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ARTICLE INFO ABSTRACT

Editor: Don Porcelli The constraint of Sn isotope composition of the Earth’s mantle is the prerequisite for understanding planet

formation with Sn isotopes and Sn isotope fractionation in terrestrial reservoirs. However, previous estimates of

Keywords: the Sn isotope composition of the Earth’s mantle are hampered by the small number of mantle-related samples.
Sn isotope In this study, we analyzed Sn stable isotope compositions of 27 basalts from geochemically and geologically
anRjatic differentiation diverse mid-ocean ridge segments, to constrain the Sn isotope composition of the depleted mantle source. The
DM%VI spread of Sn isotope compositions for the 27 different mid-ocean ridge basalts (MORBs) is limited, with 5122/

18gnpHvo-2 (delta notation of 122Sn/18sn ratios relative to USGS BHVO-2 basalt standard) values ranging from
—0.051 + 0.015%0 to 0.209 =+ 0.016%o (5*2%/118Sn3161, from 0.280 + 0.015 to 0.540 + 0.016%o0), despite great
geochemical and geographical diversities of the samples. The slightly higher §!2%/118Sngyy0.2 value (up to 0.209
+ 0.016%o (8'2%1183n3141, up to 0.540 + 0.016%0)) of one MORB sample appears to be caused by post-eruptive
alteration of the basalts. Other than that, the 512%/ HSSnBHVO,g values of the MORB samples do not show corre-
lations with sample latitude, spreading rate of mid-ocean ridge, MgO content of the bulk rock samples, and
partial melting index Nagg (defined as [NapO] + 0.373 x [MgO] — 2.98), implying that Sn isotopes do not
fractionate significantly during MORB melt generation and evolution processes. This study confirms the limited
Sn isotopic variability between fresh MORBs globally, pointing to the Sn isotopic homogeneity of the depleted
mantle source. Using these new MORB data, we proposed an estimate of the 8'2%1188nguy0.5 value for the
Earth’s depleted mantle to be 0.036 = 0.087%o (5'2%1183n3161, of 0.367 + 0.087%0) (2SD, N = 12). This value
provides a reference point for understanding the planetary and magmatic processes of Earth from a Sn isotope
perspective.

Oceanic crust

1. Introduction

Tin has the largest number of stable isotopes and the widest isotope
mass range in the periodic table. The mass-dependent Sn isotope com-
positions are variable between different types of chondrites, which have
been used to constrain the nature of the building blocks for the proto-
Earth (Creech and Moynier, 2019; Wang et al., 2021b). Tin is a
moderately volatile element with a 50% condensation temperature of
604 K (Wood et al., 2019). The elemental abundance and isotopic
composition of Sn in planetary bodies are affected by volatilization-
condensation processes that occurred during the early stages of planet
formation and evolution, thus its isotopic composition can provide
unique insights into planetary processes (Creech and Moynier, 2019;
Wang et al., 2019a; Wang et al., 2021b), complementing with those of

other elements of different volatility. For example, the lunar rocks have
heavier isotopic compositions compared to terrestrial rocks and primi-
tive meteorites (Day and Moynier, 2014) for a wide range of volatile
elements, including Cl (Barnes et al., 2016; McCubbin et al., 2015; Sharp
et al., 2010), Rb (Pringle and Moynier, 2017), Ga (Kato and Moynier,
2017), K (Wang and Jacobsen, 2016), Zn (Gargano et al., 2022; Kato
et al., 2015; Paniello et al., 2012), but with an exception for Sn. Tin, an
element with volatility within the range of the above elements, shows a
reverse isotopic effect with the lunar rocks enriched in light Sn isotopes
relative to mantle-derived rocks from Earth (Wang et al., 2019a). The
unusual isotopic signatures of Sn for the Earth-Moon system led to a
proposal of specific Sn speciation and condensing conditions in the
protolunar disk (Wang et al., 2019a). Nonetheless, our understanding of
the Sn isotope signatures of the Earth-Moon system is limited by the
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estimate of Earth’s mantle Sn isotopic baseline, which is based on a very
limited number of samples (komatiite, OIB, peridotite, MORB) (Badul-
lovich et al., 2017; Wang et al., 2018).

Applications of Sn isotopes in planetary studies require a precise and
accurate estimate of the Sn isotope composition of the bulk Earth.
Geochemically, Sn exhibits lithophile, siderophile, and chalcophile be-
haviors (Badullovich et al., 2017; Witt-Eickschen et al., 2009; Yi et al.,
1995). Tin is moderately incompatible during mantle melting (Adam
and Green, 2006; Kamenetsky and Eggins, 2012; Michely et al., 2017)
but can still be hosted by minerals like sulfides, clinopyroxene, titanite,
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amphibole, garnet, and mica (Che et al., 2013; Wang et al., 2018; Witt-
Eickschen et al., 2009; Yi et al., 1995). The Sn concentration of the
primitive mantle was estimated to be between 0.12 and 0.17 pg/g
(Jochum et al., 1993; Sun and McDonough, 1989), whereas Sn is
significantly enriched in crustal rocks (Sn ~1.7 pg/g in the bulk crust)
(Rudnick and Gao, 2003). It is estimated that the crust accounts for only
5.1% of the bulk silicate Earth (BSE) Sn budget (Huang et al., 2013;
Rudnick and Gao, 2003; Sun and McDonough, 1989). A part of the Earth
Sn budget could reside in the Earth’s core due to its affinity for metallic
core, which is much less accessible. Therefore, the mantle is the key to
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Fig. 1. Compilation of Sn isotope data of rocks,
chondrites, and cassiterites. The data using IPGP as
the standard are from Badullovich et al. (2017),
Creech et al. (2017); Creech et al. (2019); Creech and
Moynier (2019); the data using NIST as the standard
from Mason et al. (2020); Wang et al. (2019b); Wang
et al. (2018); Wang et al. (2017); Wang et al. (2019a);
Wang et al. (2021a); Yao et al. (2018); data using
SPEX as the standard is from Liu et al. (2021a); Zhou
et al. (2022); data with IARM-91D is from Bruegmann
et al. (2017). The data of this study are also displayed.
The red dotted line represents the reference line for
the NIST 3161a standard, whereas the blue dashed
line represents the value for BHVO-2, assuming the
two standards are isotopically identical between
different laboratories. The shaded areas denote the
estimated value range for BSE from Badullovich et al.
(2017) and Wang et al. (2018), respectively. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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the estimation of the Sn isotope composition of the Earth. The Sn
signature of the Earth’s mantle, however, could be affected by core
segregation and mantle-crust differentiation processes. Furthermore,
global plate tectonics has resulted in extensive recycling of materials
between Earth’s surface and the mantle for billions of years. Conse-
quently, the mantle records the time-integrated history of recycling
lithosphere and its overlying sediments (Hofmann, 1997; Lambart et al.,
2019), and is heterogeneous in chemical and isotopic compositions for
many elements (Zindler and Hart, 1986).

