is 
characterized by more extensive peridotite serpentinization and meta-
somatism (de Obeso and Kelemen, 2020). Green zones are enriched in U 
concentrations by a factor of 3 compared to cores in our samples, but this 
additional U is unfractionated in δ238U at the 0.1‰ level (Fig. 2). Thus, it 
seems that in these samples, U addition associated with serpentinization 
comes from a source that is not isotopically distinct from the peridotite 
protolith, and that U uptake during this stage of serpentinization is 
non-fractionating. 

There are limited measurements of δ238U in igneous and meta-
morphic rocks (Li and Tissot, 2023), but the Wadi Fins core and green 
samples have higher δ238U than almost all of them (Fig. 5). Andersen 

Fig. 4. Scatterplots showing relationships between δ238U and δ234U in all samples measured in this study, as well the relationships between δ234U and δ238U with 1/ 
[U]. Solid lines show best-fit linear regressions for 1/U vs. δ234U (center) and δ238U (right). 
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et al. (2015) found that mid-ocean ridge basalts (MORBs) have δ238U of 
− 0.268 ± 0.011 ‰, ocean island basalts (OIBs) have δ238U of − 0.308 ±
0.005 ‰, and volcanic rocks from the Mariana arc have δ238U as light as 
− 0.419 ‰. Other measurements of arc volcanics found heavier δ238U of 
− 0.2 to − 0.1 ‰ in sediment-dominated melts from Mt. Vesuvius 
(Avanzinelli et al., 2018) and δ238U lighter than MORB at the Izu arc 
(Freymuth et al., 2019). Other measurements of OIBs have found δ238U 
between − 0.4 and − 0.2 ‰ with no apparent impact of magmatic dif-
ferentiation on δ238U (Gaschnig et al., 2021a, 2021b). While δ238U in 
Wadi Fins core and green zones is higher than all these previously 
measured igneous rocks, it is similar to the DTS-2b dunite USGS geo-
standard which has two δ238U measurements of − 0.085 ± 0.085 ‰ and 
− 0.094 ± 0.094 ‰ (Amelin et al., 2010; Iizuka et al., 2014). The DTS-2b 
standard is sourced from the Twin Sisters Mountain, an ultramafic 
dunite with very low degrees of background serpentinization, increasing 
in discrete fault zones (Ragan, 1963). While Wadi Fins core and green 
samples are primarily harzburgites (de Obeso and Kelemen, 2020) and 
share an ultramafic lithology with DTS-2b, the Wadi Fins samples are 
more serpentinized. Albeit a limited dataset, the high δ238U values of 
DTS-2b and Wadi Fins ultramafic samples compared to all other igneous 
rocks could represent a significantly different δ238U of mantle peridotite 
than has previously been inferred and warrants additional study. 
Another possibility is that reductive addition of U during serpentiniza-
tion imparts high δ238U values onto the Wadi Fins core and green zones. 
These zones both have U/Th, Rb/Th, and Cs/Th elevated above depleted 
mantle ratios, indicating U and FME uptake during serpentinization 
(Fig. 3). However, the core and green zones have much different degrees 
of serpentinization as indicated by the factor of 2 higher loss on ignition 
in green zones (Table S1, de Obeso and Kelemen, 2020), and both are 
more serpentinized than the ultramafic dunite of the Twin Sisters 
Mountain source of DTS-2b. These observations would suggest that U 
uptake during serpentinization is not fractionating or contributes 
reduced, high-δ238U to protolith rocks, and that the high δ238U of ul-
tramafic rocks is more likely due to different initial δ238U for mantle 
peridotite than previously documented. 

While δ238U values do not change within analytical uncertainty from 
core to green zones, they are significantly lower in red zones, averaging 
− 0.298 ± 0.020 (n = 5, 2-sigma standard deviation). The red zone of the 

Wadi Fins serpentinite is characterized by iron oxides and cross-cutting 
carbonate veins, with goethite grown within the serpentinite and 
magnetite appearing in the carbonate veins (Cooperdock et al., 2020; de 
Obeso and Kelemen, 2020). When analyzing the red zone samples, we 
were careful to avoid sampling carbonate veins while preparing rock 
powders. Carbonate contents measured on Wadi Fins powders do not 
correlate with U isotopic compositions for either δ234U or δ238U across 
weathering zones (Fig. 6). Thus, the factor of 50 enrichment we observe 
in U concentrations within red zones compared to the green zones is 
associated with the rock itself and not due to the presence of high-U 
carbonate in our samples. 

