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We analyzed the carbon isotope composition of vesicle CO;, plus He isotopes and He and CO;
concentrations in the vesicle (vapor) and glass (melt) phases of 37 submarine basalts from the summit,
north and south rifts, and east flank of Loihi Seamount. Tholeiites and transitional basalts lie in a narrow
range of vesicle §13C = —4.6 to —0.9%o, while alkali basalts range from —7.2 to —2.1%o. Calculated total
(vesicle+glass) 813C for the majority of the basalts ranges from —6 to —2%o assuming the vapor-melt
fractionation factor A (= Svapor - Smelr) is +2 to +4%o as measured in basaltic systems. This relatively
narrow range of §'3C resembles mantle source values deduced from gas-rich mid-ocean ridge basalts
and basalts from Iceland, and for Kilauea volcano deduced from its fumarole gas. However, this similarity
presents a conundrum because Loihi basalts have degassed >97% of their initial CO, as deduced from
CO, - Ba systematics and crystal fractionation modeling.

Loihi parental magma (MgO=18 wt.%) had initial CO, concentrations of 0.6 to 1.9 wt.%. Most tholeiitic
and transitional basalts appear to have followed a quasi closed-system degassing history. Correcting for
this degassing indicates the median §'3C for Loihi undegassed parental magmas is —1.5%o and the
813C range is —4 to +1%o. Estimates of this §3C range are only weakly dependent on the choice of
A and initial [CO;] in closed-system degassing scenarios. The Loihi mantle plume source is therefore
characterized by §13C values that are higher than the range of —6 to —4%o prevalent in mantle-derived
basalts and many diamonds. This could be due to primordial carbon isotope heterogeneity in Earth’s
mantle, exchange of carbon at the core-mantle boundary between ultra-low velocity zone silicates and
the metallic liquid outer core, or to the presence of a small fraction (<1% by mass) of surficial carbonate
that was tectonically recycled to the Hawaiian plume source region. Currently, an origin from recycled
carbonate has the most supporting evidence.
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1. Introduction source of ocean island hotspots such as Hawaii and Iceland, while
lower 3He/*He ratios indicate the presence of recycled material
(Kurz et al., 1982). This dichotomy involving both ancient mantle
and younger recycled materials in the petrogenesis of ocean is-
lands is now a central tenet of geodynamic models (Li et al., 2014;

Williams et al., 2015; Giilcher et al., 2021). High 3He/*He ratios

When lithosphere is subducted to the deep mantle from Earth’s
surface, it can mix with pools of ancient (>4.45 Ga) material that
are thought to comprise parts of either the large low shear veloc-
ity provinces (LLSVPs) or ultra-low velocity zones (ULVZs) at the

core-mantle boundary (McNamara, 2019). Some of the geochemi-
cal and isotopic variations in ocean island lavas result from such
admixtures of recycled slab components, including oceanic crust
and sediments (White, 1985), with ancient (primordial?) mantle
in this deep region. This mixing can lead to ocean island lavas
having variable helium isotope ratios. High >He/*He ratios indi-
cate the presence of relatively undegassed mantle in the plume
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have also been linked with anomalously slow seismic velocities
near the core-mantle boundary (Williams et al, 2019), and with
182\ anomalies produced by radioactive decay of extinct '82Hf
(MundlI-Petermeier et al., 2020). These observations further suggest
there may be some influence of Earth’s outer core on the behavior
and composition of mantle plumes.

One important challenge in mantle geodynamics has been to
determine the source of carbon at ocean island hotspots, such as
Hawaii, that originate from deep mantle plumes (Anderson and
Poland, 2017; Tucker et al., 2019). To quantify the proportion of
carbon that may be recycled vs. primordial, precise CO, abundance
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Fig. 1. Sample location map. White bars show dredge tracks and white circles show locations of submersible samples.

and carbon isotope data need to be obtained for the same samples
analyzed for helium isotopes. These data must then be corrected
for possible fractionation during volatile loss - of CO, from He
and of 13C from '2C - because virtually all basalts become CO,-
oversaturated and degas variable amounts of CO, during ascent
and eruption, and so they do not preserve their original mag-
matic CO, contents, CO,/He ratios, or §'3C. The current study aims
to address the origin of primordial vs. recycled carbon in man-
tle plumes, by characterizing the C isotope compositions of high
3He/*He basalts erupted at Loihi Seamount (Kama‘ehuakanaloa),
the youngest volcano in the Hawaiian volcanic chain.

2. Methods

We analyzed 37 basalt glass samples (Fig. 1), predominantly
from the deep south rift zone of Loihi Seamount (n=26), with
additional samples from the summit (n=5), east flank (n=3) and
northern rift (n=3). Several of the south rift samples were ana-
lyzed previously for noble gases by Valbracht et al. (1996, 1997)
and Kaneoka et al. (2002), and four glass samples were analyzed
by ion microprobe for dissolved CO; by Pietruszka et al. (2011).
Our analytical procedures are described in previous studies (Gra-
ham et al.,, 2014; Graham and Michael, 2021). 3He/*He ratios and
He concentrations were measured in both the vesicles and glass
phase of each sample at OSU. During the crushing extraction of

vesicle helium, we measured the amount of vesicle CO, by capac-
itance manometry. After helium isotope analysis, the vesicle CO,
was transferred to glass ampoules and subsequently analyzed by
mass spectrometry for its C isotope composition. Dissolved CO;
and H,0 in the glass phase were analyzed by Fourier Transform
Infrared Spectrometry at UT (Michael and Graham, 2015). Major
elements were determined by electron microprobe at UH (Gar-
cia et al, 1995), and trace elements by laser ablation ICP-MS at
0SU following procedures similar to those described in Michael
and Graham (2015) and Graham and Michael (2021).

We distinguish basalt types using the Alkalinity Index (Al) de-
fined by Carmichael et al. (1974) based on a sample’s position in
the total alkalis - silica diagram: Al = (Na,0 + K;0) - (0.37Si0, -
14.43). The Al yields a more consistent geochemical delineation of
Loihi Seamount samples than estimates of silica saturation based
on normative nepheline. Basalt types in the study are roughly
evenly distributed: there are 12 tholeiites (Al<0), 14 transitional
basalts (0<Al<1) and 11 alkali basalts (Al>1).

3. Results

Results of this study are presented in the Supplementary In-
formation (Table S1). Vesicle >He/*He ranges from 20-32 Ra in
our sample suite, with typical 2-sigma uncertainties of 0.2-0.4 Ra.



D.W. Graham, PJ. Michael and T.B. Truong

Earth and Planetary Science Letters 617 (2023) 118248

[0 [§) B
1.5x1010 [© 4 °
R ¢ % o
I o o
2, 1.0x1010 — °
@] F 8 IS m tholeiitic
o o o O transitional
[ PR o & ¢ alkalic
9
L m O < | <&
5.0x10° @ o<>o<i % o
I} o0 00 o&l.oo
s (=)
] 5]
E m 5] mE
P P RS oo b b b b b by
106 2*10® 05 10 15 20 25 30
Total He (cm® STP/g) CO,/Ba

Fig. 2. A. Total CO,/3He vs. total [He]. B. Total CO;/>He vs. Total CO/Ba for Loihi basalts.

Tholeiities range to higher *He/*He ratios (26.3-31.9 Ra) than tran-
sitional (22.1-29.1 Ra) and alkali basalts (20.6-25.4 Rp), similar to
earlier results for a smaller number of Loihi basalts (Kurz et al.,
1983; Rison and Craig, 1983; Honda et al., 1993; Loewen et al.,
2019).

A single evolved transitional basalt (MIR2337-b collected at
4795 m depth) yielded extremely different values from other sam-
ples, with vesicle 3He/*He = 4.5 Ra and glass 3He/*He = 3.0 Ra.
Similar to sample MIR2337-b, Kurz et al. (1983) and Rison and
Craig (1983) reported low ratios in the vesicles of a differentiated
alkali basalt (KK21-2, collected at 1092 m depth near the sum-
mit), having 3He/*He = 4.6 Ry and 5.4 Ra, respectively. The low
3He/*He in KK21-2 was attributed to seawater or atmospheric in-
teraction within that highly vesicular (25-35%) sample, despite the
fresh appearance of the glass. MIR2337-b appears similarly fresh
and glassy, but it has low vesicularity. This sample is not typical of
basalts being erupted at Loihi Seamount and we have not consid-
ered it further in this study.

Total (vesicle + glass) He concentrations range from 1.3x1077
to 3x10~6 cm3 STP/g, and total CO, concentrations range from 62-
510 ppm (0.032 to 0.26 cm® STP/g). Average He and CO; concen-
trations are higher in tholeiites but there is overlap between the
different basalt types. Total CO,/>He ratios range from 9.4x10% -
1.9% 1010, The lowest ratios are found in tholeiites having the high-
est He concentrations, and are similar to mantle values deduced
from oceanic basalts and xenoliths (Marty and Jambon, 1987; Trull
et al., 1993). There is also a trend to higher CO,/>He ratios as He
concentrations decrease (Fig. 2a).

Ba ranges from 73-468 ppm and Nb ranges from 10-46 ppm.
Ba is highest in basanites and alkali basalts (190-468 ppm) and
lowest in tholeiites (73-150 ppm). CO,/Ba and CO,/Nb ratios
(ppm/ppm) range from 0.4-3.3 and 3-23, respectively, and are far
lower than typical mantle values of CO;/Ba = 70-140 and CO;,/Nb
= 230-1000 (Rosenthal et al., 2015: Michael and Graham, 2015;
Le Voyer et al., 2017). The highest CO,/>He ratios (>5x107) are
observed in basalts having the lowest CO,/Ba and CO;/Nb ratios
(CO,/Ba <1.5; Fig. 2b).