Metal stable isotopes are increasingly employed to study mantle
source heterogeneity and mantle processes (Anguelova et al., 2022; Liu
and Li, 2019; Soderman et al., 2022). Significant Sn isotope fraction-
ation has been reported in terrestrial samples (Fig. 1, (Badullovich et al.,
2017; Wang et al., 2018)). Tin isotope fractionations have been reported
to occur in various processes such as liquid-vapor separation (She et al.,
2020; Wang et al., 2019b), redox processes (Polyakov et al., 2005;
Roskosz et al., 2020; Wang et al., 2021a), metal-silicate segregation
(Kubik et al., 2021), and hydrothermal processes (Liu et al., 2021b;
Wang et al., 2019b; Yao et al., 2018). However, there have been no
systematic studies on the Sn isotope heterogeneity or homogeneity of
the mantle. The previous estimate of Sn isotope compositions of the
Earth’s mantle was either based on only three OIBs (Ocean Island Ba-
salts) and four Komatiites (Badullovich et al., 2017), or based on only
five peridotite and two Mid-ocean ridge basalts (Wang et al., 2018) and
these two approaches lead to a difference of about 0.217%o in §'2%/118sn
ratio (Fig. 1). These samples are not sufficient enough for a confident
characterization of the Sn composition of the Earth’s mantle.

Mid-ocean ridge basalts (MORBs) are the most abundant mafic rocks
on Earth and an accessible window into the mantle (Arevalo and
McDonough, 2010). They cover the global ocean floor along 60,000 km
of ridges (Niu, 2016). The global ridge system samples the mantle and
produces two-thirds of the Earth’s crust (Gale et al., 2013). Therefore the
composition of MORB samples is representative of the oceanic crust,
which is the Earth’s most extensive crustal reservoir (Arevalo and
McDonough, 2010; Gale et al., 2013). MORBs have long been used to
investigate the chemical and isotopic heterogeneity of the oceanic upper
mantle (Hart, 1988; White, 1985). In this study, we performed high-
precision Sn isotope analysis on 27 well-characterized MORBs. These
samples are from diverse localities and exhibit considerable chemical
variabilities, which provide an opportunity to evaluate how mantle
heterogeneity and magmatic processes can affect the Sn isotope com-
positions of the rocks. After discussing the origin of some Sn isotopic
variations, these data are used to provide constraints for the Sn isotope
composition of depleted MORB mantle (DMM), where MORBs are
sourced from.

2. Samples and analyses
2.1. Background of samples

Well-characterized MORB samples of geographical and composi-
tional diversity were selected for this study. Five different USGS (United
States Geological Survey) rock standards are processed along with the
MORBs samples for comparison, which are BHVO-2, a basalt from
Kilauea, Hawaii, USA; BCR-2, a basalt from Columbia River, Oregon,
USA; AGV-2, andesite from Guano Valley, Oregon, USA; GSP-2, a
granodiorite from Silver Plume, Colorado, USA; and RGM-2, rhyolite
from Glass Mountain, California, USA. The elemental compositions of
these reference materials have been reported in detail (Cotta and Enz-
weiler, 2013; Jochum et al., 2016; Weis et al., 2005).

Based on the relative plate motion rates, mid-ocean ridges are clas-
sified into ultrafast, fast, intermediate, slow, and ultraslow spreading
ridges (LaFemina, 2015). The spreading rate of the Pacific-Antarctic
Ridge (PAR) sections is 94 mm/y (Clog et al., 2013; DeMets et al.,
1990; Labidi et al., 2014), while the South West Indian Ridge (SWIR) is
an ultraslow spreading ridge with a spreading rate of 14 mm/yr (DeMets
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et al., 1994; Dick et al., 2003; Sauter et al., 2001). The spreading center
of the Central Indian Ridge (CIR) has an intermediate rate of 34-55 mm/
yr (DeMets et al., 1990; DeMets et al., 1994; Pak et al., 2017; Van Dover
et al., 2001). The spreading rate along the East Pacific Rise (EPR) is
about 90 to 150 mm/yr (Brandl et al., 2012; Rea, 1977; Vithana et al.,
2019; Zeng et al., 2021). The spreading rate of the Mid-Atlantic Ridge
(MAR) segment is 20 to 30 mm/yr (Grindlay et al., 1998). Basalt samples
from the ridges mentioned above were selected for this study to cover a
wide range of spreading rates.

Most of the MORB samples investigated here are collected from
“zero-age” oceanic ridges in different oceans (Fig. 2) and were available
at the Institut de Physique du Globe (IPGP) collection. The descriptions
of MORBs analyzed in this study can be found in Appendix A of Elec-
tronic Supplementary Information (ESI), and the latitude and longitude
are listed in Table 1. Except for the DSDP samples from the Atlantic
Ocean, the studied samples are fresh glasses (quenched melts), which
display large variations in chemical compositions (Table S1, S3) and
cover a large range of spreading rates. One Atlantic Ocean sample DSDP-
51A-417A-24 underwent extensive alteration. The samples are all
basaltic based on the major elemental contents. Some of our samples
have been studied for major and trace elements, radiogenic Sr, Nd, Hf
isotopes, and stable S, Fe, K, Zr, Ti, Sr, Mo, and Cu isotope compositions
(Amsellem et al., 2018; Bezard et al., 2016; Chauvel and Blichert-Toft,
2001; Deng et al.,, 2018; Hamelin et al., 2011; Inglis et al., 2019;
Labidi et al., 2014; Savage et al., 2015; Teng et al., 2013; Tuller-Ross
et al., 2019), which were compiled in Table S1 (italic font).

2.2. Major and trace elements measurements

All laboratory work was performed in a class-100 clean room envi-
ronment at the Institut de Physique du Globe de Paris (IPGP), France.
Clean MORB glass fragments were handpicked and powdered with an
agate mortar. Pre-cleaned Teflon beakers were used for all samples and
solutions processed in this study. Analytical reagent (AR) grade acids
were further purified by sub-boiling distillation. Acid and sample solu-
tions were diluted in ultra-pure (18.2 MQ) Milli-Q water. Elemental
measurements were performed for all the MORB samples following a
well-established protocol (Deng et al., 2020; Inglis et al., 2019). For each
sample, around 50-100 mg of rock powder were digested in 2 ml HF and
4 ml HNOs in a capped 30 ml Savillex Teflon beaker that was heated in a
box-type hotplate at 130 °C for four days. Then the sample was evapo-
rated at 100 °C to dryness and refluxed with 4 ml 6 N HCl at 130 °C for
four days to decompose any remaining fluoride precipitates. The sample
was finally dried at 85 °C and re-dissolved in 4 ml 0.5 N HNOs. All
samples were checked to be clear solutions ready for elemental de-
terminations. An aliquot of the solution was diluted by a factor of 5000
and 2000 for major and trace elemental analysis. Concentration mea-
surements for major and trace elements were performed using an Agilent
quadrupole inductively coupled plasma mass spectrometer (Q-ICP-MS).
Scandium and indium were used for the correction of matrix effects and
signal drift during ICP-MS analyses. Certified standards with concen-
tration gradients were prepared to generate calibration curves for con-
centration calculations. It should be noted that Sn concentrations
reported in this study are derived from isotope dilution mass spec-
trometry associated with the isotopic measurements (see below).

