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We analyzed the carbon isotope composition of vesicle CO2, plus He isotopes and He and CO2
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 δ13C = −4.6 to −0.9�, while alkali basalts range from −7.2 to −2.1�. Calculated total 
(vesicle+glass) δ13C for the majority of the basalts ranges from −6 to −2� assuming the vapor-melt 
fractionation factor � (= δvapor - δmelt) is +2 to +4� as measured in basaltic systems. This relatively 
narrow range of δ13C 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 CO2 as deduced from 
CO2 - Ba systematics and crystal fractionation modeling.
Loihi parental magma (MgO=18 wt.%) had initial CO2 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 δ13C for Loihi undegassed parental magmas is −1.5� and the 
δ13C range is −4 to +1�. Estimates of this δ13C range are only weakly dependent on the choice of 
� and initial [CO2] in closed-system degassing scenarios. The Loihi mantle plume source is therefore 
characterized by δ13C values that are higher than the range of −6 to −4� 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.

© 2023 Elsevier B.V. All rights reserved.
1. Introduction

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 3He/4He ratios indi-
cate the presence of relatively undegassed mantle in the plume 
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source of ocean island hotspots such as Hawaii and Iceland, while 
lower 3He/4He 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; Gülcher et al., 2021). High 3He/4He ratios 
have also been linked with anomalously slow seismic velocities 
near the core-mantle boundary (Williams et al., 2019), and with 
182W anomalies produced by radioactive decay of extinct 182Hf 
(Mundl-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 CO2 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 CO2 from He 
and of 13C from 12C - because virtually all basalts become CO2-
oversaturated and degas variable amounts of CO2 during ascent 
and eruption, and so they do not preserve their original mag-
matic CO2 contents, CO2/He ratios, or δ13C. 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/4He 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 CO2 by Pietruszka et al. (2011). 
Our analytical procedures are described in previous studies (Gra-
ham et al., 2014; Graham and Michael, 2021). 3He/4He ratios and 
He concentrations were measured in both the vesicles and glass 
phase of each sample at OSU. During the crushing extraction of 
2

vesicle helium, we measured the amount of vesicle CO2 by capac-
itance manometry. After helium isotope analysis, the vesicle CO2
was transferred to glass ampoules and subsequently analyzed by 
mass spectrometry for its C isotope composition. Dissolved CO2
and H2O 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 
OSU following procedures similar to those described in Michael 
and Graham (2015) and Graham and Michael (2021).

We distinguish basalt types using the Alkalinity Index (AI) de-
fined by Carmichael et al. (1974) based on a sample’s position in 
the total alkalis – silica diagram: AI = (Na2O + K2O) – (0.37SiO2 – 
14.43). The AI 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 (AI<0), 14 transitional 
basalts (0<AI<1) and 11 alkali basalts (AI>1).

3. Results

Results of this study are presented in the Supplementary In-
formation (Table S1). Vesicle 3He/4He ranges from 20-32 RA in 
our sample suite, with typical 2-sigma uncertainties of 0.2-0.4 RA. 
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Fig. 2. A. Total CO2/3He vs. total [He]. B. Total CO2/3He vs. Total CO2/Ba for Loihi basalts.
Tholeiities range to higher 3He/4He ratios (26.3-31.9 RA) than tran-
sitional (22.1-29.1 RA) and alkali basalts (20.6-25.4 RA), 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/4He = 4.5 RA and glass 3He/4He = 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/4He = 4.6 RA and 5.4 RA, respectively. The low 
3He/4He 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 1.3×10−7

to 3×10−6 cm3 STP/g, and total CO2 concentrations range from 62-
510 ppm (0.032 to 0.26 cm3 STP/g). Average He and CO2 concen-
trations are higher in tholeiites but there is overlap between the 
different basalt types. Total CO2/3He ratios range from 9.4×108 – 
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 CO2/3He 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). CO2/Ba and CO2/Nb ratios 
(ppm/ppm) range from 0.4–3.3 and 3–23, respectively, and are far 
lower than typical mantle values of CO2/Ba = 70–140 and CO2/Nb 
= 230–1000 (Rosenthal et al., 2015: Michael and Graham, 2015; 
Le Voyer et al., 2017). The highest CO2/3He ratios (>5×109) are 
observed in basalts having the lowest CO2/Ba and CO2/Nb ratios 
(CO2/Ba <1.5; Fig. 2b).