We argue that U uptake in red zone samples occurs due to copreci-
pitation with Fe oxides and oxyhydroxides, based on U/FME ratios 
(Fig. 3). Core and green samples plot along U/Rb and U/Cs addition 
ratio isolines of 0.01 and 0.2, respectively (Fig. 3). This is consistent with 
FME addition ratio values previously reported for other Samail Ophiolite 
samples (gray squares in Fig. 3) (Godard et al., 2021; Hanghøj et al., 
2010). However, red zones are significantly more enriched in U 
compared to Rb and Cs, plotting along U/Rb and U/Cs addition ratio 
lines an order of magnitude higher than the rest of the Wadi Fins sam-
ples. While iron oxides have a strong affinity for U uptake (Duff et al., 
2002), there seems to be little association of alkali elements like Rb and 
Cs with iron oxides (Li, 1982; Musić and Ristić, 1988). Thus the U 
enrichment in red zones compared to green zones occurs with no asso-
ciated Rb or Cs enrichment. 

We hypothesize that U coprecipitated with Fe oxides and Fe- 
oxyhydroxides in the red zones may be originally sourced from fluids 
that weathered the limestone sediments overlying Wadi Fins (Fig. 7). 
This fluid pathway is consistent with petrology and modeling results of 
de Obeso and Kelemen (2020). The isotopic balance supporting this 
argument is as follows. Limestone sediments overlying Wadi Fins were 
deposited starting in the late Cretaceous/Early Paleocene (Schlüter 
et al., 2008). Since measurements of ferromanganese crust δ238U suggest 
no secular trend in seawater δ238U from 80 Ma to present (Wang et al., 
2016), the overlying limestones likely precipitated from seawater with 
δ238U similar to today’s value of − 0.379 ‰ (Kipp et al., 2022). Because 
carbonate sediments in modern shallow carbonate environments have 
higher δ238U than seawater by 0.24–0.28 ‰ (Chen et al., 2018; Tissot 
et al., 2018) we expect the overlying limestones to have δ238U higher 
than Cenozoic seawater by this 0.24–0.28 ‰ and have δ238U values of 
− 0.139 to − 0.099 ‰. We argue that fluids would weather U of this 
isotopic composition from the limestones, then these alkaline, U-rich 
fluids then precipitate U alongside Fe oxides and Fe-oxyhydroxides in 
Wadi Fins red zones. Coprecipitation and/or adsorption onto Fe oxides 
results in solid-phase U that is − 0.24 ‰ offset from solution (Goto et al., 
2014), pushing our presumed red zone δ238U to − 0.379 to − 0.339 ‰ - 
comparable, though slightly lower, than our average red zone δ238U of 
− 0.298 ‰ (Fig. 7). A small additional contribution of U from oxidative 
weathering of reduced, isotopically heavy U(IV) from the overlying 
limestone sediments, would be sufficient to make up this difference. 
Because this additional U is added in association with Fe oxides, its 
isotopic signature is only found in the red zones, where the Fe oxides are 
present. Critically, our interpretation argues that the δ238U of the red 
zone in the studied serpentinite from Wadi Fins was set primarily by 
processes happening before 1.5 Ma, allowing the δ234U in red zones to 
reach secular equilibrium again. 

4.3. Mineralogical controls on δ234U at Wadi fins 

At the Wadi Fins site, samples from the core, green, and red zones 
display a remarkable 240‰ δ234U variation over 30 cm spatial scales 
(Fig. 1). The serpentinite samples at Wadi Fins analyzed in this study 
experienced fluid-rock interactions and calcite veining that resulted in 
the bulk chemical and mineral core-green-red zonation at minimum 15 
Ma, and possibly 60 Ma (Cooperdock et al., 2020; de Obeso and Kele-
men, 2020, 2018). Importantly, this indicates that the background U and 

Fig. 5. Comparison of δ238U measurements in different igneous rock types, 
compiled from the Uranium Isotope Database (Li and Tissot, 2023). Ultramafic 
rocks DTS-2b (Amelin et al., 2010; Iizuka et al., 2014) and Wadi Fins core and 
green (this study) grouped into the right box have higher δ238U than nearly all 
previously measured igneous rocks, including alkali basalts (Stirling et al., 
2005), mid-ocean ridge basalts (Andersen et al., 2015; Stirling et al., 2005), 
ocean island basalts (Andersen et al., 2015; Gaschnig et al., 2021a, 2021b), and 
arc lavas (Andersen et al., 2015; Avanzinelli et al., 2018; Freymuth et al., 2019). 
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Fe(III) concentration patterns in the zoned serpentinite likely reflect 
processes that occurred long before the 1.5 Myr timescale recorded by 
δ234U. We thus interpret the negative δ234U values as evidence for either 
recent or steady state processes acting on the uranium in the Wadi Fins 
serpentinites. 