2.3. Sn isotope measurement

Stable Sn isotope analysis was conducted following the method
described in Creech et al. (2017) and is summarized here. Roughly 1 g
(to obtain between 0.5 and 1 pg Sn) rock powder was weighed and
placed in a 30 ml Teflon beaker. Prior to digestion, each sample was
mixed with a '7Sn—'22Sn double-spike solution to generate an optimal
spike-to-sample ratio of approximately 40:60. The mass of spike added
to the sample was calculated based on prior Sn concentration data by
quadrupole (Q)-ICP-MS. The spiked sample was then digested with a
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Fig. 2. World map showing the locations of the mid-ocean ridge basalts (MORBs) investigated in this study.

mixture of 1:1 of concentrated HF-HNOs on a hotplate at 140 °C for
three days. Following initial decomposition, the solution was evapo-
rated to dryness at 60 °C and brought up in concentrated HNOs, then in
6 N HCl to reflux at 130 °C for two days before drying again at 60 °C.
Afterwards, the residues were re-dissolved in 2-4 ml 0.5 N HCl and
ready for column chemistry.

Biorad columns filled with 1.5 ml Eichrom TRU resin were used for
the purification of Sn. After loading, the matrix elements were eluted
with 0.5 N and 0.25 N HCL Then Sn was recovered using 10 ml 0.5 N
HNOj3 as described by Creech et al. (2017). 100 pl of concentrated HF
was added to each collection beaker to prevent Sn hydrolysis. The
collected Sn solution was dried at 60 °C and taken up in 0.5 N HCI to
reach a Sn concentration of 100 ng/g.

Isotope ratio measurement for Sn was performed on a Thermo-Fisher
Neptune Plus multiple-collector inductively-coupled-plasma mass-
spectrometer (MC-ICP-MS) operated on low-resolution mode. Tin solu-
tions were introduced into ICP using an ESI Apex HF desolvation system
using a PFA nebulizer at an uptake rate of 100 pL min-'. Before each
isotope analysis, the on-peak zero of acid blanks was measured after
rinsing by three tubes of 0.5 N HCL. Optimally spiked standards were
bracketed between every two samples. Data reduction was carried out
with Isospike (www.isospike.org) tool (Creech et al., 2017; Creech and
Paul, 2015) using Iolite software. The raw data were checked to avoid
high baseline and interferences. Isotopic results are reported with delta
notation as §'2%/118gn relative to the Sn_IPGP standard. The total pro-
cedural blank was lower than 1 ng and was insignificant compared to the
Sn from the samples. The intermediate precision of the method was
ensured by full (dissolution and chemical separation) replicates of GSP-2
and are at the level of 0.069 %o (2SD) (Table S2).

3. Results
3.1. Elemental results

Some of the samples analyzed in this study had previously been
analyzed for elemental concentrations by Inglis et al. (2019), and both
datasets are consistent (See Table S1, S3). The major element results are
displayed in Table S1. The major element compositions were adopted
from the literature if they existed, and our data were also listed for
comparison (Table S1). The major element compositions span around
the global MORB means (Gale et al., 2013) and overlap with fresh global
MORBs (Fig. 3). Samples vary in chemical compositions, with Mg, Ti,
and K abundance ranging from 3.06 to 10.43 wt% MgO, 0.86 to 2.01 wt
% TiO, and 0.03 to 6.38 wt% K20 for these samples (Fig. 3). In our
sample set, TiO2 contents increase slightly with decreasing MgO, while
the K5O contents are scattered and do not define a clear array. There is
no significant difference in major elements between MORBs from
different sites, but the K,O contents and K;O/TiOy (Fig. S1) ratios
appear to be higher in the MAR samples.

The Sn contents of MORB samples range from 0.53 to 2.69 pg/g
(Fig. 4), which overlap with those of global MORBs. The Atlantic Ocean
basalts have a Sn concentration range of 0.79 to 0.98 pg/g. The Mid-
Atlantic Ridge samples show a larger range in Sn concentrations, from
0.53 to 1.97 pg/g, with an average of 1.19 pg/g. Although the La/Sm
ratio from the Mid-Atlantic Ridge differs, the Sn content largely overlaps
with MORBSs from other ridges (Fig. 4). Basalts from the East Pacific Rise
have Sn content of 0.87 to 2.69 pg/g, the highest among the investigated
samples. The Sn concentrations are 1.17-1.80 pg/g for Pacific-Antarctic
Ridge on-axis basalts and 0.62-1.24 pg/g for off-axis samples. Finally,
the Sn concentrations of South West Indian Ridge and Central Indian
Ridge on-axis samples are 1.91-2.54 pg/g and 0.69-1.43 pg/g, respec-
tively. In comparison, the Sn content of one off-axis Central Indian Ridge
sample is 2.34 pg/g. PM-normalized spider diagrams according to their
incompatibility of MORBs from different locations are shown in Fig. 5.
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Table 1
Tin isotopic compositions of mid-ocean ridge basalts.
Sample Location Age Location  Latitude  Longitude  §'2¥ 512/ 512 2SD N Sn (La/ spreading
118gp 118gp 1188n3161a content/ Sm)y rate/
PGP BHVO-2 ug~g71 mm~y’1
CYP74 31-35 Mid- 0 on-axis 36.85 —33.25 0.198 0.017 0.348 0.031 2 0.53 1.49 25
Atlantic
Ridge
ARP 749 13C Mid- 0 on-axis 36.83 —33.27 0.234 0.053 0.384 0.017 2 1.18 1.27
COLUMN Atlantic
Ridge
ARP 74 78C Mid- 0 on-axis 36.83 —33.25 0.239 0.058 0.389 0.013 2 1.20 1.57
COLUMN Atlantic
Ridge
ARP 7478 Mid- 0 on-axis 36.83 —33.25 0.181 0.000 0.331 0.006 2 1.16 1.57
SURFACE Atlantic
Ridge
CH31- Mid- 0 on-axis 36.84 —-33.25 0.217 0.036 0.367 0.033 2 0.90 1.30
DR12-137 Atlantic
Ridge
CH30 DR Mid Atlantic 0 on-axis 37.92 -31.10 0.201 0.020 0.351 0.042 4 1.45 2.01
17-03 Ridge
EW9309 20D- Mid- 0 on-axis —51.43 —5.78 0.194 0.013 0.344 0.004 2 1.74 1.47
1g Atlantic
Ridge
EW9309 3D- Mid- 0 on-axis —47.795 —10.15 0.235 0.054 0.385 0.012 2 1.17 1.82
lg Atlantic
Ridge
271D 44-1 Mid- 0 on-axis ~14.3 ~ —45 0.188 0.007 0.338 0.016 2 1.06 1.96
Atlantic
Ridge
2311315';'_ ) Aoﬂcf:;c Cretaceous  onaxis ~ 25.112  —68.047 0241  0.060 0391 0027 2 0.79 0.45
DSDP-51A- Atlantic
417A-24 Cretaceous on-axis 25.1105 —68.0413 0.390 0.209 0.540 0.016 2 0.98 0.61
Ocean
(excluded)
ZSII;PD_Z_; 6 A(?;r::lc Cretaceous on-axis 25.112 —68.047 0.253 0.072 0.403 0.004 2 0.92 0.47
SWIFT South West
Indian 0 on-axis —44.90 36.47 0.193 0.012 0.343 0.010 2 1.91 1.48 14
DR06-3-6 g .
Ridge
South West
MD34 D1 Indian 0 on-axis —31.69 57.84 0.300 0.119 0.450 0.076 2 2.54 0.91
Ridge
Central
MD57-D6-7 Indian 0 on-axis —15.89 67.28 0.190 0.009 0.340 0.042 2 0.85 0.79 48
Ridge
Central
MD57 D13 Indian 0 on-axis 1.47 67.64 0.218 0.037 0.368 0.066 2 1.43 0.72
Ridge
Central
MD57 D3-3 Indian 0 on-axis —20.16 66.84 0.245 0.064 0.395 0.004 2 0.69 0.61
Ridge
Central
MD57 D2-8 Indian 0 off-axis —21.72 69.29 0.310 0.129 0.460 0.018 2 2.34 0.58
Ridge