Tholeiites and transitional basalts lie in a narrow range of vesi-
cle δ13C = −4.6 to −0.9�, while alkali basalts range from −7.2 to 
−2.1�. Analytical uncertainties (2σ ) are <0.1�. These results are 
compared in Fig. 3 to another suite of high 3He/4He 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 CO2 in Loihi basalts, 
where the median δ13C 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; δ13C = −5.5 to −1.7�; 3He/4He = 21.7 to 27.0 RA; Sed-
3

Fig. 3. A comparison of the carbon isotope results for two high 3He/4He 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�. 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 [CO2] compared to low [CO2] 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 δ13C as low as −25�. Exley et al. (1986) suggested 
that vesicle CO2 was released by the intermediate temperature 
steps (600-1000 ◦C) that had δ13C between −8.3 and −2.5�, with 
a mean value near −6�. 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 δ13C 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 δ13C values of vesicle CO2 in the five KK samples mea-
sured in this study lie between −4.7 and −1.5�. The δ13C of the 
dissolved CO2 in the glass of the same five samples, determined 

https://doi.org/10.26022/IEDA/112510
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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 δ13C.

4. Discussion

4.1. Vapor-melt fractionation and degassing effects for CO2/
3He and 

δ13C in Loihi basalts

4.1.1. Kinetic effects
It is apparent that the CO2/He ratio in many of the basalts has 

been strongly fractionated during degassing. The lowest CO2/3He 
ratios of ∼1×109 are found in tholeiites having the highest He 
concentrations, and there is a trend to higher CO2/3He ratios as He 
concentrations decrease (Fig. 2a). Higher CO2/3He ratios are also 
observed in basalts having the lowest CO2/Ba and CO2/Nb ratios 
(Fig. 2b). This is evidence for extensive CO2 degassing prior to and 
during eruption. In general, Loihi basalts are variably degassed and 
there is no simple trend between He or CO2 concentrations and 
water depth (overlying pressure of eruption) or Mg# (degree of 
crystallization).

The factor of ten increase in CO2/3He with decreasing [He] and 
CO2/Ba ratio (Fig. 2) indicates that He loss is proportionally greater 
than CO2 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 CO2−

3 (Tucker et al., 
2018). As a consequence, vesicle CO2/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) CO2/3He ratios in many Loihi basalts (espe-
cially transitional and alkali basalts having CO2/Ba ≤ ∼1.5 in Fig. 2) 
result from significant CO2/He fractionation associated with prior 
bubble loss, and so the measured CO2/3He should not be taken 
as a reliable indicator of the mantle source. Although the lowest 
CO2/3He ratios of ∼1×109 in the least degassed Loihi basalts may 
be representative of the mantle source, even these lavas have lost 
>97% of their original CO2 inventory (see below), suggesting that 
the true CO2/3He ratio of the source region might be lower.

In contrast to the CO2/3He variations, significant kinetic frac-
tionation is not apparent in the δ13C variations, presumably be-
cause the difference in diffusion rate of 13CO2−

3 /12CO2−
3 in basaltic 

magma is far less than it is for CO2−
3 /3He. Fig. 4 shows δ13C of 

dissolved CO2 (using step-heating data from Exley et al., 1986) 
compared to vesicle δ13C obtained by crushing the same basalt 
glass samples in this study. Few paired δ13C 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 (�vapor-melt = δ13Cvapor - δ13Cmelt) 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 
�vapor-melt = −8.2� (Aubaud, 2022). Three of the five KK basalts 
have apparent �vapor-melt values of +2 to +4� similar to the 
experimentally determined value (Fig. 4). One sample may show 
partial kinetic fractionation (apparent �vapor-melt = −1�) while 
another has apparent �vapor-melt = +6�. Kinetic fractionation also 
does not account for the δ13C variations at other OIB localities 
(Fig. 4), which have a range of �vapor-melt values that is similar to 
Loihi’s range. Collectively, the Loihi basalt data are shifted to δ13C 
values that are heavier than mid-ocean ridge basalts and hotspot 
basalts from Pitcairn and Society Islands (Fig. 4).
4

Fig. 4. Dissolved (glass) δ13C compared to vapor (vesicle) δ13C 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). δ13C of Loihi dissolved CO2 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� (Javoy et 
al., 1978; Mattey, 1991; Mattey et al., 1990) and is depicted by the solid lines. Pure 
kinetic fractionation has vapor enrichment in 12C with a vapor-melt fractionation 
factor of −8.2� (Aubaud, 2022).