Tholeiites and transitional basalts lie in a narrow range of vesi-
cle §13C = —4.6 to —0.9%, while alkali basalts range from —7.2 to
—2.1%o. Analytical uncertainties (20') are <0.1%o. These results are
compared in Fig. 3 to another suite of high 3He/*He basalt glasses
that we have analyzed, from the NW Lau Spreading Center that is
influenced by the Samoan hotspot. A surprising result is the gen-
erally heavy C isotope nature of the vesicle CO; in Loihi basalts,
where the median §13C is —2.5%.

The vesicle C and He isotope compositions overlap with
those measured in Loihi summit geothermal vent fluids in 1992
(T<30°C; §13C = —5.5 to —1.7%0; >He/*He = 21.7 to 27.0 Ra; Sed-
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Fig. 3. A comparison of the carbon isotope results for two high 3He/*He localities;
Loihi Seamount, the subject of the current study, the NW Lau Spreading Center re-
gion influenced by the Samoan mantle plume. The surprising result is the generally
heavy nature of the vesicle carbon in Loihi basalts compared to typical mantle val-
ues of —4 to —6%o. NWLSC sample data are from IEDA (Interdisciplinary Earth Data
Alliance) at https://doi.org/10.26022/IEDA/112510.

wick et al., 1994). This overlap supports the contention of Sedwick
et al. (1994) that the anomalously low water/rock ratios (estimated
from their high vent fluid [CO;] compared to low [CO;] in the
lavas) imply the direct degassing of a magma body into the Loihi
hydrothermal system, rather than gas stripping from the basaltic
crust during fluid flow.

Our sample suite also includes five basalt glasses (samples with
KK prefix) that were originally analyzed by Exley et al. (1986) for
C isotopes using stepwise heating. Unfortunately, the low tempera-
ture steps in that study were dominated by surficial contamination
and showed 8'3C as low as —25%0. Exley et al. (1986) suggested
that vesicle CO, was released by the intermediate temperature
steps (600-1000 °C) that had §'3C between —8.3 and —2.5%o, with
a mean value near —6%o. However, it seems that tailing of the
low temperature contamination into those intermediate tempera-
ture steps could not be eliminated. As a result, the generally heavy
character of vesicle §'3C in Loihi basalts (Fig. 3) was not recognized
in that study. Craig (1987) also pointed out that the analyses of Ex-
ley et al. (1986) show a correlation between the carbon released as
low temperature and high temperature components, further call-
ing into question the interpretation of magmatic values using that
data. The §'3C values of vesicle CO; in the five KK samples mea-
sured in this study lie between —4.7 and —1.5%. The §13C of the
dissolved CO, in the glass of the same five samples, determined
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in the high temperature steps by Exley et al. (1986), ranged from
—8.4 to —2.8%, and should be considered as an accurate value for
the dissolved §13C.

4. Discussion

4.1. Vapor-melt fractionation and degassing effects for CO,/>He and
813Cin Loihi basalts

4.1.1. Kinetic effects

It is apparent that the CO,/He ratio in many of the basalts has
been strongly fractionated during degassing. The lowest CO,/3He
ratios of ~1x10° are found in tholeiites having the highest He
concentrations, and there is a trend to higher CO;/3He ratios as He
concentrations decrease (Fig. 2a). Higher CO,/>He ratios are also
observed in basalts having the lowest CO,/Ba and CO,/Nb ratios
(Fig. 2b). This is evidence for extensive CO, degassing prior to and
during eruption. In general, Loihi basalts are variably degassed and
there is no simple trend between He or CO, concentrations and
water depth (overlying pressure of eruption) or Mg# (degree of
crystallization).

The factor of ten increase in CO,/>He with decreasing [He] and
CO;/Ba ratio (Fig. 2) indicates that He loss is proportionally greater
than CO; loss during magmatic evolution. This results from the
diffusion rate of dissolved helium into bubbles being 1 to 3 or-
ders of magnitude faster than for dissolved CO%‘ (Tucker et al.,
2018). As a consequence, vesicle CO;/He ratios are low compared
to solubility equilibrium with the volatiles in the glass. Details are
discussed further in the Supplementary Information. The elevated
total (vesicles+glass) CO,/3He ratios in many Loihi basalts (espe-
cially transitional and alkali basalts having CO,/Ba < ~1.5 in Fig. 2)
result from significant CO,/He fractionation associated with prior
bubble loss, and so the measured C02/3He should not be taken
as a reliable indicator of the mantle source. Although the lowest
CO3/*He ratios of ~1x10° in the least degassed Loihi basalts may
be representative of the mantle source, even these lavas have lost
>97% of their original CO, inventory (see below), suggesting that
the true CO,/3He ratio of the source region might be lower.

In contrast to the CO,/3He variations, significant kinetic frac-
tionation is not apparent in the §'3C variations, presumably be-
cause the difference in diffusion rate of '3C03~/'2C03~ in basaltic
magma is far less than it is for CO3~/*He. Fig. 4 shows §'3C of
dissolved CO, (using step-heating data from Exley et al., 1986)
compared to vesicle §13C obtained by crushing the same basalt
glass samples in this study. Few paired §'3C data have been ob-
tained in this way for ocean hotspots because only a couple labs
in the world have the capability to avoid significant carbon con-
tamination during the heating extraction of C from the glass. The
experimentally determined equilibrium fractionation between va-
por and melt (Ayapor-melt = 8>Cvapor - 83Crmelr) ranges between
+2 and +4%., with the gas phase enriched in the heavy isotope
(Javoy et al., 1978; Mattey, 1991; Mattey et al., 1990). Pure Kinetic
fractionation would show vapor enrichment in 12C, with observed
Avapor-melt = —8.2%0 (Aubaud, 2022). Three of the five KK basalts
have apparent Ayapor-melc Values of +2 to +4%o similar to the
experimentally determined value (Fig. 4). One sample may show
partial kinetic fractionation (apparent Ayapor-melr = —1%0) while
another has apparent Ayapor-melt = +6%o. Kinetic fractionation also
does not account for the §'3C variations at other OIB localities
(Fig. 4), which have a range of Ayapor-melr Values that is similar to
Loihi's range. Collectively, the Loihi basalt data are shifted to §'3C
values that are heavier than mid-ocean ridge basalts and hotspot
basalts from Pitcairn and Society Islands (Fig. 4).
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Fig. 4. Dissolved (glass) §'3C compared to vapor (vesicle) §'3C for submarine
basalt glasses from mid-ocean ridges and ocean island hotspots, modified from
Aubaud (2022). Loihi data are shown by the solid circles (red-tholeiite, blue-
transitional basalt, yellow-alkali basalt). §'3C of Loihi dissolved CO, is from the
high-temperature step-heating measurements of Exley et al. (1986), and vesicle data
for the same samples are from this study. The experimentally determined equilib-
rium fractionation between vapor and melt ranges between +2 and +4%o (Javoy et
al,, 1978; Mattey, 1991; Mattey et al., 1990) and is depicted by the solid lines. Pure
kinetic fractionation has vapor enrichment in '2C with a vapor-melt fractionation
factor of —8.2%o (Aubaud, 2022).

4.1.2. §13C of total CO; (vesicle+glass) in Loihi basalts

In this section we estimate the range of §'3C for the total
CO, (vesicle+glass) in Loihi basalts. Because there are no mea-
surements of §'3C for the dissolved CO, in most of our samples,
we reconstruct 813C for the dissolved CO, and estimate §'3C of
total CO, using specified values of Ayapor-melr (A = 81> Cyesicles -
513Cglass)-

The bulk system (total) §'3C is the sum of two products: 1) the
product of vapor §'3C with the fraction of CO, in the vapor, and
2) the product of melt §'3C with the fraction of CO; in the melt.

8 13 Croral = 8 BCyFy + 8 3 CoFg (1)
where F, is the fraction of CO; in the vesicles (vapor) (F, =
(%)), and Fg is the fraction of CO; in the glass (melt)

(Fg = ([cozﬁvciizj[gcoz]g))' This ultimately leads to (see the Supple-

mentary Information for details)

(2)

[COz]
) 13Ctotal =4 13CV - Avaporfmelt ( g

[CO2]y + [CO2 g

where v and g refer to vesicles and glass, respectively.

Because there is a range of Ayapor-melr Values from basaltic ex-
periments (Javoy et al., 1978; Mattey, 1991; Mattey et al., 1990)
and from observations (Aubaud et al., 2022), we use Ayapor-melt
model values of 0, +2 and +4%o to estimate the §'3C for the total
CO, (vesicle+glass) of Loihi basalts.

A value of Ayapor-melr = 0 would lead to all samples having a
813C of their total CO, equivalent to their measured vesicle §13C.
In this specific case, the distribution of total §'3C values would be
identical to the histogram shown in Fig. 3. A choice of Ayapor-melt
consistent with the experimentally determined fractionation fac-
tors (for example, +2 and +4%¢) will shift the total §'3C down-
ward from the vesicle §13C in a manner that is proportional to the
fraction of CO, dissolved in the glass (Equation (2)).
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Fig. 5. Total (vesicles + glass) CO, vs. dissolved H,O in Loihi basalts. Isobars are
computed from VolatileCalc (Newman and Lowenstern, 2002).

When Ayapor-melt is chosen to be +2%o or +4%, respectively,
the range for total §13C at Loihi seamount is —8.6 to —2.2%, and
—9.9 to —2.8%o. The median 8'3C for total CO, in each case is
—3.9 and —5.2%0. Excluding the alkali basalts, given that they have
experienced the most degassing, the total 8'3C in tholeiites and
transitional basalts ranges from —7.0 to —2.2%o (for Ayapor-melr Of
+2%0 to +4Y%0). Notably, tholeites from the north rift and east
flank (Tunes 003D and Pisces 187-8) that have the highest He/*He
ratios (30.6-31.9 Ra) have total §13C = —4 +1%, even though
their measured total CO, concentrations (100-175 ppm) are not
among the most gas-rich of this study.