East Pacific

CYP78 12-34 . 0 on-axis 2090  —109.05 0206  0.025 035 0025 2 0.87 0.67 145
SEARISEL Bast Pacific 0 on-axis 6.73 210260 0.265 0.084 0.415 0.008 2 2.69 0.62
DRO04 Rise
SEARISE2 Bast Pacific 0 on-axis  -21.41 11428  0.291 0.110 0.441 0.008 2 1.29 0.48
DRO3 Rise
Pacific-
PAC2§§43' Antarctic 0 offaxis  —40.54  111.03 0230  0.049 0380 0040 2 0.62 0.48 04
Ridge
Pacific-
PACZDRS2L ) tarctic 0 on-axis  -4539 11243 0130  —0.051 0280 0015 2 1.80 0.72
g Ridge
PACZEGRZS‘ 0 on-axis  —47.51 11325 0174  —0.007 0324 009 2 117 0.55

(continued on next page)
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Table 1 (continued)
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Sample Location Age Location  Latitude  Longitude  §'2% 512%/ 512/ 2SD N Sn (La/ spreading
118gp 18y 1 ISSnglma content/ Sm)y rate/
PGP BHVO-2 pgg™t mm-y "
Pacific-
Antarctic
Ridge
PAC2 DR25- Pacific- 0 off-axis —48.61 114.79 0.268 0.087 0.418 0.014 2 1.17 0.76
1G Antarctic
Ridge
PAC2 Pacific- 0 off-axis —50.20 115.89 0.263 0.082 0.413 0.068 2 1.06 0.74
DR16-7G Antarctic
Ridge
PAC2 Pacific- 0 off-axis —50.20 115.89 0.283 0.102 0.433 0.076 1.24 0.73
DR16-1G Antarctic 2
(excluded) Ridge
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Fig. 3. MORB samples analyzed in this study are plotted over the global MORB dataset (gray) for (A) TiO, vs. MgO, (B) K30 vs. MgO, and (C) Na,O vs. MgO. Major
element data for samples are from PetDB and this study. All the data follow the first-order liquid line of descent (LLD) trends defined by global MORBs during MORB
melt cooling and evolution. The global MORB dataset was downloaded from PetDB on 15 December 2021 (https://search.earthchem.org/) using parameters:

“spreading center; basalt; fresh.” The legends are the same as in Fig. 3.
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Fig. 4. The relationship between Sn concentration and La/Sm ratio (un-
normalized) of MORB samples. The data were downloaded from the PetDB
Database (www.earthchem.org/petdb) on 13 September 2022, using the
following parameters: “spreading center; basalt; fresh.”

All samples analyzed in this study display similar patterns with E-
MORBs and N-MORBs from Sun and McDonough (1989). The compo-
sition variability of the studied MORB samples is more profound for
incompatible elements (Fig. 5).

3.2. Tin isotopic results of Sn standards and MORBs

There are different reference materials for the expression of Sn iso-
topic results with different batch numbers in the literature (Fig. 1). Due
to the lack of certified international Sn isotopic reference materials, the
IPGP group first used an ICP PLASMAL solution as a reference standard,
labeled as “Sn_IPGP.” At the same time, the single elemental standard
NIST 3161a was also used by researchers. The repeated measurements of
IPGP standards against itself return a 5122/ 118Snlpgp value of 0.000 +
0.030%o (N = 129). We also doped the IPGP standard with the matrix of
granites and basalts and treated them as unknown samples to validate
the accuracy of the method. The IPGP standard doped with major ele-
ments similar to typical basalt and granite and then processed through
chemistry returned a 5122/ 1188nIpGp value of —0.017 4 0.014%. (N = 2)
and — 0.014 + 0.004%. (N = 2), respectively. The NIST 3161a from
Nanjing University has a §'22/118Snpgp of —0.150 + 0.059%0 (N = 11).
After the NIST 3161a is passed through the whole chemical purification
procedure, it returns the §122/118gn ,p values of —0.171 = 0.003%o (N
=2)and — 0.175 4 0.011%o (N = 3) with and without the addition of HF
acid in the pure solution before loading on the column chemistry, which
are all identical within error and also consistent with the value reported
in She et al. (2020) (—=0.17 £ 0.06%o, Lot #140917). However, it should
be noted that the lack of a common isotopic standard and the difference
in some of the isotopic notations has hampered confident inter-
laboratory comparison. Except for BHVO-2 and BCR-2, other common
rock standards were measured only once by Creech et al. (2017). More
recently, Wang et al. (2022) reported a large discrepancy between Sn
isotope data for geostandards such as BHVO-2 measured by different
labs, which was explained by insufficient replication, heterogeneity of
the BHVO-2, or different Lots of Sn_IPGP. Similar heterogeneity of
geostandard GPt-3 was reported for Mo isotopes (Fan et al., 2020).
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Fig. 5. PM-normalized incompatible element concentrations of MORBs analyzed in this study, along with OIB, E-MORB, and N-MORB composition from Sun and
McDonough (1989). The order of trace-element incompatibility and PM composition are from Sun and McDonough (1989). PM = primitive mantle.

