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We estimate the average 6""*'Ba of the depleted MORB mantle (DMM) as +0.05%0+0.05%o (2SD, n=16) based on D-MORB:s.

Public summary
m The 5"¥"**Ba of the global MORBs range from —0.06%o to +0.15%o.

m This study obtains the average 6"**"**Ba of the DMM as +0.05%0+0.05%o (2SD, n=16), which is much lower than the pre-

vious estimation.

m Ba isotope compositions of the E-MORBs could be sourced by the incorporation of subducted AOC and/or sediments.
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Abstract: Barium (Ba) isotopes can be used as potential tracers for crustal material recycling in the mantle. Determination
of the Ba isotope composition of the depleted mantle is essential for such applications. However, Ba isotope data for
mantle-derived basalts are still rare. In this study, we reported high-precision Ba isotope data of 30 oceanic basalts includ-
ing 25 mid-ocean ridge basalts (MORBs) from geochemically and geologically diverse mid-ocean ridge segments and five
back-arc basin basalts. The §"*'"**Ba values of these samples varied from —0.06%o to +0.11%o, with no systematic cross-
region variation. Together with published data, we constrained the average 5"*"**Ba of global MORBs to +0.05 %0%0.09%o
(2 standard deviation, n=51). Based on depleted MORBs that have (La/Sm)y < 0.8, low *’Sr/*Sr (< 0.70263), and low Ba/Th <
71.3, we estimated the average 6"*¥"**Ba of the depleted MORB mantle (DMM) as + 0.05%o + 0.05%o (2SD, n = 16) that is
significantly lower than the DMM (= 0.14%o) reported previously. If a new estimation of the DMM is applied, it is unreas-
onable to infer that the Ba isotope signatures of the “enriched-type” MORBs (E-MORBSs) could be attributed to pervasive
sediment recycling in the upper mantle. We, therefore, conclude that the Ba isotope compositions of the E-MORBs could
be sourced from the incorporation of subducted altered oceanic crust and/or sediments depending on the Ba isotope com-
position and other geochemical information of the local mantle.

Keywords: barium isotopes; mid-ocean ridge basalt; upper depleted mantle; subducted crustal materials
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1 Introduction fractional crystallization”. Thus, the §"*'**Ba values of the
MORBSs should reflect their mantle source signatures. It is
thus reasonable to use Ba isotope data to identify the contri-
bution of recycled materials to the source of the MORB if the

Barium (Ba) is a highly incompatible element during mantle
melting, thus, it is much more enriched in the upper contin-
ental crust!! and marine sediments®” than in the mantle". Ba is

also fluid mobile during slab subduction. Ba has seven enriched composition in the mantle is related to the addition
stableisotopes: **Ba (0.11%), *Ba (0.10%), *'Ba(2.42%), *Ba  of materials from surface reservoirs.

(6.59%), ““Ba (7.85%), ""Ba (11.23%), and "“*Ba (71.70%)". Better knowledge of the Ba isotope composition of the up-
Previous studies have found that Ba isotope compositions per mantle is essential for the application of Ba isotopes in
(8"*"*Ba = [("""**Bagmpie) / ("""*Bagrmsiosa) — 11 % 1000%0) of  tracing mantle heterogeneity. However, estimates of 8"¥'*Ba
subducted crustal materials such as marine sediment, altered in the mantle are rare. Nielsen et al.” reported 8**'**Ba values

(f)ceani;:l crust I(A%CO), ;ndo %%n;neﬂ?lFkaSW] Tre ((ii'istil?ct of MORB glasses from the Mid-Atlantic Ridge (MAR), East
rom the mantle (0.05%6=0.06 %o) . For example, diamic- Pacific Rise (EPR), Juan de Fuca Ridge (JdF), Central Indian

tites have a substantial variation in 6"*"**Ba from —0.23 %o to
! . . . . N o
+0.47%o . Therefore, Ba isotopes have recently been sugges- Ridge, and Southwest Indian Ridge r.a’nglng from 0.02%. to
+0.15%0. According to the composition of their most de-