Aqueous weathering tends to lower solid-phase δ234U while enrich-
ing fluid δ234U. Two processes give rise to δ234U fractionation during 
aqueous weathering. First, preferential leaching of 234U relative to 238U 
can occur during water rock interaction, since the energy from alpha 
decay of 238U decaying to 234Th will damage the mineral lattice site 
hosting its decay product 234U (Andersen et al., 2009; Fleischer, 1980). 
Second, the 234Th nuclide can be directly ejected from the mineral lattice 
following 238U decay (DePaolo et al., 2012, 2006). 

Preferential leaching of 234U as the process driving δ234U at Wadi 
Fins would require a way for greater 234U leaching to occur in the core 
and green zones. The Wadi Fins samples analyzed in this study were 
collected from the floor of a canyon, where core, green, and red zones 
are all exposed at the surface of the canyon floor. Given the petrologic 
and geochemical evidence that serpentinization and chemical zonation 
in the Wadi Fins rocks analyzed here occurred tens of millions of years 
ago, and that the weathering zones are within 30 cm of each other, it is 

likely that the core, green, and red zones analyzed in this study expe-
rienced the same degree of meteoric surface weathering over the last 1.5 
My during episodic canyon flooding, both during dry periods and plu-
vials. Thus, we argue that it is unlikely for preferential leaching of 234U 
to be much greater in core and green zones than in red zones. Instead, we 
make the argument that the variable δ234U depletions we observe are 
likely due to direct ejection. 

The magnitude of the solid-phase δ234U depletion due to direct 
ejection depends on the size and geometry of the mineral grains hosting 
U (DePaolo et al., 2012, 2006). Smaller grains, and grains with higher 
surface area to volume ratios, will lose more 234Th (and thus 234U) by 
direct ejection from the grain compared to larger, rounder grains 
(DePaolo et al., 2006; Kigoshi, 1971). The fraction of 238U decay prod-
ucts that escape the grain (f⍺) is a function of the recoil distance L (we 
follow Maher et al. (2006) in using a recoil length of 30 nm for silicate 
minerals), grain diameter d, and a parameter λr that accounts for the 
effects of both surface roughness and grain shape differences from a 
perfect sphere, where larger λr values represent greater surface rough-
ness and more oblate shapes (Kigoshi, 1971; Lee et al., 2010; Maher 
et al., 2006): 

Fig. 6. Scatterplots relating measured calcium carbonate content with [U], δ234U, and δ238U for Wadi Fins rocks. No distinct relationship is observed between 
calcium carbonate content and uranium isotopic composition either within or across alteration zones. Error bars are smaller than symbol sizes for [U] and δ234U. 

Fig. 7. Schematic showing processes resulting in measured δ238U of Wadi Fins red zones. Limestone overlying Wadi Fins precipitated from Late Cretaceous Seawater 
with relatively heavy δ238U. As meteoric waters weather the limestone, they mobilize U and flow through the Wadi Fins serpentinite, where U is co-precipitated on 
Fe-oxides/oxyhydroxides. Some degree of oxidative weathering of reduced U within the overlying limestone is necessary for this sequence of events to result in the 
measured red zone δ238U. 
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1) fα = 3L
2d ∗ λr 

Previous studies determining f⍺ have been done on sedimentary 
rocks of known or measured grain size, with the aim of dating their 
comminution (Aciego et al., 2011; DePaolo et al., 2012, 2006; Lee et al., 
2010; Maher et al., 2006, 2004). Given the shared geologic history over 
the last 1.5 Myr, we interpret the measured 234U/238U depletions at 
Wadi Fins in terms of grain size and/or shape differences in the minerals 
hosting U between the core, green, and red weathering zones. We can 
use the measured δ234U depletions, converted to f⍺, to calculate the grain 
size of the minerals likely hosting U in the samples. We note that this 
calculation only is for the grain sizes of the primary mineral hosts of U, 
not for the grain size of the whole rock. 