To better characterize the geostandards, several separate repeated
dissolutions of BHVO-2, BCR-2, GSP-2, and multiple measurements of
each rock standard were carried out (Table S2). The typical overall yield
of Sn for the samples was around 50%. The actual sample-spike ratios
varied from 35%-45%. Over the course of this study, analyses of these
rock standards yielded 512 IISSHIPGP values of 0.181 + 0.066%o for
BHVO-2 (N = 12; 0.331 + 0.066%o0 in 5'2%/1188n3141,), 0.134 £ 0.038%o
for BCR-2 (N = 16; 0.284 + 0.038%0 in 5'2*18Sn3¢1,), 0.074 +
0.069%o for GSP-2 (N = 12; 0.224 + 0.069%o in §'%2/1188n3;¢;,), 0.147
+ 0.006%0 for AGV-2 (N = 9; 0.297 =+ 0.006%o in 5'2%118Sn3161,), and
0.002 + 0.051%o for RGM-2 (N = 2; 0.152 £ 0.051%o). There is a sys-
tematic negative shift by around 0.2%. for these rock standard values
compared to the data reported by Creech et al. (2017). Since we used a
similar procedure as in Creech et al. (2017), including the same double
spike solution, one possible explanation for this discrepancy could be the
sample heterogeneity of the rock powders (Weis et al., 2005), as we used
different jars of the geostandard powders. Another possible issue is that
the original concentrated Sn_IPGP standard stock solution was depleted
before this study, and we used an old diluted (1 pg/g) solution remaining
in a previously-used bottle to prepare the 100 ng/g in-house bracketing
standard solution for MC-ICP-MS analyses. Since aqueous Sn is suscep-
tible to hydrolysis, it is possible that the isotopic composition of the 1
pg/g old and dilute IPGP standard solution had been affected by partial
hydrolysis during storage. The difference in reported Sn isotope data
between different laboratories or researchers could also be related to
experimental procedures. The Sn isotope compositions of natural sam-
ples could be altered during sample dissolution (Berger et al., 2018), if
volatilization of Sn (Mathur et al., 2017; She et al., 2020; Wang et al.,
2019b) occurs before sample-spike equilibration.

It is important to note that when we convert all the data relative to
BHVO-2, the meteorite CV3 and L4 of Wang et al. (2021b) are consistent
with Creech and Moynier (2019) within error (Table S2). This implies

systematic, but consistent and correctable, offsets in measured 8'2%
18gy for geostandards between different laboratories. It should be noted
that our results relative to NIST 3161a is consistent with Wang et al.
(2022) and She et al. (2023), which validate the quality of our data
(Table S2). Therefore, both NIST 3161a and BHVO-2 from different
laboratories are expected to be homogeneous in Sn isotope composi-
tions. Thus, to avoid potential problems with the conservation of stan-
dards, we report all the data relative to the measured average value of
the BHVO-2 (n = 12) and NIST 3161a simultaneously and renormalize
all the literature data relative to the corresponding literature BHVO-2
and NIST 3161a to allow inter-laboratory comparison. We suggest that
until a certified Sn isotopic standard is recognized among community,
each study analyzes the Sn isotopic composition of both BHVO-2 and
NIST 3161a and uses them as anchoring points. Therefore, all the data
will be discussed here as §'2% HSSnBHVO_z and 8'%% 1185n3]6]a.

The Sn isotope data for MORB samples are tabulated in Table 1,
Fig. 6A and Fig. 7. The MORB samples display an analytically resolvable
range of 8'2%/118gn51v0.5 from —0.051 =+ 0.015%o to 0.209 + 0.016%0
(612211893161, of 0.280 =+ 0.015%0 to 0.540 + 0.016%o), with an
average 8'221185n51u0.0 of 0.054 + 0.105%0 (5122118313161, of 0.385
=+ 0.105%0) (2SD, n = 27).

4. Discussion
4.1. Tin isotope behaviors during secondary alteration

The pristine MORB samples can be used to study the Sn isotopic
composition of upper mantle-derived melts. However, the basalts are
prone to contamination by alteration involving dissolution, diffusion,
and adsorption processes (Jenner and O’Neill, 2012), which could
overprint the primary signatures of the original basalt. The alteration of
oceanic crust leads to relatively limited Cu, Zn, and V isotope
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Fig. 7. The plot of Sn isotope compositions versus Sn contents for MORBs
analyzed in this study.

fractionations (Huang et al., 2016; Wu et al., 2018) but significantly
fractionate K, Fe, and Zn isotopes (Liu et al., 2021a; Rouxel et al., 2003;
Tuller-Ross et al., 2019).

In contrast to the fresh basalts from DSDP Hole 417D, Hole 417A was
highly altered by seawater circulation (Byerly and Sinton, 1980;
Emmermann and Puchelt, 1980). The chemical index of alteration (CIA)
and loss on ignition (LOI) can be used to reflect the degree of alteration
(Bienvenu et al., 1990; Liu et al., 2021a). The sample DSDP-51A-417A-
24 is significantly altered with a high CIA (0.59) value (Fig. S2) and high
LOI (4.75%) value, as well as an enrichment in K5O (6.38 wt%). DSDP-
51A-417A-24 is remarkably enriched in heavy Sn isotopes with a §'2%
18gnamvo-2 value of 0.209 + 0.016%0 (5'2%1'8Sn31612 of 0.540 +
0.016%o), the heaviest values measured in this study. The major ele-
ments of the two samples from 417D plot within the fields of fresh global
MORBs (Fig. 3), and the CIA values are similar to other fresh basalts
(Fig. S2). The Sn isotope compositions of two samples from hole 417D
are (51221185np1v0.0 from 0.074 + 0.027%o0 to 0.086 + 0.004%o (5122
1185031612 Of 0.405 + 0.027%0 to 0.417 + 0.004%o)) close to that of
modern MAR samples and the average MORBs.

Hydrothermal circulation of seawater through the oceanic crust is
common (German and Seyfried, 2014; Staudigel, 2014). The altered
basalts could be potential sources and sinks of Sn for seawater (Schmidt
et al., 2011), as the more altered margins of basalts could be either
enriched or depleted relative to the less-altered cores in Sn concentra-
tions (Jochum and Verma, 1996). Because Sn concentrations in seawater

range from pg/g to ng/g level (Abdel Ghani, 2015; Byrd and Andreae,
1982; Sun and Li, 2015), Sn from fresh seawater during basalt-seawater
interaction is unlikely to be a dominant contributor to the Sn budget in
the altered basalts. The enrichment of Sn in altered basalts was proposed
to originate from the modified seawater by overlying Sn-rich sediments
(Jochum and Verma, 1996). It is more likely that the lighter Sn isotopes
were preferentially stripped out of the basalts at Hole 417A by the
heated seawater. Sulfides are thought to hold isotopically lighter Sn
(Badullovich et al., 2017; Yao et al., 2018). The loss of isotopically light
Sn through sulfide dissolution in basalt might also be an explanation,
although this cannot be tested in the present study, and more systematic
analyses of altered basalt samples and maybe detailed basalt leaching
experiments are needed. Nonetheless, because alteration caused sec-
ondary Sn isotope variation, the altered basalt sample is excluded in the
following discussions (DSDP- 51A-417A-24 from the Atlantic Ocean in
Table 1; Fig. S2, the point with the largest size).