ted as sensitive tracers for crustal material recycling in mantle-

derived igneous rocks ", pleted MORBEs, they defined the average 8"¥"**Ba of the de-
Magma produced annually in mid-ocean ridge settings ac-  Ppleted MORB mantle (DMM) as ~ +0.14 %o. Based on the
counts for 75% of global magmatic output!'”. Mid-ocean ridge measurement of mantle-derived carbonatites from Canada,
basalts (MORBs) represent mafic melts derived from a simple East Africa, Germany and Greenland, Li et al."” found that
melting history of the depleted upper mantle, providing a crit- ~ the §“*'*Ba of most carbonatites vary from —0.04 %o to
ical way to constrain the composition of the upper mantle!'”. +0.12 %o, thus suggesting that the average 6"*'*Ba of their
Substantial chemical heterogeneity has been observed in glo- ~ mantle source is +0.05 %0+0.06 %o (2SD). The average
bal MORBs!""I. The ratios of highly incompatible trace ele- 0""*"*Ba of the MORBs (+0.07 %0=0.08 %o, 2SD) reported by
ments (such as La/Sm) in MORB vary by more than an order Nielsen et al.” is generally indistinguishable from that of the
of magnitude!”. A previous study has proven that Ba isotope carbonatites reported by Li et al.'”. However, the §"¥"*Ba
variation in MORBs is not caused by mantle melting and/or value of the DMM suggested by Nielsen et al. ! was much
1-1 DOI: 10.52396/JUSTC-2021-0276
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higher. This contradiction hinders the application of Ba iso-
topes in mantle geochemistry.

In this study, we report new high-precision Ba isotope data
for several well-known regions of MORB and back-arc basin
basalt (BABB) samples and incorporate these data into a crit-
ically compiled database that includes data from a previous
study”. With these data, we attempted to re-estimate the aver-
age Ba isotope composition of the DMM and further con-
strain the enriched components in the mantle source of the
“enriched-type” MORB (E-MORBSs) with Ba isotopes.

2 Sample description

We analyzed 25 MORB samples from different mid-ocean
ridge segments. They were from the EPR at 9-10°N, the
MAR at 35°N, the Gakkel Ridge (GR) at 82—-87°N, and the
Southeast Indian Ridge at 50°S (SEIR). These samples were
collected from ridge segments with spreading rates varying
from lower than 1.5 cm/year to approximately 11 cm/year .
In addition, five BABB samples from the Lau Basin at the
Australian-Pacific plate boundary were also measured, two of
which were andesitic lavas with low MgO content. All
samples chosen were fresh lavas!*'%.

According to the relative depletions and enrichments of
highly incompatible elements, Arevalo and McDonough™! di-
vided MORBs into two groups: MORBs with (La/Sm)y!"!
(chondrite-normalized La/Sm) < 1 are defined as “normal-
type” MORB (N-MORB), and those with (La/Sm)y > 1 are
defined as E-MORB. The samples span a broad range of
chemical and radiogenic isotope compositions, including the
typical N-MORB and E-MORB based on their variations in
(La/Sm)y (0.55-3.84). The major and trace element abund-
ances of these samples have been previously characteri-
zed U221 In particular, their MgO contents range from 2.7
wt% to 9.1 wt%, SiO, range from 47.6 wt% to 58.5 wt%, and
Ba range from 7 to 453 pg/g. More details (such as the loca-
tion and chemical composition) are documented in Table 1.

3 Analytical methods

Whole rock Ba and Sr isotope analyses were performed in the
CAS Key Laboratory of Crust-Mantle and Environments at
the University of Science and Technology of China (USTC).
Sr was chemically purified following the method reported by
Chen et al.”®l. Approximately 120-150 mg of the sample
powder was digested in a mixture of concentrated HF-HNO;-
HCI. Sr was then separated from the matrix using a quartz
column with a 2 mL AG50W-X8 cation exchange resin (200—
400 mesh). The total procedural blanks were < 0.5 ng. Ba was
chemically purified follow the method reported by Nan et al.!* >,
Sample powders containing ~2 pg of Ba were digested in a
mixture of concentrated HF-HNO;-HCI. Ba was then separ-
ated from the matrix using a Teflon column with a 2 mL
AGS50W-X12 cation exchange resin (200400 mesh). To
avoid matrix effects from light REEs (e.g., La, Ce, and Nd), a
second column with 0.5 mL AG50W-X12 resin was used for
further purification. The yield of the purification process was >
99%. The total procedural blanks were < 0.5 ng. Purified

1-2

samples were dried and diluted with 2% (m/m) HNO; for
instrumental measurements.