4.1.3. Magma degassing

The 813C estimated above for total CO, in Loihi basalts overlaps
the range of 8'3C from —6 to —4%o that is commonly attributed to
the upper mantle, as deduced from the least degassed mid-ocean
ridge basalts such as popping rocks (Pineau and Javoy, 1994; Car-
tigny et al., 2008), and for basalts from Midfell that show the least
amount of degassing for Icelandic subglacial basalt glasses based
on their He/Ar ratio (Barry et al., 2014). (Based on their geothermal
fluid analyses, Barry et al., 2014 argued that the pre-eruptive §3C
for basalts in Iceland was —2.54+1.1%0, and suggested that there
may be a small difference in §'3C between mantle plume sources
and the depleted upper mantle source for MORBs. The least de-
gassed subglacial basalt glass, from Midfell, has the heaviest §13C,
as expected with equilibrium degassing.) The total §13C values for
Loihi basalts also overlap with §13C measured in summit crater
fumaroles and hydrothermal fluids (—3.6 to —2.8%) from nearby
Kilauea (Gerlach and Taylor, 1991; Hilton et al., 1997). However,
the major volatiles in the Loihi basalts record pressures <1.3 kbar
(Fig. 5) and correspond to crustal equilibration depths from 0 to
3 km. These depths are significantly shallower than the dominant
crystallization depth of 8-10 km inferred from petrologic modeling
(Garcia et al., 2006) and shallower than seismically imaged features
directly beneath the volcano, at 4-6 km in the crust (Merz et al.,
2020) and near 50 km in the mantle (Wilding et al., 2023), where
significant pre-eruptive loss of CO; may have occurred. The exten-
sive degassing of CO, has increased the §13C of carbon left in the
residual magma (see the next section), and any similarity of esti-
mated §13C for total CO, in Loihi basalts to commonly accepted
values for the upper mantle appears to be a coincidence.

Earth and Planetary Science Letters 617 (2023) 118248

100000 T
® Atlantic E-MORB . ]
O Atlantic Saturated MORB LJ i
@ Atlantic Undersaturated MORB .
Gakkel Saturated MORB Loihi B
O Gakkel Undersaturated MORB primary —— °
10000 O Indian Saturated MORB magma . =
@ Indian Undersaturated MORB _ - E
O Pacific Saturated MORB - J
@ Pacific Undersaturated MORB Q - E
AQ . e J
A -
£ i g
e —
E 1000 Q1 P =
a2 . oo 7 -
N 0O P Ho, - i
o} 0 o0 | D & :
© SoSfpee B o
© o P - = ® o>
S 1009 e P 2 I.- 8 —
[ 4 e oo~ E
E ~ o ]
F s . ]
L - - 4
. - - .
e -
e b
L - —
10 E - E
F - \/ [ Loihi-Tholeiite 7
E e . " B
- ~ de assing O Loihi-Transitional 4
i Phd 9 < Loihi-Alkalic 1
L P 4
N PN B B
1 10 100 1000

Ba (ppm)
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consistent with this mantle range. Loihi basalts are highly degassed of their CO,
relative to their inferred primary magmas, as estimated from crystal fractionation
modeling and CO,/Ba systematics. See text for further discussion.

Fig. 5 shows total CO, vs. dissolved H,O in the Loihi basalts
of this study. (Very little H,O is degassed into vesicles due to its
much higher solubility than CO;). The general degassing path on
this diagram is one where CO, decreases rapidly at higher pressure
(greater depth) compared to H;O, followed by an increasing trend
to lower HpO at lower pressure (shallower depth). Once vapor
saturation is reached, bubbles of CO, form relatively deep. Most
models predict that this degassing follows a near closed-system
path - that is, the vapor bubbles are retained with the magma dur-
ing ascent through the mantle and lithosphere (Dixon and Clague,
2001). When this vapor-saturated magma ponds for an extended
time period, such as near the lithosphere-asthenosphere boundary
or within the crust, significant gas loss occurs. Overall this leads to
a quasi-closed system behavior that involves one or two periods of
significant gas loss that may approximate isobaric bubble loss. Fi-
nally, when the magma ascends rapidly and is emplaced onto the
seafloor, the last stage of degassing might also be influenced by
open-system degassing or kinetic fractionation. Most gas loss dur-
ing the evolution of Loihi magmas seems to have occurred during
the earlier stage(s) under near equilibrium conditions. Kinetic frac-
tionation appears to have been minor in affecting the basalt §'3C
(Fig. 4), although it may have affected the CO,/3He ratio (Fig. 2).

4.14. Reconstructing 8'3C of Loihi parental magmas

In this section we estimate the §'3C of Loihi magmas prior to
degassing. We first estimate the amount of CO, that was degassed
for each basalt, by calculating the CO; concentrations in Loihi
parental magmas using CO,-trace element (Ba) systematics and
crystal fractionation modeling (see the Supplementary Informa-
tion for additional details). CO, concentrations at 18% MgO ranged
from 0.65 - 1.9 wt% (6535 to 18960 ppm). Comparing the esti-
mated original CO;, to the measured total (vesicle+dissolved) CO,
concentrations reveals that the basalts are degassed of their initial
CO, inventory by 96.7 to 99.4%, even for the very deeply erupted
lavas along the south rift zone. Correcting for the amount of de-
gassing for each basalt allows an estimate of its primary magma
813C. Fig. 6 summarizes these results on a CO; vs. Ba diagram.
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Previous studies have shown that the mantle CO,/Ba ratio has a
value of ~70-140 (Rosenthal et al., 2015: Michael and Graham,
2015; Le Voyer et al., 2017). Examples of relatively undegassed
basalts, such as E-MORB popping rocks and volatile-undersaturated
MORB glasses, have CO;/Ba ratios consistent with this ratio of 70-
140 (Fig. 6). The Ba concentrations in parental magmas at Loihi
Seamount estimated using our crystallization model range from
60-175 ppm (Fig. 6 and Table S2 column P). Multiplying these Ba
concentrations by a factor of 108 (Michael and Graham, 2015) pro-
vides an estimate for the parental magma CO, concentrations of
0.65 - 1.9 wt.% (Fig. 6 and Table S2 column T).

The §13C of the Loihi parental magmas may then be estimated
through a choice of degassing model and the vapor - melt iso-
topic fractionation factor. Possible end-member models include
closed-system degassing, open-system degassing, and kinetically
controlled degassing. Depending on their ascent rate and storage
times at depth, Loihi magmas might also have changed their style
of degassing during the course of their evolution.

For a given value of Ayapor-melt, Open-system Rayleigh degassing
leads to the most extreme C isotope estimates for a parental
magma. During this type of degassing, a magma loses gas in in-
finitesimal increments above its vapor saturation threshold, with
the vapor 813C composition controlled by the equilibrium value
of Avapor-melt- Thus the residual magma continuously evolves in
its 13C and can reach highly fractionated, low §'3C compositions
during open-system degassing. In closed-system degassing, the va-
por and melt maintain isotopic equilibrium and the gas remains
in contact with the magma. This type of behavior leads to less
extreme fractionation and seems to approximate the evolution of
Hawaiian magmas at Kilauea and Loihi (e.g., Gerlach and Taylor,
1991; Dixon and Clague, 2001). This approximate closed-system
behavior takes place in one or more episodes of closed-system
bubble growth and accumulation during magma ascent, separated
by intervals of open-system behavior during which most of the
vapor leaves the system (perhaps via isobaric bubble loss) such
as during protracted storage of magma in the mantle and litho-
sphere (Dixon and Clague, 2001). Finally, in the very last stage of
degassing - at very shallow depths during eruption - there could
be some open-system (Rayleigh) degassing or potentially kinetic
fractionation.

Regardless of the exact model choice of Ayapor-melr, closed-
system degassing projections from magmas having low total CO,
(<500 ppm) and §'3C values of —5 to —2%y, to parental magmas
that have high CO, concentrations as we infer for Loihi basalts, in-
dicate those parental magma §'3C values are —4 to +1%o (Table
$2). Furthermore, the exact choice of CO/Ba ratio of 108 - as op-
posed to alternative values of 70 or 140 - has nearly a negligible
effect - typically < 0.1%o - on the estimated §'3C of the primary
magmas.

Open-system degassing may be a more appropriate model for a
few of the basalts, particularly some of the alkalic lavas given their
lower and more variable §'3C (Table S1, Figs. 3, S1). Open-system
degassing would lead to even higher estimates of §'3C for the
parental magma. Also, if a Ayapor-melt = 0%o is assumed (which is
not representative of most samples, but which would apply if par-
tial kinetic fractionation had occurred), this still leads to parental
magma §13C = —2% for some of the Loihi basalts, which is out-
side the prevalent mantle range.

By making an appropriate choice of Ayapor-melr and project-
ing each sample along a closed-system path back to its parental
magma CO;, one can obtain a petrologically consistent value of
its 813C. A choice of Avapor-melt =+2%o, which seems to approxi-
mately describe the behavior for many of the Loihi basalts (Fig.S1),
leads to parental magma 8'3C values between —4.3 and —0.20%o
(Table S2 column V), with a median of —1.9%0 (excluding a sin-
gle basanite sample, Pisces 158-4). A choice of Ayapor-melr = +4%0
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leads to parental magma &'3C values that are even higher, between
—3.9 and +1.1%0 (Table S2 column W), with a median of —1.3%.
Using an open-system degassing model would lead to even higher
estimates of §13C for the parental magma.