4.2. Behavior of Sn isotopes during magma differentiation and partial
melting

The Mid-Atlantic ridge-derived MORBs are enriched in incompatible
elements and light Rare-Earth elements (LREE) (Fig. 5A, B), while Pa-
cific MORB:s are relatively depleted in LREE and elements such as Th, Ba
(Fig. 5C, D). The MORB samples from this study have a wide range of
MgO contents (5.12-10.43 wt%), and they follow liquid lines of descent
(LLD) of global MORBs (Klein and Langmuir, 1987; Niu, 2016; White
and Klein, 2014), as shown in Fig. 3A (also seen in CaO and TiO; con-
tents compiled in Table S1). During MORB evolution, Sn could reside in
minerals like olivine, clinopyroxene, plagioclase, and spinel (Adam and
Green, 2006; Badullovich et al., 2017; Michely et al., 2017; Sato, 2004).
The lack of correlation between Sn concentrations and La/Sm (Fig. 4)
suggests that the Sn contents of MORBs are not influenced by partial
melting processes (Kamenetsky and Eggins, 2012). Instead, the increase
in Sn concentrations with decreasing MgO contents (Fig. 8A) implies the
incompatible behavior of Sn during MORB melt evolution, and the
dominant control of fractional crystallization on the bulk-rock Sn
concentrations.

The 5'22/1185n values do not systematically vary with MgO content
for all samples (Fig. 8B). Badullovich et al. (2017) proposed crystalli-
zation of Fe—Ti oxides below ~5 wt% MgO could lead to resolvable Sn
isotope fractionation. The absence of Sn isotope fractionation associated
with MgO variations in this study may be because Fe—Ti oxides did not
reach the onset point of crystallization for the MORB samples investi-
gated here (Coogan, 2014; Deng et al., 2019; Deng et al., 2018) since the
MgO contents of our samples were higher than 5 wt%. Fractional crys-
tallization of Fe—Ti oxides is suggested to begin after MgO is dropped to
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3 wt% in MORB systems (Chen et al., 2019b). The lack of correlation of
Sn isotope value with Sn contents (Fig. 7), which had been reported by
Wang et al. (2018), can be explained by the source heterogeneity, melt
depletion, and/or mixing process.

Sulfur is heterogeneously distributed in the upper mantle, where
sulfide saturation is common during MORB generation, and sulfides can
stay in a molten state for the MORB mantle melting conditions (Sun
et al., 2020; Wang et al., 2018; Zhang and Hirschmann, 2016). Most
sulfides could enter the melt during a high degree of partial melting
(Peach et al., 1990; Sun et al., 2020), and Sn could be enriched in sul-
fides with high distribution coefficients (Badullovich et al., 2017;
Greaney et al., 2017; Jenner, 2017; Li and Audétat, 2012; Patten et al.,
2013; Wang et al., 2018; Yi et al., 1995), but the isotopic fractionation
behavior between silicate and sulfides have not been documented. For
the SWIR, EPR, and PAR samples analyzed in this study, there is no
correlation between Sn isotope composition and Cu content (Fig. 9A).
However, basalt samples of CIR exhibit a significant correlation between
5122/118gn value and Cu concentration (Fig. 9B; R? = 0.9919, linear
regression analysis p = 0.0149 < 0.05), and a similar correlation can be
observed for chalcophile element Co as well. There is also a plausible
weak correlation between §'2%/1'8sn value and Cu concentration for
MAR samples, given one sample (EW9309 20D-1 g) with the highest Cu
content is excluded. Data from CIR and MAR basalts imply that the
sulfide-enriched samples could have lighter Sn isotope composition
compared to those depleted in sulfides. This could be attributed to the
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long bond length of Sn—S in sulfides, which would enrich lighter Sn
isotopes for Cu-bearing sulfides (Badullovich et al., 2017; Wang et al.,
2018; Yao et al., 2018). Segregation of sulfide can occur due to a
decrease of pressure during ascent and evolution prior to eruption,
driving the magma toward sulfur under-saturation (Patten et al., 2013).
The coexistence of sulfides and basalt glass has been reported for MORBs
(Patten et al., 2013; Peach et al., 1990). Therefore, it is likely the sam-
ples of low contents experienced the segregation of sulfide and removal
of lighter Sn isotopes. We acknowledge that such observation and
interpretation are preliminary and require more future work for
confirmation.

Seafloor spreading is a fundamental process for plate tectonics that
links mantle convection and the production of the oceanic crust and
mantle lithosphere (Buck and Poliakov, 1998; Elsasser, 1971; Estep
et al., 2021). The spreading rate could affect magmatic processes. For
example, more melt will be supplied to shallow magma chambers, where
more extensive fractional crystallization occurs at fast-spreading ridges,
producing more differentiated magmas (Chen et al., 2020; Michael and
Cornell, 1998; White and Klein, 2014). A higher spreading rate could
lead to a larger extent of mantle melting and thus attenuate potential
mantle heterogeneities (Chauvel and Blichert-Toft, 2001; Niu, 2016; Niu
and Hékinian, 1997b). Basalts from mid-ocean ridge segments of
different spreading rates provide an opportunity to test the impact of the
spreading rate on Sn isotope fractionation. As shown in Fig. 6, there is no
trend between basalt Sn isotope composition and the spreading rate, and
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Fig. 9. (A) Plot of Sn isotope compositions versus Cu (ug/g) contents of the MORBs analyzed in this study. (B) The relationship of Sn isotopic values as a function of

Cu contents for MORBs from MAR and CIR.
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the latitude of the segment.

In order to evaluate the potential effect of partial melting on Sn
isotopes in MORBs, we calculated Nag g for the samples, an index of
partial melting (Klein and Langmuir, 1987), known to increase with
axial depth arising from temperature difference or compositional vari-
ation of deep ridges to shallow ridges (Niu and O’Hara, 2008; White and
Klein, 2014). Nagg represents the NayO content corrected to a MgO
content of 8 wt% (for MgO content from 5 to 8.5 wt%, which is the case
for most samples in this study). Since our samples are fresh glasses, the
effect of volatiles on the calculation of Nag ¢ can be neglected. Variation
in Nag values should, theoretically, only result from partial melting
(Saunders et al., 2022), with a higher value corresponding to a lower
extent of melting (Coogan, 2014). For the basalt samples in this study,
there is no significant correlation between §122/118gn and Nag o values
(Fig. 10), which indicates that partial melting is not responsible for Sn
isotope fractionations during MORB generation and evolution. This
agrees with Wang et al. (2018), who observed that no clear relationship
between Sn isotope composition and the degree of melting for mantle-
derived basalts.