Ba and Sr isotope measurements were conducted using a
Neptune Plus multi-collector inductively coupled plasma
mass spectrometer (MC-ICP-MS). Sr isotope ratios were
measured in low-resolution mode under “wet” plasma condi-
tions. The measured Sr isotope ratios were corrected for in-
strumental mass bias by normalizing them to *Sr/**Sr
0.1194. The results for the samples and reference materials
are listed in Table 1. The *Sr/*Sr values of NBS-987 and
BCR-2 are 0.710247+0.000011 (2SD, n = 25) and 0.705025+
0.000009 (2SD, n = 4), respectively, which are consistent with
the previous study™’. Ba isotope ratios were measured using
the double-spike (**Ba-"*Ba) method in low-resolution mode
under “dry” plasma conditions (Aridus II desolvating
nebulizer). The background signal for "’Ba (< 5 mV) is negli-
gible relative to the sample signal (~7 V). The results are re-
ported in d-notation relative to NIST SRM3104a: §"°7"*Ba
(%0) = [("""*Bagmpie)/("""**Basrmsio4a) — 11 * 1000. For com-
parison, the §"7"*Ba values of all the samples were calcu-
lated to be 6"*¥"*Ba following the mass-dependent fractiona-
tion laws (6"¥"**Ba = 1.33 x §"""*Ba). The external precision
of §""*Ba based on the measurement of two in-house stand-
ards (USTC-Ba and ICPUS-Ba) is < 0.04%o (2SD). We es-
timate the long-term external precision of 8“%'*Ba is <
0.05%o (2SD), as verified by Deng et al.”*".. The results for the
samples and standard materials are listed in Table 1. The
6"7"*Ba values of BCR-2 and GSP-2 are in good agreement
with previously published values® .

4 Results

The Ba-Sr isotope data are presented in Table 1 and Fig. 1.
The ¥Sr/*Sr values of the MORB and BABB samples range
from 0.70243 to 0.70404. The 3"*"**Ba of the MORB samples
range from —0.06 %o to +0.11 %o. E-MORBs (—0.06 %o to
+0.11%o, n = 7) show more scattered 6"**"**Ba than N-MORBs
(—0.04%o to +0.08%o, n = 18), although the difference is with-
in the analytical uncertainty. There are no systematic cross-
regional variations. Therefore, §"¥"**Ba varies from —0.03 %o
to +0.08 %o in EPR MORBs (n = 13), from —0.02 %o to
+0.11 %0 in MAR MORBs (rn = 6), and from —0.06 %o to
+0.10%0 in GR MORBs (n = 6). One MORB sample in SEIR
has a value of +0.04 %0+0.03 %o (2SD). The §"¥'"*Ba of the
five BABB samples range from +0.01%o to +0.08%o, which is
within the range of MORBs. These values are slightly lower
than those of previously reported MORB samples, despite
substantial overlapping (+0.02 %o to +0.15 %0 ") (Fig. 2). To
our knowledge, the five Lau Basin basalts are the first pub-
lished Ba isotope data for BABBs. On average, 8"¥**Ba of
our samples (+0.04%0+0.08%o, 2SD, n = 30) is indistinguish-
able from their average value (+0.07%0+0.08%o, 2SD, n = 21).

5 Discussion

5.1 Baisotope systematics of MORBs
The basaltic oceanic ridge samples reported herein span a
broad range of geographical distributions and chemical com-
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Fig. 1. Correlations between 6"¥"**Ba and (a) (La/Sm)y, (b) *Sr/*Sr, and (c) Ba/Th for the mid-ocean ridge basalt (MORB) and back-arc basin basalt
(BABB) samples in our study and MORB samples analyzed by Nielsen et al.l’. Data are from Table 1. Error bars represent 2SD uncertainties. The vertic-
al dotted lines present the defined average (La/Sm)\"", ¥’Sr/*Sr"*", and Ba/Th"" of the depleted MORB mantle. Samples in the orange shade are marked as
depleted MORB, and those in the blue shade are marked as normal-type MORB or enriched-type MORB.
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Fig. 2. The histogram of Ba isotope compositions of MORBs and BABBs
investigated in this study. Literature data of MORBs are from Nielsen et
al.”l. Data are from Table 1.

positions. The inconsistent Ba isotope data between this study
and that in Nielsen et al.”’ could not reflect the different de-
grees of rock alteration because all these samples are fresh.
Interlaboratory bias is also not considered as Ba isotope ana-
lyses of the igneous rock standards in our and their studies

50 100 150 200 250

Ba/Th

display consistent results within error**. The most probable
explanation is that this difference is due to practical Ba iso-
tope variations among global MORBs.

