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The degassing of primordial gases from Earth’s interior is evidenced by the high 3He/4He ratios 
in submarine hydrothermal plumes, vent fluids, and rock samples with mantle origin from active 
hydrothermal systems in mid-ocean ridges (MOR) and subduction zone volcanism. As the largest aquifer 
on Earth, the uppermost 40-500 m of permeable submarine ridge flank basement (1-65 million-years-
old, Myr) holds ∼2% of the ocean volume and accounts for 70% of the seafloor hydrothermal heat flux. 
However, the degassing of primordial gases through the oceanic ridge flank crust has not yet been directly 
quantified. Here, we show that high integrity hydrothermal (65 ◦C) fluids from the sediment-buried 3.5 
Myr basaltic crust from the eastern flank of the Juan de Fuca Ridge (JdFR) contain elevated 3He. The 
3He/4He for the basaltic fluid is 4.5 ± 0.1 Ra (relative to the air ratio), which is greatly elevated when 
compared to deep seawater (1.05 Ra), but is half of that observed for high-temperature vent fluids (∼8 Ra) 
emitting from MOR. Only a small fraction of the 3He in ridge flank fluids is derived from the entrainment 
of high-temperature ridge-axis fluids and is better explained by degassing of the mantle through the 
mantle-crust boundary. The lower than MOR 3He/4He ratios indicate that radiogenic 4He originates from 
aged uranium and thorium decay within the mantle as well as from the ridge-flank basalts. The 3He 
outgassing through warm ridge flanks (4.9 to 36 mol/yr) accounts for 0.7-6% of the global 3He outgassing, 
exceeded only by degassing through mid-ocean ridges and subduction volcanism. The presence of mantle 
3He suggests that the abiogenic methane present in the ridge flank fluids might be mantle-derived. Based 
on the 3He outgassing flux, a possibly mantle-derived abiotic methane production rate at the ridge flank 
is estimated to be 0.3–35 × 108 mol/yr.

© 2020 Published by Elsevier B.V.
1. Introduction

Helium has two stable isotopes: 3He and 4He. While 4He (α
particle) can be replenished by the radioactive decay of uranium 
and thorium, 3He is almost exclusively primordial. The discovery 
of a 22% excess of 3He and elevated 3He/4He ratios (1.71 × 10−6) 
in deep Pacific Ocean seawater relative to the atmosphere (1.38 ×
10−6) (Clarke et al., 1969) has provided evidence that primor-
dial gases are degassing from Earth’s mantle. Extended research 
has shown that the 3He/4He ratio measured for oceanic volcanic 
rocks, such as mid-ocean ridge basalts, are eight times higher 
(1.1 × 10−5) than that of the atmosphere (Lupton and Craig, 1975; 
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Lupton, 1983; Lupton et al., 1993). Subsequent studies have amply 
demonstrated the degassing of 3He through hydrothermal venting 
at mid-ocean ridges and hot spots (Jean-Baptiste et al., 1991, 1998; 
Kelley et al., 1998; Lupton, 1998; Lupton et al., 1999; Jean-Baptiste 
et al., 2004; Lupton et al., 2009).

As noted by Mottl (2003), the hydrothermal power output 
through MOR (1.8 ± 0.4 terawatt, TW) only accounts for 20% of 
the global power output (9.9 ± 2 TW); ridge flanks ranging in age 
from 1-65 Myr account for ∼70% (7.1 ± 2 TW). The basaltic base-
ment that hosts the aquifer on the eastern flank of the Juan de 
Fuca Ridge is highly fractured, porous, and permeable, and char-
acterized by similar basement temperatures across over 40 km in 
distance, which indicates homogenization by vigorous hydrother-
mal circulation (Davis et al., 1999; Davis and Becker, 2002). Such a 
large power output implies a high flux of volatiles and other ther-
mally and biogeochemically reactive chemical species that should 
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not be neglected. While the degassing of 3He via ridge flank hy-
drothermal systems has the potential to be substantial, it has not 
yet been studied due to difficulties in collecting high quality ridge 
flank basaltic fluids. Opportunities to collect such samples are now 
provided by ODP (Ocean Drilling Program) and IODP (Integrated 
Ocean Drilling Program) CORK (Circulation Obviation Retrofit Kit) 
observatories installed along the eastern flank of JdFR.