The K»0/TiO3 ratios could be used as a proxy for the degree of source
enrichment (Marty and Zimmermann, 1999; Teng et al., 2013; Tom-
ascak et al., 2008; Tuller-Ross et al., 2019), and higher K5O/TiO- ratios
correspond to higher La/Sm ratios (Fig. S1). The lack of correlation
between 521183 values and the K,0/TiO, ratios demonstrates that
the source enrichment may not affect the Sn isotopic composition of
MORBs.

The on-axis magmas are sourced from a partially molten mantle
beneath the ridge axis (Stracke, 2021), whereas off-axis magmas are
formed several km away from the axis (for example, the PAR off-axis
seamounts could be 10 to 300 km away from the ridge) and have a
non-hotspot origin triggered by kinematic change and decompression
melting of the mantle (Labidi et al., 2014). At on-axis ridges, the large
volume of mantle melting and magma mixing can homogenize the
erupted magma compositions (Brandl et al., 2012). In contrast, the off-
axis seamount samples are likely to record greater chemical variability
(Brandl et al., 2012), sampling upper mantle heterogeneity preserved
from melting smaller volumes of the mantle. The off-axis sample PAC2
DR 16-1 g, which had the higher 85r/%Sr and lower *3Nd/***Nd iso-
topes (Fig. S3, Table S1), was associated with the highest Mo (Bezard
et al., 2016) and high §'%%118sn values. The effect of degassing and
contributions from HIMU of off-axis samples (Bezard et al., 2016; Leroux
et al., 2006; Sano and Yamashita, 2019) could account for the isotopic
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Fig. 10. Sn isotope compositions versus Nag o. Nag ¢ are calculated for samples
with MgO between 5 and 8.5 wt% only, using the equation Nago - NaO +
0.373 * (MgO) - 2.98. The off-axis samples are represented by thicker black
edges. All MORB mean Nag o deduced from data of Gale et al. (2013) is marked
as vertical dash line, with global MORB regional average Nag, ranging from
1.67 to 3.58 (Klein and Langmuir, 1987; White and Klein, 2014).
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difference and are worthy of further investigation, but these effects are
beyond the scope of this study. Because of that, the off-axis sample PAC2
DR 16-1 g from PAR was excluded in the following statistical analysis.

4.3. Statistical tests for the Sn isotopic heterogeneity of MORB

In the following discussion, MORBs are separated into two groups
based on normalized La/Sm ratios with reference to chondrite compo-
sitions proposed by Sun and McDonough (1989) (Fig. 11). Normal-
MORB (N-MORBs) samples are defined as (La/Sm)y lower than 1,
whereas enriched-MORBs (E-MORBs) are characterized by maximum
(La/Sm)y higher than 1 (Saccani et al., 2022; Saunders et al., 2022).
Most of the E-MORB:s of this study are from the Mid-Atlantic Ridge and
are characterized by higher KO content, which is consistent with the
higher global mean KO contents of E-MORBs compared to N-MORBs
(Gale et al., 2013). The origin of enriched MORBs is debated and has
been attributed to the addition of melt from the subducted crust or
recycled sediment to the source (Nielsen et al., 2018; Yang et al., 2020),
the interaction of enriched plumes with normal mid-ocean ridge basalts
(Humphris et al., 1985; Ma et al., 2022; Schilling, 1973), low-degree
melt metasomatism (Chen et al., 2022; Donnelly et al., 2004; Guo
et al., 2023; Waters et al., 2011). The depleted MORBs are the products
of melting the depleted mantle (Sun and McDonough, 1989).

The recycled oceanic crust should have low Mo/Ce since Mo is
mobilized by fluids during subduction (Chen et al., 2019a; Chen et al.,
2022). Recycled sediments or continental crustal materials are enriched
in LILE but depleted in Nb relative to elements of similar compatibility
(Chen et al., 2022). The similar Th/U and Mo/Ce ratios (Fig. S4A) for E-
MORBs and N-MORBs, as well as the simultaneous enrichment of Nb/La
and Th in this study (Fig. S4B), preclude the dominant role of recycling
in the formation of E-MORBs in this study. Contributions of recycled
material from plume to MAR (13.2°S-24.2°S) have been reported (Zhang
et al., 2021). Nevertheless, some E-MORBs are irrelevant to hot spot
plumes (Borghini et al., 2021; Donnelly et al., 2004; Kim et al., 2017;
Ulrich et al., 2012), which makes plume-ridge interaction suitable for
only a part of E-MORBs. The lack of correlations between Sn/Ce, Sn/Yb,
La/Yb, and 5'2%118sn values indicates that elemental incompatibility
exerts no control on our samples. The E-MORBs have tightly distributed
8'22/118gnpvo.2 value of 0.027 + 0.043%0 (5'%*118Sn3;61, of 0.358 +
0.043%0) (N = 10). At the present stage, with the current analytical
precision and size of data set, Sn isotopes cannot be used to resolve the
origin of global E-MORBs.
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Fig. 11. The Sn isotope data for MORB samples plotted against the primitive
mantle normalized La/Sm ratios. The vertical dashed lines represent the
boundaries between E-MORBs and N-MORBs. The two standard deviation error
is shown for individual measurement. The off-axis samples are represented by
thicker black edges.
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The Sn isotope compositions of N-MORBs are slightly more scattered
compared to E-MORBs. The N-MORBs have 5122/ 1185nBHVO_2 of —0.051
+ 0.015%o0 to 0.129 =+ 0.018%0 (512%/118Sn3;61, of 0.280 + 0.015%o to
0.460 + 0.018%0), with an average §12%/ 11E;SnBHVO_Z value of 0.058 +
0.098%0 (5122118313161, of 0.389 + 0.098%0) (N = 15). The mantle is
subjected to metasomatic effects (Hu et al., 2016; Kang et al., 2017;
Poitrasson et al., 2013; Zhao et al., 2015) arising from liquid percolation
and subsequent reaction. Magmatic refertilization by reactive melt
percolation and melt-peridotite interactions is a widespread phenome-
non in a compositionally heterogeneous lithospheric mantle (Chen et al.,
2014; Le Roux et al., 2007; Niu and Hékinian, 1997a; Zhang et al.,
2009), and could affect the source of MORB (Marchesi et al., 2013).
Wang et al. (2018) suggested that peridotite refertilization could in-
crease Sn concentrations and slightly modify the Sn isotope composi-
tion. The scattering of N-MORBs data could also be related to the
diversity of sampling sites.