Barium isotope variation in MORBs can potentially be in-
duced by magmatic differentiation during the formation of
these basalts or mantle heterogeneity. Fig. 3 shows that no
observable correlations exist between 6"¥"**Ba and the indic-
ators of magmatic differentiation (MgO and SiO,) or degree
of partial melting (Nag)“”. In addition, as has been verified
previously', Ba is highly incompatible with the bulk distribu-
tion coefficient Dggjigmere Of 0.00012 during mantle melting™,
and ~99% of Ba tends to enter the melt after 1% partial melt-
ing. MORBs represent degrees of melting between 6% and
20%"™, as a result, Ba isotope fractionation between the start-
ing mantle composition and these basaltic melts is negligible.
Therefore, the Ba isotope compositions of the MORBs prin-
cipally reflect variations in the 6"**'*Ba values of their mantle
sources.

Together, all the MORB data sets in this study and the lit-
erature’” (51 samples, including BABB samples) provide a
range of 8"*"*Ba of —0.06 %0 to +0.15 %o, with an average
of +0.05%0+0.09%o0 (2SD, n = 51).

5.2 Estimation of the Ba isotope composition of DMM
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Fig. 3. 5"°%"*Ba versus (a) MgO, (b) SiO, and (c) Nag for MORBs and BABBs. Nag =Na,O + 0.373 x MgO — 2.98 (from Ref. [27]). Data are from Table 1.
The error bars represent the 2SD uncertainties.
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According to the previous definition of N-MORB ™), 70% of
the MORB samples in PetDB are categorized as N-MORB,
displaying a considerable range of major and trace element
compositions'”. Only the most depleted samples were repres-
entative of the DMM. Therefore, we estimated the 6"**"**Ba of
DMM based on the most depleted MORB (D-MORB) data.
The selected 10 D-MORB samples showed typical depleted
compositions with (La/Sm)y < 0.8, We also used ’Sr/*Sr (<
0.70263) and Ba/Th (< 71.3), which are lower than the aver-
age DMM", as the criteria for recognizing the D-MORBs
(Figs. 1b and Ic). Along with the D-MORB samples meas-
ured in the literature', the average 6"****Ba of DMM was es-
timated to be +0.05%0+0.05%0 (2SD, n = 16). The JdF sample
(+0.15%o) in Nielsen et al.”? is beyond the average 6"*¥"**Ba of
all MORBs (+0.05%0%0.09%o, 2SD, n = 51) and was thus pre-
cluded when calculating the average DMM value. To avoid
artificial bias in different laboratories, we also calculated a
mean §"¥"Ba solely based on our data of +0.05 %0%0.04 %o
(2SD, n = 10). Our estimation of §"*"**Ba of DMM is signific-
antly lower than that reported by Nielsen et al. " (~ +0.14%o).

It is necessary to evaluate different estimates of the aver-
age 0'*"*Ba values of the DMM. The estimation of the DMM
by Nielsen et al.”? may be problematic for two reasons. First,
the DMM and E-MORB mantle (EMM) were defined using
only three MORB samples with the lowest and highest
¥Sr/*Sr respectively. The limited sample size leads to a lack
of representativeness for the samples that estimate the DMM.
Second, as pointed out by Wu et al.l'", using only ¥Sr/*Sr is
not sufficient to choose appropriate samples to define the
DMM. In fact, both the DMM and EMM reservoirs span a
large range of radiogenic isotope ratios. In this case, the D-
MORBs with ¥Sr/*Sr < 0.7024 exhibited a large 6"%'*Ba
range (+0.03 %o to +0.14 %o), overlapping with the §"%'*Ba
range (+0.02 %o to +0.11%o) of the MORBs with ’Sr/*Sr >
0.7030. Therefore, one should rigorously choose MORB
samples to estimate the average DMM. Based on all Ba iso-
tope data for the D-MORBES, our study provides a more reli-
able estimate for the average 6"*Ba of the DMM
(+0.05 %0%0.05 %0, 2SD, n = 16), which leads to new con-
straints on the nature of the E-MORB source.