It is noteworthy that high concentrations of CO,, accompanied
by elevated §'3C, have been inferred for the primary magmatic
gas at other ocean island hotspots. Based on analyses of olivine-
hosted melt inclusions for Réunion Island basalts, primary mag-
matic [CO,] ranges up to 3.5+1.4 wt% at Piton de la Fournaise,
with §13C = —0.841%o (Boudoire et al., 2018). Based on anal-
yses of fluid inclusions in the olivine and pyroxene of xenoliths
from El Hierro (Canary Islands), primary magmatic §13C = —24 to
+1%o (Sandoval-Velasquez et al.,, 2021). Elevated §'3C is a feature
of ocean island hotspot mantle sources, and so of general signifi-
cance for the deep carbon cycle.

In summary, Loihi parental magmas, and by inference the Loihi
mantle plume source, have §'3C values that are significantly heav-
ier (by about 3-5%0) than the commonly accepted values of —6
to —4Y%o for the upper mantle. Details of the quasi closed-system
degassing history, and the initial CO, contents of primary magma
remain uncertain, but they do not dramatically alter this conclu-
sion.

4.2. Hypotheses for the origin of elevated 8'3C in the Loihi mantle
plume

Fig. 7 shows 3He/*He of Loihi basalts against the computed
parental magma §'3C. The median parental magma §'3C = —1.9%
in this example. The diagram was constructed assuming closed-
system degassing, using Avyapor-melc = +2%o, both 1) when com-
puting total §13C in the erupted magma from the measured vesicle
813C, and 2) when projecting back to the undegassed parental
magma (18 wt.% MgO) using the petrologic modeling estimate of
its Ba content and CO;/Ba = 108. Below we discuss possible sce-
narios for the origin of 8'3C in the Loihi mantle source that is
elevated above typical mantle values.

4.2.1. Primordial §'3C heterogeneity in Earth’s mantle

One important question is whether or not the elevated Loihi
813C values indicate contribution from primordial mantle. Terres-
trial bulk N and H isotope compositions overlap the range of com-
positions seen in some carbonaceous chondrites (CCs), suggesting
that many volatile species on Earth were sourced from material
similar to that which formed CC parent bodies (Marty, 2012). Me-
teoritic bulk carbon (Fig. S2) shows an extremely large range of
813C (Alexander et al,, 2012) and thus seems to allow for some
(currently unknown) degree of heterogeneity in primordial §'3C of
Earth’s mantle. Carbon isotopes in unbrecciated ureilites (carbon-
rich ultramafic achondrites that represent mantle fragments of a
differentiated parent body) also vary from —8.5 to +0.4%o (Barrat
et al., 2017). The inferred Loihi source §13C values of —4 to +0.8%o
might therefore be a relict feature of deep, primitive mantle. Ad-
mittedly though, the meteorite data alone do not provide a unique
constraint on Earth’s primordial carbon isotope values (see further
discussion in Supplementary Information).

An additional line of evidence for possible primordial hetero-
geneity in §'3C of the mantle comes from diamonds. Diamonds
are unambiguously of mantle origin, and those with peridotitic in-
clusions mostly show §!3C between —2 and —8%o with a mode
near —6%o, similar to mid-ocean ridge basalts (Cartigny et al.,
2014). Other diamonds contain mineral inclusions that indicate
diamond growth occurred in the lower mantle. A notable case
is the Kankan diamonds from Guinea (Palot et al., 2012). Palot
et al. (2012) excluded two analyses that they were not able to
replicate for Kankan diamonds (for which they measured §'3C val-
ues of +0.1 and +1.4%0). Even excluding those data, the range
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Fig. 7. Vesicle He/*He vs. 8'3C. Loihi parental magma §'3C values were estimated using Avapor-melt = +2%o, and projection to initial [CO>] based on crystal fractionation
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transitional basalts; alkali basalts extend to lower values of §13C and 3He/*He. Also shown are measured values for Loihi vent fluids (Sedwick et al., 1994), Kilauea fumaroles
(Hilton et al., 1997), Midfell in Iceland (Barry et al, 2014), and Mid-Atlantic Ridge popping rock (Pineau and Javoy, 1994). The range of §'3C for upper mantle-derived
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(2021), respectively.

in Kankan diamonds is —4.3 to —1.4%.. This range overlaps sig-
nificantly with that inferred for the Lohi mantle source region
(—4.2 to +0.8%0). We conclude that there is some circumstantial
evidence from ultra-deep diamonds for possible primordial hetero-
geneity in mantle §'3C similar to the range implied by the new
Loihi basalt §13C data. However, whether or not this heterogene-
ity in diamond §'3C relates to the time of Earth’s accretion is not
known. Some ultra-deep diamonds contain carbonate inclusions,
and Shirey et al. (2019) suggested that §13C values of the Kankan
diamonds record the involvement of subducted carbonate with lit-
tle or no organic carbon involved.

4.2.2. Tectonically recycled carbon in the Hawaiian mantle plume

Carbonate may be recyled to the mantle both in marine sed-
iments and as carbonate minerals precipitated in altered oceanic
crust (AOC). The carbonate of AOC can have highly variable §13C
ranging from —24 to +11%o, it contributes a sub-equal propor-
tion to the total subducted C flux, and it potentially survives to
greater depth after subduction than sedimentary carbonate (Li et
al,, 2019). Mixing in the deep mantle between recycled sedimen-
tary carbonate and pristine plume material (chosen to have high
3He/*He and typical mantle §'3C = —6% as one example) would
lead to lower 3He/*He at higher values of §'3C. Such a binary mix-
ing curve would show a strong, concave downward curvature on
Fig. 7 due to the very large enrichment in C and the low 3He/*He
of the carbonate. The data in Fig. 7 do not show a clear trend. Loihi
transitional basalts and many of the tholeiites may actually show
a tendency to slightly higher §13C at higher 3He/*He. However, the
data scatter makes it difficult to rule out that such mixing has oc-
curred.

A simple mixing calculation reveals that only a very small mass
fraction of recycled sedimentary CaCOj is needed to account for
the shift in §'3C of Loihi basalts. The amount of recycled material
depends on assumptions for the compositions of both the pristine
and recycled end-members. One example is depicted in Fig. 8. It
assumes binary mixing, between pristine mantle having §13C =
—6%0 and [C] = 100 ppm (366 ppm CO), and recycled CaCO3 hav-
ing 813C = 0%o. These model values are a reasonable choice given
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Fig. 8. §13C vs. mass of CaCO3 in the mantle source, showing one model mixing
curve. The model assumes binary mixing between pristine mantle having §3C =
—6%o and [C] = 100 ppm (366 ppm CO;), and recycled CaCOs having §'3C = 0%.
As one example, when this mixture has §'3C=-1.5%o, it will have [C] = 400 ppm,
and its mantle source contains 0.25% CaCO3 as shown by the arrow.

that the 8'3C of limestone has not varied markedly for most of
Earth’s history (e.g., Hayes and Waldbauer, 2006), and that much of
the mantle (assumed here to be unaffected by recycling) is inferred
to have C concentrations on the order of 25-100 ppm (90-365 ppm
C0O;) and 8'3C of —6 to —4%o (e.g., Javoy et al., 1986; Deines, 2002;
Cartigny et al., 2013; Le Voyer et al., 2017). Based on such a simple
mixing model, only a very small mass fraction of recycled CaCO3
can be present in the Loihi mantle source. For example, ~0.25%
CaC03 would be involved when both §'3C = —1.5% (similar to
the median Loihi source value deduced earlier) and [CO,] = 1467
ppm ([C]=400 ppm, similar to the source deduced from Hawaiian
melt inclusions; Tucker et al., 2019). Furthermore, although this
represents a small mass fraction of the plume, the recycled car-
bon makes up the dominant proportion (75%) of the plume carbon
in this example. Other end-member choices in the simple mixing
model are discussed in the Supplementary Information. We con-
clude that any reasonable choice of model values requires only a
small mass fraction of carbonate (<1%) in the Loihi plume source
to account for the §13C observations.
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Notably, there is additional evidence for the presence of small
amounts of recycled CaCOs in the Hawaiian plume source. Huang
et al. (2011) suggested as much as 4% carbonate was present in
the mantle source of Makapuu-stage lavas from the Koolau shield
of Oahu, which show elevated Sr/Nb and #4Ca/*Ca ratios that are
0.3%o lower than other shield lavas from Hawaii. Sobolev et al.
(2011) inferred that a small amount of recycled marine carbonate
was present in the Hawaiian mantle source based on a comparison
of Sr isotopes in Mauna Loa melt inclusions with the record of
875r/86Sr in Phanerozoic limestone.

Pietruszka et al. (2013) showed from Sr-Nd-Pb and trace el-
ement systematics that as much as ~8-15% altered (and dehy-
drated) ocean crust (AOC) may be present within the Loihi man-
tle plume. Carbonate veins precipitated during low temperature
(~10°C) hydrothermal circulation may comprise as much as 1-3%
by volume in the upper 1 km of slow spreading crust (Alt and Tea-
gle, 1999; Shilobreeva et al., 2011; Martinez et al., 2021), while in
fast spreading crust the volume percentage is typically an order of
magnitude less (Gillis and Coogan, 2011). If 8-15% AOC is present
within the Loihi mantle plume (Pietruszka et al., 2013), our esti-
mate of ~0.25% carbonate would constitute 1.5-3% of the AOC if
all the carbonate was present as secondary veins. The §13C of in-
organic C precipitated in the upper 300 m of the AOC varies from
—0.4 to +1.5%0 in 170 Ma altered basalts in the western Pacific
(Martinez et al., 2021), and overlaps with the highest §13C values
in the Loihi mantle source region. We simply note that an esti-
mate of ~0.25% recycled carbonate seems to be of the same order
of magnitude when compared to the amount of carbonate veining
that would be present if the Loihi plume contains ~8-15% AOC.