4.1.2. δ13C of total CO2 (vesicle+glass) in Loihi basalts
In this section we estimate the range of δ13C for the total 

CO2 (vesicle+glass) in Loihi basalts. Because there are no mea-
surements of δ13C for the dissolved CO2 in most of our samples, 
we reconstruct δ13C for the dissolved CO2 and estimate δ13C of 
total CO2 using specified values of �vapor-melt (� = δ 13Cvesicles -
δ13Cglass).

The bulk system (total) δ13C is the sum of two products: 1) the 
product of vapor δ13C with the fraction of CO2 in the vapor, and 
2) the product of melt δ13C with the fraction of CO2 in the melt.

δ 13Ctotal = δ 13CvFv + δ 13CgFg (1)

where Fv is the fraction of CO2 in the vesicles (vapor) (Fv =( [CO2]v[CO2]v+ [CO2]g
)
), and Fg is the fraction of CO2 in the glass (melt) 

(Fg =
( [CO2]g

[CO2]v+ [CO2]g
)
). This ultimately leads to (see the Supple-

mentary Information for details)

δ 13Ctotal = δ 13Cv − �vapor−melt

( [CO2]g
[CO2]v + [CO2]g

)
(2)

where v and g refer to vesicles and glass, respectively.
Because there is a range of �vapor-melt values from basaltic ex-

periments (Javoy et al., 1978; Mattey, 1991; Mattey et al., 1990) 
and from observations (Aubaud et al., 2022), we use �vapor-melt

model values of 0, +2 and +4� to estimate the δ13C for the total 
CO2 (vesicle+glass) of Loihi basalts.

A value of �vapor-melt = 0 would lead to all samples having a 
δ13C of their total CO2 equivalent to their measured vesicle δ13C. 
In this specific case, the distribution of total δ13C values would be 
identical to the histogram shown in Fig. 3. A choice of �vapor-melt
consistent with the experimentally determined fractionation fac-
tors (for example, +2 and +4�) will shift the total δ13C down-
ward from the vesicle δ13C in a manner that is proportional to the 
fraction of CO2 dissolved in the glass (Equation (2)).
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Fig. 5. Total (vesicles + glass) CO2 vs. dissolved H2O in Loihi basalts. Isobars are 
computed from VolatileCalc (Newman and Lowenstern, 2002).

When �vapor-melt is chosen to be +2� or +4�, respectively, 
the range for total δ13C at Loihi seamount is −8.6 to −2.2� and 
−9.9 to −2.8�. The median δ13C for total CO2 in each case is 
−3.9 and −5.2�. Excluding the alkali basalts, given that they have 
experienced the most degassing, the total δ13C in tholeiites and 
transitional basalts ranges from −7.0 to −2.2� (for �vapor-melt of 
+2� to +4�). Notably, tholeites from the north rift and east 
flank (Tunes 003D and Pisces 187-8) that have the highest 3He/4He 
ratios (30.6-31.9 RA) have total δ13C = −4 ±1�, even though 
their measured total CO2 concentrations (100–175 ppm) are not 
among the most gas-rich of this study.

4.1.3. Magma degassing
The δ13C estimated above for total CO2 in Loihi basalts overlaps 

the range of δ13C from −6 to −4� 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 δ13C 
for basalts in Iceland was −2.5±1.1�, and suggested that there 
may be a small difference in δ13C between mantle plume sources 
and the depleted upper mantle source for MORBs. The least de-
gassed subglacial basalt glass, from Midfell, has the heaviest δ13C, 
as expected with equilibrium degassing.) The total δ13C values for 
Loihi basalts also overlap with δ13C 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 CO2 may have occurred. The exten-
sive degassing of CO2 has increased the δ13C of carbon left in the 
residual magma (see the next section), and any similarity of esti-
mated δ13C for total CO2 in Loihi basalts to commonly accepted 
values for the upper mantle appears to be a coincidence.
5

Fig. 6. Measured CO2 vs. Ba in a variety of oceanic basalts. The mantle CO2/Ba ratio 
varies between ∼70–140. Rare examples of relatively undegassed basalts, such as E-
MORB popping rocks and volatile undersaturated MORB glasses, have CO2/Ba ratios 
consistent with this mantle range. Loihi basalts are highly degassed of their CO2

relative to their inferred primary magmas, as estimated from crystal fractionation 
modeling and CO2/Ba systematics. See text for further discussion.