Based on the discussions above, MORB generation and evolution
processes, except for sulfide segregation, are not likely to markedly
fractionate Sn isotopes. Therefore the Sn isotope composition of MORBs
could be used to infer the MORB mantle source. Despite the wide
geographic dispersion and chemical diversity, all MORBs have similar
average Sn isotope compositions. To test the Sn isotopic homogeneity of
the MORB source, we carried out an independent t-test of Sn isotope
compositions. The samples that likely had experienced sulfide segrega-
tion from CIR (MD57 D13, D3-3, D2-8) were excluded. A violin plot is
used to demonstrate the distribution of Sn isotope composition, with the
width and length representing the approximate frequency and the range
of Sn isotope composition. As shown in Fig. 12, the E-MORBs and N-
MORBs overlap in Sn isotope composition. The normal distribution test
is >0.1, satisfying the requirement for the data to perform a t-test. The t-
test shows no significant difference between E-MORBs and N-MORBs (t
= —1.5262, p = 0.1232, higher than the threshold of 0.05, and accepts
the null hypothesis). Meanwhile, the t-test of the Sn concentration of
these groups also shows no difference (t = —0.3455, p = 0.7333). This
likely reflects an efficient mixing or inheritance of a non-evolved
average composition of the source, consistent with the homogeneous
distribution of Sn content concluded from a previous study (Jochum
et al., 1993).

4.4. The Sn isotope composition of MORB mantle source and oceanic
crust

The application of Sn isotopes to planetary studies requires an ac-
curate characterization of the composition of the mantle. Measurements
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of oceanic island basalts (OIBs) could be necessary since they sample a
more fertile deeper mantle composition and melts of a smaller degree of
partial melting (Bezard et al., 2016). However, it should be noted that
the stable isotopic compositions of OIBs are susceptible to the imprint of
recycling sediments or altered oceanic crust (Moynier et al., 2021;
Pringle et al., 2016), which may complicate the interpretation. In a
previous study, the mantle was inferred to have 5122/ 118gnpvo.e of
0.042 + 0.113%o0 based on measurements of komatiites and Kilauea Iki
(KI) lava lake OIBs (Badullovich et al., 2017). By contrast, Wang et al.
(2018) derived a different mantle §'%% IISSHBHVO_Z value of —0.175 +
0.055%o (2SD) based on five peridotites. The difference between previ-
ous studies could be due to the fact that OIBs and peridotites sampled
greater heterogeneities (Saunders et al., 2022).

Since Sn is a moderately incompatible element, the Sn isotope
composition of MORB could sample the depleted mantle rather than the
bulk silicate Earth. The sample with the highest degree of melting (i.e.,
with the lowest Nag o in Fig. 10) would have Sn isotope composition the
closest to the depleted mantle. Specifically, the EPR and PAR (except for
PAC 2 DR16-1 g, Fig. S3) samples are characterized by low (La/Sm)y and
873y /865y ratios, high 143Nd/1**Nd ratios (PetDB database) (Table S1,
Fig. S3), potentially representing a part of depleted MORB mantle
(DMM) source. Therefore, the fresh MORBs without sulfide segregation
and with Nag g lower than the global average were taken to estimate the
Sn isotope composition of DMM, which yielded 5122/ 118gn51v0.0 of
0.036 = 0.087%o0 (522118813161, of 0.367 = 0.087%0) (25D, N = 12).

Primary MORB magmas have MgO contents higher than 9 wt% (Niu,
2016). During MORB generation processes, olivine fractional crystalli-
zation and accumulation could result in a linear relationship between
the logarithmic contents of incompatible elements like Ni and MgO
(Fig. 13), which can be used to determine parental magma composition
(Ma et al., 2022; Nebel et al., 2014). Our data on the relationship be-
tween MgO and Ni largely overlap that of Ma et al. (2022) and display no
breakpoint (Fig. 13). Therefore, the MORB with the highest MgO content
could be taken to approximate that of the primary melts, which yields
8'22/18snpv02 of 0.017 + 0.031%0 (5'2%M8sngi6, of 0.348 +
0.031%o). These two approaches (based on the lowest Nag ( vs. based on
the highest MgO content) give consistent results.

The formation and recycling of the oceanic crust are responsible for
the differentiation/cooling of the Earth and the chemical heterogeneity
of the mantle (Coogan, 2014; Hofmann, 1988; Stracke, 2021). The
oceanic crust occupies 60% of Earth’s surface and mainly consists of
MORBs (White and Klein, 2014). The distribution of Sn isotope com-
positions versus Nag o allows us to estimate the Sn isotope composition
for the bulk oceanic crust. The average Na8.0 in the global mid-ocean
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Fig. 12. Violin plot of the Sn isotope distribution for two groups of MORBs. The width of each curve corresponds with the approximate frequency of data points in
each region. In the middle of each density curve is a small box plot, with the rectangle showing the ends of the first and third quartiles and the central dot the mean.

The line following the rectangle shows the maximum and minimum values.
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Fig. 13. Variations of Ni (ug/g) as a function of MgO (wt%) of MORB analyzed in this study. The trend of Ol crystallization and accumulation are modified from Ma
et al. (2022b). The gray circles represent the published MORBs data from Ma et al. (2022).

ridge system covers a range of 1.75 to 3.75 wt% (White and Klein,
2014), in which 20 of our samples fall. The oceanic crust was estimated
to have the average 5122/ 1185nBHVO_2 of 0.048 £ 0.085% (5'%%
118604161 Of 0.379 + 0.085%0) (2SD, N = 20) based on these samples.

5. Conclusions

The lack of faithful constraints on the Sn isotope signature of the
Earth’s mantle had hampered the assessment of planetary formation and
differentiation using Sn isotopes. This study aims to characterize the Sn
isotope signature of the mid-ocean ridge basalts and to evaluate the
effect of various magmatic processes on Sn isotopic composition at mid-
ocean ridges. A set of representative MORB samples spanning a wide
range in chemical composition and localities have 5122/ HSSnBHvo_g
values that range from —0.051 + 0.015%0 to 0.209 =+ 0.016%o (5'2%
1186141614 from 0.280 =+ 0.015 to 0.540 + 0.016%o). The highest 522
18gn value is measured from the sample with evidence of alteration.
The magnitude of Sn isotope variability among the fresh MORBs is
comparable, or only slightly greater than, the current analytical preci-
sion, and there is a lack of correlations between Sn isotope compositions
with position, spreading rate, MgO content, and Nag o. Based on this, we
infer that the MORB mantle source is homogeneous in terms of Sn iso-
topes. The best estimate of the 512%/ HssnBHvo_z for the Earth’s depleted
MORB mantle is 0.036 + 0.087%o (5'%*118Sn3;61, of 0.367 + 0.087%0)
(28D, N = 12).
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