4.2.3. Carbon from Earth’s core

The Hawaiian hotspot is underlain by a laterally extensive
(~900 km diameter) ultra-low velocity zone (ULVZ) at the core-
mantle boundary (Cottaar and Romanowicz, 2012). ULVZs are thin
(order of 10-20 km high) patches that lie directly on the CMB.
They may have originated either as Fe-rich melts crystallized from
a magma ocean (Labrosse et al., 2007), or by chemical enrichment
from the outer core through enhanced grain-boundary fluxes (Hay-
den and Watson, 2007). 182W anomalies in high->He/*He basalts
have been interpreted to originate from core-mantle interaction
(Mundl-Petermeier et al., 2020), and grain boundary diffusion of
carbon in this region of the mantle may lead to a flux of carbon
from the outer core to the overlying mantle (Hayden and Watson,
2008). It is reasonable to ask whether such processes may have
led to 13C enrichment of the Loihi mantle source. Carbon isotope
fractionation between solid carbon and Fe-carbide melts has been
studied experimentally, and its shows that the metallic phase will
be enriched in 2C (Satish-Kumar et al., 2011). Furthermore, in iron
meteorites that represent fragments of ancient core material from
planetary parent bodies, the C isotope composition of iron bearing
phases such as cohenite (FeNiCo);C is enriched in '2C compared
to coexisting graphite (Deines and Wickman, 1975). These observa-
tions seem to eliminate the possibility that elevated §!3C values of
the Loihi mantle source originate by bulk transfer of carbon from
the core. However, if carbon exchange occurs between the metal-
lic core and silicates within the ULVZs at the CMB, it might lead to
higher §'3C in the ULVZs compared to the ambient mantle due to
preferential '2C partitioning into the core.

4.3. Primordial vs. recycled carbon in the source of mantle plumes

There is mounting evidence that recycled surficial carbonate is
present in mantle hotspot source regions. Recent studies of stable
isotopic systems such as Zn and Ca seem to point to deeply re-
cycled carbonate in the plume soure of some ocean island basalts
(Zhang et al., 2022; Huang et al., 2011). Recycled carbonate has
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also been suggested to lead to the distinct radiogenic Pb isotope
compositions of HIMU island localities such as St. Helena, Mangaia
and Tubuaii (Castillo et al., 2018).

When sedimentary carbonate in oceanic crust is subducted into
the mantle it is not expected to survive decarbonation reactions
that occur at depths >1500 km (Drewitt et al., 2019). Instead,
most if not all of the subducted carbonate will be transformed
into refractory diamond in the lowermost mantle. The high carbon
contents of some OIBs and melt inclusions (Tucker et al., 2019)
might therefore be attributed to deeply recycled oceanic crust that
contains diamond in the mantle source. During plume upwelling
this carbon is expected to oxidize and become carbonate that will
ultimately be incorporated into OIB melts (Drewitt et al., 2019).
Carbonate may also form through oxidation of primordial carbon
that is present as diamond in the plume, once plume material is
transported to mantle transition zone depths (Sun et al., 2018).
This transformation can also lead to '3C enrichment in the car-
bonate, because even at 1800 °C within the mantle transition zone
the equilibrium 813C of carbonate is ~1%o heavier than diamond
(Cartigny et al., 2014).

These processes and our current lack of knowledge of Earth’s
initial carbon isotope composition are fundamental limitations in
assessing the importance of primordial vs. recycled carbon in
Earth’s interior from carbon isotope variations. Although the §13C
values for the high->He/*He basalts of this study do not unam-
biguously discriminate between deeply derived primordial carbon
(having median 6'3C near —1.5%) vs. surficial carbonate that has
been tectonically recycled (having 8§'3C > 0%o), they are consistent
with the presence of ~10% recycled altered oceanic crust within
the Loihi mantle plume. The development and analyses of other
sensitive geochemical tracers of recycled surficial carbonate and
primordial mantle material are needed for Hawaiian basalts.

5. Conclusions

The §'3C of vesicle CO, in Loihi basalts ranges from —7 to
—1Y%o, with a median §'3C = —2.5%. Loihi magmas appear to
have followed a quasi closed-system degassing path for most of
their evolution. Estimates of the parental magma §'3C corrected
for this degassing range from —4 to +1%o, with a median value
of —1.5%o. This range is higher than values of —3.5 to —6%. for
mantle-derived basalts and most peridotitic diamonds. This differ-
ence could be ascribed to primordial heterogeneity of §'3C in the
bulk silicate Earth. Another possible explanation may be exchange
of carbon at the core-mantle boundary between ultra-low veloc-
ity zone silicates and the liquid outer core. Alternatively, it may be
due to a small mass fraction (<1%) of surfical carbonate that was
tectonically recycled into the Loihi plume source region.

Additional measurements of 813C for the dissolved (glass) car-
bon in Loihi basalts are needed to further evaluate magmatic de-
gassing and the carbon isotope composition of the mantle plume
source. The results of the present study suggest that two volatile
elements (helium and carbon) might have different sources (pri-
mordial vs. recycled) within a single mantle plume. A more com-
prehensive characterization of carbon isotope variations, coupled
with radiogenic and stable isotopes of other elements on the same
suites of ocean island basalts, is needed to fully assess the rela-
tive importance of recycled vs. primordial material in deep mantle
source regions.

CRediT authorship contribution statement

David W. Graham: Conceptualization, Data curation, Formal
analysis, Investigation, Methodology, Visualization, Writing - origi-
nal draft, Writing - review & editing. Peter J. Michael: Conceptual-
ization, Data curation, Formal analysis, Investigation, Methodology,



D.W. Graham, PJ. Michael and T.B. Truong

Visualization, Writing - review & editing. Thi B. Truong: Data cura-
tion, Formal analysis, Investigation, Visualization, Writing - review
& editing.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

All data used in this study are included in the supplementary
material. Additional data are available at https://doi.org/10.26022/
IEDA/112511 (Graham, D., Michael, PJ., Truong, T.B., Garcia, M.O.,
2024. Helium and carbon isotopes, volatiles, and trace elements in
submarine basalt glasses from Loihi Seamount, version 1.0. Inter-
disciplinary Earth Data Alliance (IEDA)).

Acknowledgements

We thank Mike Garcia for graciously providing Loihi basalt glass
samples, sharing data, and his help with sample selection. Trans-
port and curation of Loihi Seamount samples at the University
of Hawaii was supported by grant OCE17-37284 to Mike Garcia.
The Smithsonian Institution provided KK series samples with the
valuable assistance of Leslie Hale. We are indebted to Andy Ross
for his expertise in making the §13C measurements with the MAT
253 mass spec. We thank Chris Russo for guidance in making the
laser ablation ICP-MS measurements in the Keck Lab for Plasma
Spectrometry, and Cory Langhoff for expertise in constructing the
sample map. We thank Bill White and an anonymous reviewer for
providing constructive comments and suggestions that improved
the manuscript. This study was supported by the Marine Geology
& Geophysics Program at the National Science Foundation, through
grants OCE17-63255 (DG) and OCE17-63259 (PM). Additional sup-
port was provided by the McMan endowment of The University of
Tulsa.

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi.org/10.1016/j.epsl.2023.118248.

References

Alexander, C.M.O.D., Bowden, R., Fogel, M.L., Howard, K.T., Herd, C.D.K,, Nittler, L.R.,
2012. The provenances of asteroids, and their contributions to the volatile in-
ventories of the terrestrial planets. Science 337, 721-723.

Alt, ].C., Teagle, D.A.H., 1999. The uptake of carbon during alteration of ocean crust.
Geochim. Cosmochim. Acta 63, 1527-1535.

Anderson, K.R., Poland, M.P, 2017. Abundant carbon in the mantle beneath Hawai'i.
Nat. Geosci. https://doi.org/10.1038/NGEO3007.

Aubaud, C., 2022. Carbon stable isotope constraints on CO, degassing models of
ridge, hotspot and arc magmas. Chem. Geol. 605, 120962.

Barrat, J.-A., Sansjofre, P., Yamaguchi, A., Greenwood, R.C.,, Gillet, P, 2017. Carbon
isotopic variation in ureilites: evidence for an early, volatile-rich inner Solar Sys-
tem. Earth Planet. Sci. Lett. 478, 143-149.

Barry, P.H., Hilton, D.R,, Fiiri, E., Halldorsson, S.A., Gronvold, K., 2014. Carbon isotope
and abundance systematics of Icelandic geothermal gases, fluids and subglacial
basalts with implications for mantle plume-related CO, fluxes. Geochim. Cos-
mochim. Acta 134, 74-99.

Boudoire, G., Rizzo, A.L, Di Muro, A., Grassa, F, Liuzzo, M., 2018. Extensive CO;
degassing in the upper mantle beneath oceanic basaltic volcanoes: first insights
from Piton de la Fournaise volcano (La Réunion Island). Geochim. Cosmochim.
Acta 235, 376-401.

Carmichael, 1.S.E., Turner, EJ., Verhoogen, J., 1974. Igneous and Metamorphic Petrol-
ogy. McGraw-Hill.

Cartigny, P, Palot, M., Thomassot, E., Harris, J.W., 2014. Diamond formation: a stable
isotope perspective. Annu. Rev. Earth Planet. Sci. 42, 699-732.

Earth and Planetary Science Letters 617 (2023) 118248

Cartigny, P.,, Pineau, F., Aubaud, C., Javoy, M., 2008. Towards a consistent mantle car-
bon flux estimate: insights from volatile systematics (H,0/Ce, §D, CO2/Nb) in
the North Atlantic mantle. Earth Planet. Sci. Lett. 265, 672-685.

Castillo, P.R., Maclsaac, C., Perry, S., Veizer, J., 2018. Marine carbonates in the mantle
source of oceanic basalts: Pb isotopic constraints. Nature Sci. Rep. 8, 14932.
Cottaar, S., Romanowicz, B., 2012. An unusually large ULVZ at the base of the mantle

near Hawaii. Earth Planet. Sci. Lett. 355-356, 213-222.