Fig. 5 shows total CO2 vs. dissolved H2O in the Loihi basalts 
of this study. (Very little H2O is degassed into vesicles due to its 
much higher solubility than CO2). The general degassing path on 
this diagram is one where CO2 decreases rapidly at higher pressure 
(greater depth) compared to H2O, followed by an increasing trend 
to lower H2O at lower pressure (shallower depth). Once vapor 
saturation is reached, bubbles of CO2 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 δ13C 
(Fig. 4), although it may have affected the CO2/3He ratio (Fig. 2).

4.1.4. Reconstructing δ13C of Loihi parental magmas
In this section we estimate the δ13C of Loihi magmas prior to 

degassing. We first estimate the amount of CO2 that was degassed 
for each basalt, by calculating the CO2 concentrations in Loihi 
parental magmas using CO2-trace element (Ba) systematics and 
crystal fractionation modeling (see the Supplementary Informa-
tion for additional details). CO2 concentrations at 18% MgO ranged 
from 0.65 – 1.9 wt.% (6535 to 18960 ppm). Comparing the esti-
mated original CO2 to the measured total (vesicle+dissolved) CO2
concentrations reveals that the basalts are degassed of their initial 
CO2 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 
δ13C. Fig. 6 summarizes these results on a CO2 vs. Ba diagram. 
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Previous studies have shown that the mantle CO2/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 CO2/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 CO2 concentrations of 
0.65 – 1.9 wt.% (Fig. 6 and Table S2 column T).

The δ13C 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 �vapor-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 δ13C composition controlled by the equilibrium value 
of �vapor-melt. Thus the residual magma continuously evolves in 
its δ13C and can reach highly fractionated, low δ13C 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 �vapor-melt, closed-
system degassing projections from magmas having low total CO2
(<500 ppm) and δ13C values of −5 to −2�, to parental magmas 
that have high CO2 concentrations as we infer for Loihi basalts, in-
dicate those parental magma δ13C values are −4 to +1� (Table 
S2). Furthermore, the exact choice of CO2/Ba ratio of 108 - as op-
posed to alternative values of 70 or 140 - has nearly a negligible 
effect - typically < 0.1� - on the estimated δ13C 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 δ13C (Table S1, Figs. 3, S1). Open-system 
degassing would lead to even higher estimates of δ13C for the 
parental magma. Also, if a �vapor-melt = 0� 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 δ13C = −2� for some of the Loihi basalts, which is out-
side the prevalent mantle range.

By making an appropriate choice of �vapor-melt and project-
ing each sample along a closed-system path back to its parental 
magma CO2, one can obtain a petrologically consistent value of 
its δ13C. A choice of �vapor-melt =+2�, which seems to approxi-
mately describe the behavior for many of the Loihi basalts (Fig. S1), 
leads to parental magma δ13C values between −4.3 and −0.20�
(Table S2 column V), with a median of −1.9� (excluding a sin-
gle basanite sample, Pisces 158-4). A choice of �vapor-melt = +4�
6

leads to parental magma δ13C values that are even higher, between 
−3.9 and +1.1� (Table S2 column W), with a median of −1.3�. 
Using an open-system degassing model would lead to even higher 
estimates of δ13C for the parental magma.

It is noteworthy that high concentrations of CO2, accompanied 
by elevated δ13C, 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 [CO2] ranges up to 3.5±1.4 wt.% at Piton de la Fournaise, 
with δ13C = −0.8±1� (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 δ13C = −2.4 to 
+1� (Sandoval-Velasquez et al., 2021). Elevated δ13C 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 δ13C values that are significantly heav-
ier (by about 3-5�) than the commonly accepted values of −6 
to −4� for the upper mantle. Details of the quasi closed-system 
degassing history, and the initial CO2 contents of primary magma 
remain uncertain, but they do not dramatically alter this conclu-
sion.

4.2. Hypotheses for the origin of elevated δ13C in the Loihi mantle 
plume

Fig. 7 shows 3He/4He of Loihi basalts against the computed 
parental magma δ13C. The median parental magma δ13C = −1.9�
in this example. The diagram was constructed assuming closed-
system degassing, using �vapor-melt = +2�, both 1) when com-
puting total δ13C in the erupted magma from the measured vesicle 
δ13C, and 2) when projecting back to the undegassed parental 
magma (18 wt.% MgO) using the petrologic modeling estimate of 
its Ba content and CO2/Ba = 108. Below we discuss possible sce-
narios for the origin of δ13C in the Loihi mantle source that is 
elevated above typical mantle values.