In this study, we report the first direct helium isotope measure-
ments from basaltic basement fluids of the JdFR ridge flank. We 
discuss the possible sources of the helium isotopes, and calculate 
the degassing rates by non-magmatic processes. Finally, we use 
the helium flux to quantify the fluxes of possibly mantle-derived 
methane (CH4).

2. Materials and methods

2.1. Sample collection

Submarine ridge flank hydrothermal fluid samples were col-
lected from CORKs installed in ODP borehole 1026B and IODP 
boreholes U1362A and U1362B (Fisher et al., 2011) (Table 1, Table 
S1, Fig. S1). At these sites, the basaltic basement is approximately 
3.5 Myr, the overlying sediment is 265 m thick, and the base-
ment fluid temperature is ∼65 ◦C (e.g. Davis and Becker, 2002). 
The overall sampling procedures were described previously (Lin et 
al., 2014) and detailed in Lin et al. (in revision). Briefly, a match-
ing Aeroquip or Jannasch connector (Wheat et al., 2011) was used 
to connect the piping of our sampler to the CORK fluid delivery 
line (FDL) outlet. The fluid intake of the deep horizon in CORK 
in hole U1362A is located at ∼200 meters sub-basement (msb), 
whereas the shallow horizon opens at 73 msb. Fluid samples were 
collected through the FDL of the CORK at hole U1362B that opens 
at 40 msb (Fisher et al., 2005). Our mobile pumping system (MPS) 
was installed on the front basket of the remotely-operated-vehicle 
(ROV) Jason, human-occupied-vehicle (HOV) Alvin or on an eleva-
tor (Fig. S2) (Lin et al., in revision). The pump pulled basement 
fluids at a flow rate of 5 L/min (83 ml/sec) through the FDL. Prior 
to each sample collection, the FDL was flushed with at least 6x its 
volume with crustal fluid (∼50, 70, and 45 min for CORK 1362A 
shallow, CORK 1362A deep, and CORK 1362B, respectively). Dur-
ing the time of FDL flushing, the basement fluids also filled and 
flushed the hydrothermal fluid trap reservoir (Lin et al., in re-
vision). The trap was constructed from half-inch-thick polyvinyl 
chloride (PVC) pipe, and used to retain basement fluid in order 
to accommodate the fast sampling rate of the gastight sampler 
(>100 ml/sec; Fig. S2c). The basement fluid trap also allows the 
collection of hydrothermal fluids (and dissolved gas therein) with 
Ti-major samplers (Fig. S2d). Prior to deployment, the ∼150 ml in-
ternal volume of the gastight samplers was evacuated. After a FDL 
was flushed, the bottle inlet of the gastight sampler was inserted 
into the fluid trap and opened using a hydraulic actuator by the 
manipulator of the ROV or HOV. Hydrostatic pressure then rapidly 
forced the vent fluid sample into the bottle.

At the end of each ROV or HOV dive, the gastight samplers were 
carefully rinsed with fresh water to remove salts and then stored 
in the dark at room temperature. Fluids collected with Ti-Major 
samplers were transferred into pre-evacuated two-arm glass flasks 
(Fig. S2); fluids in gastight samplers were analyzed directly. Within 
8 to 34 days after sample collection, the dissolved gases in the 
sample fluids were extracted either at the University of Washing-
ton or the Helium Isotope Laboratory in Newport, Oregon (Table 
S2). The extraction protocol was similar to one described previ-
ously (Lupton et al., 2006). Briefly, a high vacuum extraction line 
was equipped with an evacuated glass flask, a low temperature
 Ta
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(−60 ◦C) trap, an all-metal bellows pump, high precision capaci-
tance manometer, a high vacuum pump, and several gastight valves 
(Fig. S3). The sample was first drawn from the gastight sampler 
or two-arm glass flask into an evacuated glass flask containing 
∼1 g of sulfamic acid, which lowered the pH for the extraction 
of CO2 and other dissolved gases from the sample fluid into the 
headspace. The wet gas was subsequently transferred to the low 
temperature trap to remove water vapor from the total gas. The 
bellows then pumped the exsolved gases from the drying trap 
into a calibrated volume. After the pumping was completed, the 
total amount of dry gas was measured using a high precision ca-
pacitance manometer attached to the calibrated volume. Splits of 
the dry gas were then sealed into glass ampoules. For noble gas 
measurements, the ampoules were constructed of type 1720 or 
1724 aluminosilicate glass that reduced the permeation of helium 
through the glass (Lupton et al., 2006).