Craig, H., 1987. Comment on “Carbon isotope systematics of a mantle hotspot: a
comparison of Loihi seamount and MORB glasses” by R.A. Exley, D.P. Mattey,
D.A. Clague and C.T. Pillinger. Earth Planet. Sci. Lett. 82, 384-386.

Deines, P, 2002. The carbon isotope geochemistry of mantle xenoliths. Earth-Sci.
Rev. 58, 247-278.

Deines, P, Wickman, EE., 1975. A contribution to the stable isotope geochemstry of
iron meteorites. Geochim. Cosmochim. Acta 39, 547-557.

Dixon, J.E., Clague, D.A., 2001. Volatiles in basaltic glasses from Loihi Seamount,
Hawaii: evidence for a relatively dry plume component. J. Petrol. 42, 627-654.

Drewitt, ] W.E., Walter, M.]., Zhang, H., McMahon, S.C., Edwards, D., Heinen, B.J., Lord,
O.T,, Zanzellini, S., Kleppe, A.K., 2019. The fate of carbonate in oceanic crust
subducted into Earth’s lower mantle. Earth Planet. Sci. Lett. 511, 213-222.

Exley, R.A., Mattey, D.P,, Clague, D.A., Pillinger, C.T., 1986. Carbon isotope systematics
of a mantle “hotspot”: a comparison of Loihi Seamount and MORB glasses. Earth
Planet. Sci. Lett. 78, 189-199.

Garcia, M.O., Caplan-Auerbach, J., De Carlo, E.H., Kurz, M.D., Becker, N., 2006. Geol-
ogy, geochemistry and earthquake history of Loihi Seamount, Hawaii's youngest
volcano. Chem. Erde 66, 81-108.

Garcia, M.O., Foss, D.J.P., West, H.B., Mahoney, J.J., 1995. Geochemical and isotopic
evolution of Loihi Volcano, Hawaii. ]. Petrol. 36, 1647-1674.

Gerlach, T.M., Taylor, B.E., 1991. Carbon isotope constraints on degassing of carbon
dioxide from Kilauea Volcano. Geochim. Cosmochim. Acta 54, 2051-2058.

Gillis, K.M., Coogan, LA., 2011. Secular variation in carbon uptake into the ocean
crust. Earth Planet. Sci. Lett. 302, 385-392.

Graham, D.W., Hanan, B.B., Hémond, C., Blichert-Toft, ]., Albarede, F, 2014. He-
lium isotopic textures in Earth’s upper mantle. Geochem. Geophys. Geosyst. 15,
2048-2074.

Graham, D.W., Michael, PJ., 2021. Predominantly recycled carbon in Earth’s upper
mantle revealed by He-CO,-Ba systematics in ultradepleted ocean ridge basalts.
Earth Planet. Sci. Lett. 554, 116646.

Giilcher, A.P., Ballmer, M.D., Tackley, PJ., 2021. Coupled dynamics and evolution of
primordial and recycled heterogeneity in Earth’s lower mantle. Solid Earth 12,
2087-2107.

Hayden, L.A., Watson, E.B., 2007. A diffusion mechanism for core-mantle interaction.
Nature 450, 709-712.

Hayden, L.A., Watson, E.B., 2008. Grain boundary mobility of carbon in Earth’s man-
tle: a possible carbon flux from the core. Proc. Natl. Acad. Sci. 105, 8537-8541.

Hayes, ].M., Waldbauer, J.R., 2006. The carbon cycle and associated redox processes
through time. Philos. Trans. R. Soc. Lond. B 361, 931-950.

Hilton, D.R., McMurtry, G.M., Kreulen, R., 1997. Evidence for extensive degassing of
the Hawaiian mantle plume from helium-carbon relationships at Kilauea vol-
cano. Geophys. Res. Lett. 24, 3065-3068.

Honda, M., McDougall, I., Patterson, D.B., Doulgeris, A., Clague, D.A., 1993. Noble
gases in submarine pillow basalt glasses from Loihi and Kilauea, Hawaii: a solar
component in the Earth. Geochim. Cosmochim. Acta 57, 859-874.

Huang, S., Farkas, J., Jacobsen, S.B., 2011. Stable calcium isotopic compositions of
Hawaiian shield lavas: evidence for recycling of ancient marine carbonates into
the mantle. Geochim. Cosmochim. Acta 75, 4987-4997.

Javoy, M., Pineau, F, Liyama, 1., 1978. Experimental determination of the isotopic
fractionation between gaseous CO2 and carbon dissolved in tholeiitic magma.
Contrib. Mineral. Petrol. 67, 35-39.

Javoy, M., Pineau, F., Delorme, H., 1986. Carbon and nitrogen isotopes in the mantle.
Chem. Geol. 57, 41-62.

Kaneoka, 1., Hanyu, T., Yamamoto, J., Miura, Y., 2002. Noble gas systematics of the
Hawaiiian volcanoes based on the analysis of Loihi, Kilauea and Koolau sub-
marine rocks. In: Hawaiian Volcanoes: Deep Underwater Perspectives. American
Gophys Union, pp. 373-389.

Kurz, M.D., Jenkins, W.J., Hart, S.R., 1982. Helium isotopic systematics of oceanic
islands and mantle heterogeneity. Nature 297, 43-46.

Kurz, M.D., Jenkins, WJ]., Hart, S.R., Clague, D., 1983. Helium isotopic variations in
the volcanic rocks from loihi seamount and the island of Hawaii. Earth Planet.
Sci. Lett. 66, 388-406.

Labrosse, S., Hernlund, J., Coltice, N., 2007. A crystallizing dense magma ocean at the
base of the Earth’s mantle. Nature 450, 866-870.

Le Voyer, M., Kelley, KA., Cottrell, E., Hauri, E.H., 2017. Heterogeneity in mantle car-
bon content from CO;-undersaturated basalts. Nat. Commun.

Li, K., Li, L., Pearson, D.G., Stachel, T., 2019. Diamond isotope compositions indicate
altered igneous oceanic crust dominates deep carbon recycling. Earth Planet. Sci.
Lett. 516, 190-201.

Li, M., McNamara, A.K., Garnero, E.J., 2014. Chemical complexity of hotspots caused
by cycling oceanic crust through mantle reservoirs. Nat. Geosci. 7, 366-370.
Loewen, M., Graham, D.W., Bindeman, LN., Lupton, J.E., Garcia, M.O., 2019. Hydrogen
isotopes in high >He/*He submarine basalts: primordial vs. recycled water and

the veil of mantle enrichment. Earth Planet. Sci. Lett. 508, 62-73.