4.2.1. Primordial δ13C heterogeneity in Earth’s mantle
One important question is whether or not the elevated Loihi 

δ13C 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 
δ13C (Alexander et al., 2012) and thus seems to allow for some 
(currently unknown) degree of heterogeneity in primordial δ13C 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� (Barrat 
et al., 2017). The inferred Loihi source δ13C values of −4 to +0.8�
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 δ13C of the mantle comes from diamonds. Diamonds 
are unambiguously of mantle origin, and those with peridotitic in-
clusions mostly show δ13C between −2 and −8� with a mode 
near −6�, 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 δ13C val-
ues of +0.1 and +1.4�). Even excluding those data, the range 
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Fig. 7. Vesicle 3He/4He vs. δ13C. Loihi parental magma δ13C values were estimated using �vapor-melt = +2�, and projection to initial [CO2] based on crystal fractionation 
modeling and CO2/Ba=108 (see main text and supplementary material for discussion). The outlined box shows the range of He and C isotope values for Loihi tholeiites and 
transitional basalts; alkali basalts extend to lower values of δ13C and 3He/4He. 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 δ13C for upper mantle-derived 
magmas before degassing is −6 to −3.2�, with a 3He/4He range of 6-10 RA (Graham et al., 2014; Graham and Michael, 2021). The ranges inferred for primary CO2 gas 
at Réunion Island and El Hierro (Canary Islands) based on melt inclusion analyses from olivine and pyroxene are from Boudoire et al. (2018) and Sandoval-Velasquez et al. 
(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�). We conclude that there is some circumstantial 
evidence from ultra-deep diamonds for possible primordial hetero-
geneity in mantle δ13C similar to the range implied by the new 
Loihi basalt δ13C data. However, whether or not this heterogene-
ity in diamond δ13C 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 δ13C 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 δ13C 
ranging from −24 to +11�, 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/4He and typical mantle δ13C = −6� as one example) would 
lead to lower 3He/4He at higher values of δ13C. 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/4He 
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 δ13C at higher 3He/4He. 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 CaCO3 is needed to account for 
the shift in δ13C 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 δ13C =
−6� and [C] = 100 ppm (366 ppm CO2), and recycled CaCO3 hav-
ing δ13C = 0�. These model values are a reasonable choice given 
7

Fig. 8. δ13C vs. mass of CaCO3 in the mantle source, showing one model mixing 
curve. The model assumes binary mixing between pristine mantle having δ13C =
−6� and [C] = 100 ppm (366 ppm CO2), and recycled CaCO3 having δ13C = 0�. 
As one example, when this mixture has δ13C=-1.5�, it will have [C] = 400 ppm, 
and its mantle source contains 0.25% CaCO3 as shown by the arrow.

that the δ13C 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 
CO2) and δ13C of −6 to −4� (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% 
CaCO3 would be involved when both δ13C = −1.5� (similar to 
the median Loihi source value deduced earlier) and [CO2] = 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 δ13C observations.
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Notably, there is additional evidence for the presence of small 
amounts of recycled CaCO3 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 44Ca/40Ca ratios that are 
0.3� 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 
87Sr/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 δ13C of in-
organic C precipitated in the upper 300 m of the AOC varies from 
−0.4 to +1.5� in 170 Ma altered basalts in the western Pacific 
(Martinez et al., 2021), and overlaps with the highest δ13C 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-3He/4He 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 12C (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)3C is enriched in 12C compared 
to coexisting graphite (Deines and Wickman, 1975). These observa-
tions seem to eliminate the possibility that elevated δ13C 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 δ13C in the ULVZs compared to the ambient mantle due to 
preferential 12C 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 13C enrichment in the car-
bonate, because even at 1800 ◦C within the mantle transition zone 
the equilibrium δ13C of carbonate is ∼1� 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 δ13C 
values for the high-3He/4He basalts of this study do not unam-
biguously discriminate between deeply derived primordial carbon 
(having median δ13C near −1.5�) vs. surficial carbonate that has 
been tectonically recycled (having δ13C ≥ 0�), 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 δ13C of vesicle CO2 in Loihi basalts ranges from −7 to 
−1�, with a median δ13C = −2.5�. Loihi magmas appear to 
have followed a quasi closed-system degassing path for most of 
their evolution. Estimates of the parental magma δ13C corrected 
for this degassing range from −4 to +1�, with a median value 
of −1.5�. 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 δ13C 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 δ13C 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.
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