5.3 The origin of the enriched source of E-MORB

There are long-term debates on how the mantle source of E-
MORB was formed, i.e., melting of the enriched lower man-
tle *" | and recycling crustal materials into the mantle (e.g.,
crustal rocks, metamorphic fluids, and sediments) "',
Because Ba isotope compositions are unlikely to be modified
during mantle melting and fractional crystallization from
basaltic melt, Ba isotope variation in MORBs should reflect
the introduction of recycled, Ba-rich crustal components into
the mantle.

Based on the early estimates of average DMM data,
Nielsen et al.”’ proposed that Ba isotope variation in MORBs
is derived from pervasive mixing between isotopically heavy
DMM and light EMM reservoirs. However, different insights
into the formation of the EMM may be gained if the new
DMM estimation is applied. The E-MORBs and BABBs
show a slightly larger range of 3"¥"**Ba (—0.06%o to +0.11%o)
relative to D-MORBs. The §"*"**Ba does not show a simple
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trend with increasing (La/Sm)y, ¥Sr/*Sr, and Ba/Th (Fig. 1),
which is inconsistent with previously observed hyperbolic
mixing relationships™. Nielsen et al.”" attributed the isotopic-
ally light Ba signature of EMM (= +0.03%o) to the pervasive
addition of sedimentary materials to DMM (= +0.14 %o), as
they proposed that sediments have a narrow range of 6"*¥"**Ba
(0.01 %0=0.04 %o, 2SD) and are similar to the E-MORB
(+0.03 %0 £ 0.02%o, 2SD). However, if the new estimation is
applied, the §"¥"*Ba values of such sediments will be similar
to the DMM value (+0.01 %o vs. +0.05 %o). Considering the
observations of the MORBs and sediments together, it is un-
reasonable to infer that the Ba isotope signatures of E-
MORBSs are derived from pervasive recycled sediments in
their mantle source. Additionally, the 6"*"**Ba observed in
this study did not show a simple trend, but became more
scattered with increasing *’Sr/*Sr and Ba/Th (Figs. 1b and
Ic).

Significant variations in §"*¥"**Ba for crustal materials, such
as marine sediments (—0.11%o to +0.10%0)"", AOC (—0.09 %o
to +0.33%o)"", and diamictites’ have been reported, which are
much wider than the range used by Nielsen et al.”. Although
the AOC does not have much higher Ba content and *¥Sr/*Sr
relative to the sediment, a study of the Tonga arc revealed that
the addition of AOC-derived fluid to the mantle wedge is the
most probable source of the high 6"****Ba in the arc lavas (up
to +0.16%o)"". In addition, Hao et al.”" identified the contri-
bution of bulk AOC, aside from the sediment components, to
the formation of the Fushui mafic rocks using Ba isotopes.
Therefore, we suggest that subduction of sediments and AOC
can account for the variation of 6"¥"**Ba in the E-MORBs
(—0.06%o to +0.11%0). However, Ba isotopes can be consider-
ably fractionated during subduction-zone fluid processes, res-
ulting in a metamorphic fluid with much higher §"****Ba than
the subducted materials®™!. Therefore, evaluating the contribu-
tions of different crustal components to the source of mantle-
derived igneous rock requires careful consideration.

6 Conclusions

This study presents the Ba isotope compositions of a wide
range of MORBs and BABBs from different localities, with
variable 6"¥"**Ba ranging from —0.06%o to +0.11%o. Based on
the D-MORB samples, we re-estimated the average 6"*"**Ba
of the DMM as +0.05 %0+0.05 %0 (2SD, n = 16). Because of
the similar 8"***Ba values of sediments and the DMM, it is
unreasonable to conclude that Ba isotope signatures of E-
MORBsS are attributed to pervasive sediment recycling in the
upper mantle. Instead, the Ba isotope data of the E-MORBs
indicate that the EMM could reflect the incorporation of sub-
ducted AOC and/or sediments, depending on the Ba isotope
composition and other geochemical information of the local
mantle.
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