https://doi.org/10.26022/IEDA/112511
https://doi.org/10.26022/IEDA/112511
https://doi.org/10.1016/j.epsl.2023.118248
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibEE90A9DF9702713BB897DD0C3AE02138s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibEE90A9DF9702713BB897DD0C3AE02138s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibEE90A9DF9702713BB897DD0C3AE02138s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibF9CCAD3BC56A282C81423918E02DFF38s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibF9CCAD3BC56A282C81423918E02DFF38s1
https://doi.org/10.1038/NGEO3007
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib12B79D7AFF293763B0671B2083EEDBA0s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib12B79D7AFF293763B0671B2083EEDBA0s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibB8E29C01F53698752091023EF60FA2BCs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibB8E29C01F53698752091023EF60FA2BCs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibB8E29C01F53698752091023EF60FA2BCs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibA634F0AE54DDC3B1DFD45DC6A57BEDD7s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibA634F0AE54DDC3B1DFD45DC6A57BEDD7s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibA634F0AE54DDC3B1DFD45DC6A57BEDD7s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibA634F0AE54DDC3B1DFD45DC6A57BEDD7s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib6F9E75F9CD98F4186C7C53323DDD4573s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib6F9E75F9CD98F4186C7C53323DDD4573s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib6F9E75F9CD98F4186C7C53323DDD4573s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib6F9E75F9CD98F4186C7C53323DDD4573s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib4D8634A4521063F4151BC49C99214F73s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib4D8634A4521063F4151BC49C99214F73s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib4825CF31800B68692AD07F2114293877s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib4825CF31800B68692AD07F2114293877s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibCE3EB1C0B1024F81808B220D5D7718D9s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibCE3EB1C0B1024F81808B220D5D7718D9s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibCE3EB1C0B1024F81808B220D5D7718D9s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib2B86B026AC92C3CA6ECDF811BC100F39s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib2B86B026AC92C3CA6ECDF811BC100F39s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib9122CDF81524799EFAB2673A1693811Cs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib9122CDF81524799EFAB2673A1693811Cs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib1FFCC2F6B5BE81E29F07A2B5AF570390s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib1FFCC2F6B5BE81E29F07A2B5AF570390s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib1FFCC2F6B5BE81E29F07A2B5AF570390s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD33C1F5443655DF1AC525D8EC7C670F0s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD33C1F5443655DF1AC525D8EC7C670F0s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibF98A26AA6AA4E80BD4A61B4263CE9A9Bs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibF98A26AA6AA4E80BD4A61B4263CE9A9Bs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib1EF841A9471EDAB8BB90923DD9D779E8s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib1EF841A9471EDAB8BB90923DD9D779E8s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib3020B0616E0FB7D291EB171704DEA7D7s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib3020B0616E0FB7D291EB171704DEA7D7s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib3020B0616E0FB7D291EB171704DEA7D7s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibC8E6288EE371ED770D5473E0297AD3B1s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibC8E6288EE371ED770D5473E0297AD3B1s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibC8E6288EE371ED770D5473E0297AD3B1s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib51878FA540470D8E52F651EF6F1D92F7s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib51878FA540470D8E52F651EF6F1D92F7s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib51878FA540470D8E52F651EF6F1D92F7s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib3EEA8BD363488CC0545E3E780FA68962s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib3EEA8BD363488CC0545E3E780FA68962s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib7EF6E0B2F50595035C32B7B7711F8250s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib7EF6E0B2F50595035C32B7B7711F8250s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib47E76F92D5510AC27985DF2CB1DE5D79s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib47E76F92D5510AC27985DF2CB1DE5D79s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD36FAAAFEA58C6C832B65D4D26714BC6s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD36FAAAFEA58C6C832B65D4D26714BC6s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD36FAAAFEA58C6C832B65D4D26714BC6s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib99CA8246017323E8C3CF45B2C0809672s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib99CA8246017323E8C3CF45B2C0809672s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib99CA8246017323E8C3CF45B2C0809672s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibF92486E314AB3ECD8C01BBBEA2A11E91s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibF92486E314AB3ECD8C01BBBEA2A11E91s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibF92486E314AB3ECD8C01BBBEA2A11E91s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibE700F238617777AA07283242EEF38D31s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibE700F238617777AA07283242EEF38D31s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib31FD065FCBB131CE6B2CE1F0D1B87472s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib31FD065FCBB131CE6B2CE1F0D1B87472s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib034360D08C919C638217DBED4CB612DFs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib034360D08C919C638217DBED4CB612DFs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib2BD15F1EFB3470B3E2D41300C6CA4C3Ds1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib2BD15F1EFB3470B3E2D41300C6CA4C3Ds1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib2BD15F1EFB3470B3E2D41300C6CA4C3Ds1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibFB7D2541B67737A2428554593B70E174s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibFB7D2541B67737A2428554593B70E174s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibFB7D2541B67737A2428554593B70E174s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib22900AD18EF4FF1A091276571AE53FDAs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib22900AD18EF4FF1A091276571AE53FDAs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib22900AD18EF4FF1A091276571AE53FDAs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib4E2B2C5E49E41A038980E65C53DA4F6As1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib4E2B2C5E49E41A038980E65C53DA4F6As1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib4E2B2C5E49E41A038980E65C53DA4F6As1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib9A9253AB5360BF78E7BEDDE1A9E44BA3s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib9A9253AB5360BF78E7BEDDE1A9E44BA3s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibE0ED60AE07EA0385F253DD843E94BAA3s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibE0ED60AE07EA0385F253DD843E94BAA3s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibE0ED60AE07EA0385F253DD843E94BAA3s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibE0ED60AE07EA0385F253DD843E94BAA3s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib0DB214790EDAC9A3A40878154E9BCD85s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib0DB214790EDAC9A3A40878154E9BCD85s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibE9DD30ED300A6EDD86090432A5306C02s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibE9DD30ED300A6EDD86090432A5306C02s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibE9DD30ED300A6EDD86090432A5306C02s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD8CB8FD22402EB830EB9C78078960456s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD8CB8FD22402EB830EB9C78078960456s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib463CA955AF235FE63B73C7B6DF47924Ds1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib463CA955AF235FE63B73C7B6DF47924Ds1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib3BB3E3257E42A1ECD73362DED4E97D46s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib3BB3E3257E42A1ECD73362DED4E97D46s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib3BB3E3257E42A1ECD73362DED4E97D46s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibB3E965FC853A7DB7C83E596BA9E5005Ds1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibB3E965FC853A7DB7C83E596BA9E5005Ds1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD90077D9014C1473B5CCE62CCB3EF355s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD90077D9014C1473B5CCE62CCB3EF355s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD90077D9014C1473B5CCE62CCB3EF355s1

D.W. Graham, PJ. Michael and T.B. Truong

Martinez, 1., Shilobreeva, S., Alt, J.C., Polyakov, V., Agrinier, P., 2021. The origin and
fate of C during alteration of the oceanic crust. C. R. Géosci. 353, 319-336.
Marty, B., 2012. The origins and concentrations of water, carbon, nitrogen and noble

gases on Earth. Earth Planet. Sci. Lett. 313-314, 56-66.

Marty, B., Jambon, A., 1987. C/>He in volatile fluxes from the solid Earth: implica-
tions for carbon geodynamics. Earth Planet. Sci. Lett. 83, 16-26.

Mattey, D.P., 1991. Carbon dioxide solubility and carbon isotope fractionation in
basaltic melt. Geochim. Cosmochim. Acta 55, 3467-3473.

Mattey, D.P,, Taylor, W., Green, D.H., Pillinger, C.T., 1990. Carbon isotopic fractiona-
tion between CO; vapour, silicate and carbonate melts: an experimental study
to 30 kbar. Contrib. Mineral. Petrol. 104, 492-505.

McNamara, A.K., 2019. A review of large low shear velocity provinces and ultra low
velocity zones. Tectonophysics 760, 199-220.

Merz, D.K., Caplan-Auerbach, J., Thurber, C.H., 2020. Seismicity and velocity struc-
ture of Lo'ihi submarine volcano and southeastern Hawai'i. J. Geophys. Res. 124,
11380-11393.

Michael, PJ., Graham, D.W.,, 2015. The behavior and concentration of CO, in the
suboceanic mantle: inferences from undegassed ocean ridge and ocean island
basalts. Lithos 236-237, 338-351.

Mundl-Petermeier, A., Walker, R]., Fischer, R.A,, Lekic, V., Jackson, M.G., Kurz, M.D.,
2020. Anomalous '32W in high 3He/*He ocean island basalts: fingerprints of
Earth’s core? Geochim. Cosmochim. Acta 271, 194-211.

Newman, S., Lowenstern, J.B., 2002. VolatileCalc: a silicate melt-H,0-CO, solution
model written in Visual Basic for Excel. Comput. Geosci. 28, 597-604.

Palot, M., Cartigny, P, Harris, J.W., Kaminsky, FV., Stachel, T., 2012. Evidence for
deep mantle convection and primordial heterogeneity from nitrogen and carbon
stable isotopes in diamond. Earth Planet. Sci. Lett. 357-358, 179-193.

Pietruszka, AJ., Keyes, MJ., Duncan, J.A., Hauri, E.H., Carlson, RW., Garcia, M.O.,
2011. Excess of seawater-derived 2>4U in volcanic glasses from Loihi Seamount
due to crustal contamination. Earth Planet. Sci. Lett. 304, 280-289.

Pietruszka, A.J., Norman, M.D., Garcia, M.O., Marske, ].P,, Burns, D.H., 2013. Chemical
heterogeneity in the Hawaiian mantle plume from the alteration and dehydra-
tion of recycled oceanic crust. Earth Planet. Sci. Lett. 361, 298-309.

Pineau, F, Javoy, M., 1994. Strong degassing at ridge crests: the behaviour of dis-
solved carbon and water in basalt glasses at 14°N, Mid-Atlantic Ridge. Earth
Planet. Sci. Lett. 123, 179-198.

Rison, W., Craig, H., 1983. Helium isotopes and mantle volatiles in Loihi Seamount
and Hawaiian Island basalts and xenoliths. Earth Planet. Sci. Lett. 66, 407-426.

Rosenthal, A., Hauri, E.H., Hirschmann, M.M., 2015. Experimental determination of C,
F, and H partitioning between mantle minerals and carbonated basalt, CO,/Ba
and CO,/Nb systematics of partial melting, and the CO, contents of basaltic
source regions. Earth Planet. Sci. Lett. 412, 77-87.

Sandoval-Velasquez, A., Rizzo, A.L, Aiuppa, A., Remigi, S., Padrén, E., Pérez, N.M,,
Frezzotti, M.L., 2021. Recycled crustal carbon in the depleted mantle source of
El Hierro volcano, Canary Islands. Lithos 400-401, 106414.

Satish-Kumar, M., So, H., Yoshino, M., Kato, M., Hiroi, Y., 2011. Experimental deter-
mination of carbon isotope fractionation between iron carbide melt and carbon:
'2C-enriched carbon in Earth’s core? Earth Planet. Sci. Lett. 310, 340-348.

10

Earth and Planetary Science Letters 617 (2023) 118248

Sedwick, P.N., McMurtry, G.M., Hilton, D.R., Goff, F.,, 1994. Carbon dioxide and helium
in hydrothermal fluids from Loihi Seamount, Hawaii, USA: temporal variabil-
ity and implications for the release of mantle volatiles. Geochim. Cosmochim.
Acta 58, 1219-1227.

Shilobreeva, S., Martinez, 1., Busigny, V., Agrinier, P, Laverne, C., 2011. Insights into C
and H storage in the altered oceanic crust: results from ODP/IODP Hole 1256D.
Geochim. Cosmochim. Acta 75, 2237-2255.

Shirey, S.B., Smit, K.V., Pearson, D.G., Walter, M.J., Aulbach, S., Brenker, FE., Bureau,
H., Burnham, A.D., Cartigny, P., Chacko, T., Frost, D.J., Hauri, E.H., Jacob, D.E., Ja-
cobsen, S.D., Kohn, S.C,, Luth, RW.,, Mikhail, S., Navon, O., Nestola, F.,, Nimis, P,
Palot, M., Smith, E.M., Stachel, T., Stagno, V., Steele, A., Stern, R.A., Thomassot, E.,
Thomson, A.R., Weiss, Y., 2019. Diamonds and the mantle geodynamics of car-
bon. In: Orcutt, B.N., Daniel, I, Dasgupta, R. (Eds.), Deep Carbon: Past to Present.
Cambridge Univ. Press, pp. 89-128.