Fig. 8 graphically shows the range of grain sizes possible for the 
minerals hosting U in the Wadi Fins weathering zones based on δ234U. 
The boxes span λr values from 1 to 15. Our calculations show that core 
and green zone samples have grains hosting U that can range from 
approximately 0.2 to 5 µm, while red zone samples have U hosting grain 
sizes of about 2–70 µm. We do not have direct constraints on λr for these 
samples. However, electron microprobe analyses with a spot size of 10 
µm performed by de Obeso and Kelemen (2020) found no pure goethite. 
Thus, the iron oxide grains we argue host U in the red zones must be 
smaller than 10 µm, narrowing our range of possible scenarios (black 
and blue ellipses in Fig. 8). If grain size differences in the minerals 
hosting U between core, green, and red zones solely drive the δ234U 
depletions in these zones, then U host minerals must have 0.2–0.3 µm 
diameters in core and green zones, and 4–5 µm diameters in red zones 
(black ellipse in Fig. 8). Alternatively, if grain shape differences between 
U mineral hosts in core, green, and red zones solely drive the δ234U 
depletions in these zones, then U would be hosted in grains 2–3 µm in 
diameter in all zones, with λr values of 10–15 in core and green zones 
and 1 in red zones, suggesting that U hosting minerals in core and green 
zones are highly oblate and/or rough, and U hosting minerals in red 
zones are highly spherical and/or smooth (blue ellipse in Fig. 8). Of 

course, a range of possibilities exist between the grain size and grain 
shape hypothesis endmembers, where slightly smaller and slightly more 
oblate minerals host U in core and green zones, and slightly larger (but 
<5 µm) and slightly more spherical minerals host U in red zones. These 
possibilities lead us to speculatively propose that U is hosted in 
fine-grained, sheet silicates in core and green zones, and dominantly in 
somewhat coarser, more spherical iron oxides in red zones. 

5. Conclusions and implications 

The uranium isotope signatures we have measured in oceanic and 
continental serpentinites are significantly different from typical volcanic 
rocks and seawater, suggesting that post-formation weathering, both 
submarine and subaerial, exerts a strong control on the dynamics of U 
and possibly other fluid-mobile elements. We posit that serpentinites 
primarily take up uranium during oxidative weathering, while serpen-
tinization alone adds little uranium. Thus the uranium isotopic 
composition of serpentinites reflects the isotopic composition of the late- 
stage weathering fluids that overprint the original U isotopic composi-
tions. The enrichment of U and δ234U in oceanic serpentinites shows that 
weathering of these serpentinites must have occurred <1.5 Ma, by re-
action with evolved fluids that have circulated through the oceanic 
crust. We argue that this signature reflects U uptake during weathering 
after serpentinization. This alteration process must cease before the 
serpentinites are exhumed and exposed to seawater at the seafloor or be 
ongoing, otherwise their δ234U value would reset to the seawater value. 

We propose that the >250 ‰ range in δ234U values across 30 cm 
spatial scales at Wadi Fins is likely the result of varying grain size and/or 
shape of minerals hosting U in different weathering zones. If correct, this 
means that physicochemical properties of minerals are critical for 
setting the U content of serpentinite, a hypothesis that could be tested in 
future work since the specific mineral(s) hosting U in serpentinite are 
currently unknown. 

One of the original goals of this study was to investigate whether the 
δ238U of serpentinites faithfully recorded the δ238U of seawater. Our 
finding that δ238U is offset from seawater in both submarine and sub-
aerial serpentinites suggests that weathering reactions with both mete-
oric and oceanic waters result in offsets between serpentinite and 
seawater δ238U. In seafloor settings, this is due to uptake of U from 
evolved fluids that are isotopically fractionated from seawater. At Wadi 
Fins, we suggest this could be due to secondary deposition of U copre-
cipitating with iron oxides on serpentinite surfaces. The data in this 
study suggests serpentinite U uptake from evolved fluids is a pervasive 
phenomenon across multiple seafloor settings, and must be taken into 
account when determining paleo seawater δ238U compositions from 
serpentinites. 

While our sample set is admittedly limited, we see evidence for 
systematic submarine and subaerial weathering processes in setting the 
uranium isotopic composition of serpentinites. Taken together, our re-
sults align well with the recent study of Geilert et al. (2020) in diag-
nosing the critical importance of post-serpentinization weathering 
reactions. Further work investigating the fluids and processes delivering 
different elements to serpentinites will be critical for assessing the val-
idity of ancient seawater chemistry reconstructions from serpentinite, as 
well as for determining the composition of fluid-mobile elements and 
gasses carried to the mantle by subduction of oceanic serpentinite. We 
hope that this initial study paves the way for additional investigation of 
peridotite and serpentinite fluid uptake, weathering, and formation 
conditions using uranium isotopes. 
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Kodolányi, J., Pettke, T., Spandler, C., Kamber, B.S., Gméling, K., 2011. Geochemistry of 
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