Sobolev, A.V., Hofmann, AW., Jochum, K.P, Kuzmin, D.V., Stoll, B., 2011. A young
source for the Hawaiian plume. Nature 576, 434-439.

Sun, W.-d., Hawkesworth, CJ., Yai, C., Zhang, C.-c,, Huang, R.-f, Liu, X,, Sun, X.-1,
Ireland, T., Song, M.-s., Ling, M.-x., Ding, X., Zhang, Z.-f,, Fan, w.-m., Wu, Z.-q.,
2018. Carbonated mantle domains at the base of the Earth’s transition zone.
Chem. Geol. 478, 69-75.

Trull, TW., Nadeau, S., Pineau, F, Polvé, M., Javoy, M., 1993. C-He systematics in
hotspot xenoliths: implications for mantle carbon contents and carbon recycling.
Earth Planet. Sci. Lett. 118, 43-64.

Tucker, .M., Hauri, E.H., Pietruszka, AJ., Garcia, M.O., Marske, ].P.,, Trusdell, EA., 2019.
A high carbon content of the Hawaiian mantle from olivine-hosted melt inclu-
sions. Geochim. Cosmochim. Acta 254, 156-172.

Tucker, J.M., Mukhopadhyay, S., Gonnermann, H.M., 2018. Reconstructing mantle
carbon and noble gas contents from degassed mid-ocean ridge basalts. Earth
Planet. Sci. Lett. 496, 108-119.

Valbracht, PJ., Staudacher, TJ., Malahoff, A., Allégre, CJ., 1997. Noble gas system-
atics of deep rift zone glasses from Loihi Seamount, Hawaii. Earth Planet. Sci.
Lett. 150, 399-411.

Valbracht, PJ., Staudigel, H., Honda, M., McDougall, 1., Davies, G.R., 1996. Isotopic
tracing of volcanic source regions from Hawaii: decoupling of gaseous from
lithophile magma compositions. Earth Planet. Sci. Lett. 144, 185-198.

White, W.M., 1985. Sources of oceanic basalts: radiogenic isotopic evidence. Geol-
ogy 13, 115-118.

Wilding, J.D., Zhu, W., Ross, Z.E., Jackson, .M., 2023. The magmatic web beneath
Hawai'i. Science 379, 462-468. https://doi.org/10.1126/science.ade5755.

Williams, C.D., Li, M., McNamara, A.K., Garnero, EJ., van Soest, M., 2015. Episodic
entrainment of deep primordial mantle material into ocean island basalts. Nat.
Commun. https://doi.org/10.1038/ncomms9937.

Williams, C.D., Mukhopadhyay, S., Rudolph, M.L, Romanowicz, B., 2019. Primitive
helium is sourced from seismically slow regions in the lowermost mantle.
Geochem. Geophys. Geosyst. 20, 4130-4145.

Zhang, X.-Y., Chen, L-H. Wang, X.-J., Hanyu, T, Hofmann, A.W,, Komiya, T., Naka-
mura, K., Kato, Y., Zeng, G., Gou, W.-X,, Li, W.-Q., 2022. Zinc isotopic evidence
for recycled carbonate in the deep mantle. Nat. Commun. 13.


http://refhub.elsevier.com/S0012-821X(23)00261-3/bib428D0BB09FF6D8A827B93F6681816959s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib428D0BB09FF6D8A827B93F6681816959s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD2F64D591D068C1A8F43A74D15CFDB98s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD2F64D591D068C1A8F43A74D15CFDB98s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib782532AF88153B7A764F69D19746982Bs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib782532AF88153B7A764F69D19746982Bs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibAAA0BB8C2AE9BFBA426C71E6A2FD15B8s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibAAA0BB8C2AE9BFBA426C71E6A2FD15B8s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib51132359F5513F4A734F5CD7F83F55AEs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib51132359F5513F4A734F5CD7F83F55AEs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib51132359F5513F4A734F5CD7F83F55AEs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib2C6D0F1C064AC22194020EE1E7686671s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib2C6D0F1C064AC22194020EE1E7686671s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib121AD3B85A3971F706E21DA898E4A019s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib121AD3B85A3971F706E21DA898E4A019s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib121AD3B85A3971F706E21DA898E4A019s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib5F78320706823B4D6ABCA6CC04476AFBs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib5F78320706823B4D6ABCA6CC04476AFBs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib5F78320706823B4D6ABCA6CC04476AFBs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibB4AE696C083F5CF6657689BD6F415524s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibB4AE696C083F5CF6657689BD6F415524s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibB4AE696C083F5CF6657689BD6F415524s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib846C058C1A7B290A3A57209132183A4Bs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib846C058C1A7B290A3A57209132183A4Bs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib2221894950D2B8AA1A7E15B5BBD773A1s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib2221894950D2B8AA1A7E15B5BBD773A1s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib2221894950D2B8AA1A7E15B5BBD773A1s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib1708807D85D7D258A91A159B4422B4A8s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib1708807D85D7D258A91A159B4422B4A8s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib1708807D85D7D258A91A159B4422B4A8s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib6C582154772E8AFC9470DDD9E628AE03s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib6C582154772E8AFC9470DDD9E628AE03s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib6C582154772E8AFC9470DDD9E628AE03s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib59F8C80FBE397DBAF929DBF0E0B1DD77s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib59F8C80FBE397DBAF929DBF0E0B1DD77s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib59F8C80FBE397DBAF929DBF0E0B1DD77s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibE819BF4F8290B8C452F5D12B4864F25Fs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibE819BF4F8290B8C452F5D12B4864F25Fs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib2FC2EB904C80C05B6528B7E75FCBE082s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib2FC2EB904C80C05B6528B7E75FCBE082s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib2FC2EB904C80C05B6528B7E75FCBE082s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib2FC2EB904C80C05B6528B7E75FCBE082s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibDEBDB72F4CDE520E3238BE7918B4F5DBs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibDEBDB72F4CDE520E3238BE7918B4F5DBs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibDEBDB72F4CDE520E3238BE7918B4F5DBs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD42429841D4AF5704F7CAB939D7964E1s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD42429841D4AF5704F7CAB939D7964E1s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD42429841D4AF5704F7CAB939D7964E1s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibFBF77FB5BC7D2EF9D5410816A05618A6s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibFBF77FB5BC7D2EF9D5410816A05618A6s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibFBF77FB5BC7D2EF9D5410816A05618A6s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibFBF77FB5BC7D2EF9D5410816A05618A6s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibB142CD08AAF82035FE20B07BEDFBEFBAs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibB142CD08AAF82035FE20B07BEDFBEFBAs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibB142CD08AAF82035FE20B07BEDFBEFBAs1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib180201C9F980500C712713C179FDD1A2s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib180201C9F980500C712713C179FDD1A2s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib180201C9F980500C712713C179FDD1A2s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib180201C9F980500C712713C179FDD1A2s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib180201C9F980500C712713C179FDD1A2s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib180201C9F980500C712713C179FDD1A2s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib180201C9F980500C712713C179FDD1A2s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib2E2D9ABA5D107A68CC86226860603057s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib2E2D9ABA5D107A68CC86226860603057s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD2E52500A49328904D4710234A1524F7s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD2E52500A49328904D4710234A1524F7s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD2E52500A49328904D4710234A1524F7s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibD2E52500A49328904D4710234A1524F7s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib86C8E73E706662890890856076138C30s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib86C8E73E706662890890856076138C30s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib86C8E73E706662890890856076138C30s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib910AE174D633A50A2248989426A19F73s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib910AE174D633A50A2248989426A19F73s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib910AE174D633A50A2248989426A19F73s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib3247F51C6D6067BC09F276B0D6233CF1s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib3247F51C6D6067BC09F276B0D6233CF1s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib3247F51C6D6067BC09F276B0D6233CF1s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibCECFBB65AF20B619DF85A0592514B462s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibCECFBB65AF20B619DF85A0592514B462s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bibCECFBB65AF20B619DF85A0592514B462s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib6C8BB70927EF81164624FC3667B5F591s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib6C8BB70927EF81164624FC3667B5F591s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib6C8BB70927EF81164624FC3667B5F591s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib8DBFCC47ACBC9142D17EF22F989E7A92s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib8DBFCC47ACBC9142D17EF22F989E7A92s1
https://doi.org/10.1126/science.ade5755
https://doi.org/10.1038/ncomms9937
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib75CA3E37266990858D063C28C20C1B40s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib75CA3E37266990858D063C28C20C1B40s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib75CA3E37266990858D063C28C20C1B40s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib8633720BA42A8516D4371BBA3C0B6044s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib8633720BA42A8516D4371BBA3C0B6044s1
http://refhub.elsevier.com/S0012-821X(23)00261-3/bib8633720BA42A8516D4371BBA3C0B6044s1

	Carbon isotope composition of basalts from Loihi Seamount: Primordial or recycled carbon in the Hawaiian mantle plume?
	1 Introduction
	2 Methods
	3 Results
	4 Discussion
	4.1 Vapor-melt fractionation and degassing effects for CO2/3He and δ13C in Loihi basalts
	4.1.1 Kinetic effects
	4.1.2 δ13C of total CO2 (vesicle+glass) in Loihi basalts
	4.1.3 Magma degassing
	4.1.4 Reconstructing δ13C of Loihi parental magmas

	4.2 Hypotheses for the origin of elevated δ13C in the Loihi mantle plume
	4.2.1 Primordial δ13C heterogeneity in Earth’s mantle
	4.2.2 Tectonically recycled carbon in the Hawaiian mantle plume
	4.2.3 Carbon from Earth’s core

	4.3 Primordial vs. recycled carbon in the source of mantle plumes

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary material
	References