2.2. Analytical methods

Helium and neon concentrations and helium isotope ratios were 
determined using a special 21-cm radius mass spectrometer with 
a dual-collector designed for helium isotope determinations at the 
Helium Isotope Laboratory (Lupton et al., 2006, 2008). The mass 
spectrometer measurements were standardized by interspersing 
the sample measurements with measurements of a standard ma-
rine air (3He/4He = 1.39 × 10−6). For the gastight bottle collec-
tions, the detection limit was 0.0018 μmol/kg for helium. For com-
parison, the average helium concentrations in our samples were 
0.047 ± 0.003 μmol/kg (Table 1). The individual helium isotope ra-
tios have an uncertainty of only 0.2% (1-sigma) in 3He/4He (Lupton 
et al., 2006).

Helium isotope data are expressed as

R = 3He/4He (in atomic ratio) (1)

Ra = 3He/4He in the atmosphere = 1.39 × 10−6 (2)

2.3. Data analysis

2.3.1. Basaltic basement fluid end-member correction
Because seawater entrainment can confound the characteriza-

tion of crustal fluids, a correction is used to determine the end-
member (true) concentrations. Since Mg is significantly removed 
from solution during low temperature (<70 ◦C) basalt-seawater 
alteration over long time periods (Seyfried and Bischoff, 1979), 
sample Mg concentrations are used to quantify the amount of en-
trained seawater. The lowest Mg concentrations measured from 
CORKs 1026B, 1362B, and 1362A (1.9 mM, 1.6 mM, and 2.5 mM, 
respectively) were used as end-member values (Lin et al., 2012, 
2014). Due to limited sampling opportunities, no background sea-
water samples were collected for this study. Instead, we used the 
3He and 4He concentrations (0.0032 pmol/kg and 0.0022 μmol/kg, 
respectively) reported for bottom seawater near Gorda Ridge in 
the Northeast Pacific Ocean (Lupton et al., 1999) as the seawater 
end-member values for the nearby Juan de Fuca Ridge flank area. 
Differences between directly-measured and Mg-corrected concen-
trations were small due to a combination of low entrainment of 
seawater within our basement fluid samples (i.e. low Mg con-
centrations) and low concentrations of 3He and 4He in bottom 
seawater. To be consistent with other reported hydrothermal fluid 
samples, we report the Mg-corrected end-member values and the 
subsequently corrected ratios.

2.3.2. 4He production in the basaltic crust
The 4He production was calculated based on Torgersen and 

Jenkins (1982) using the production rate ( J ) equation from Craig 
Table 2
Estimation of 3He and 4He fluxes from warm ridge flank.

Parameters Ridge axis Warm ridge flank

Percentage of global hydrothermal power 
output (%)a

20 1.4-8.4

Power output (1012 J/s)a 1.8 ± 0.4 0.14-0.85
3He/heat (10−18 mol/J) 8.9 ± 3.6 1.1-1.3
3He flux (mol/yr) 504 ± 206 4.9-36
3He/4He (Ra) 8.0 ± 0.5 4.4-4.6
4He flux (106 mol/yr) 45.6 ± 19 0.8-5.6
CH4/3He (×106) 0.7-217 6-99
CH4 flux (×108 mol/yr) 3.5-446 0.3-35

Global 3He flux (mol/yr)b − 585-672
Contribution to the global 3He flux (%) – 0.7-6

a From Mottl (2003).
b From DeVries and Holzer (2019).

and Lupton (Craig and Lupton, 1976). For average tholeiitic concen-
trations of 0.1 ppm uranium (U) and 0.18 ppm thorium (Th), the 
4He production rate is:

J (4He) = 1.7 × 10−14 cc/g per year = 1.7 × 10−8 μcc/g year (3)

The total amount of 4He production per gram of tholeiitic basalt 
can be thus calculated based on the time span. In this calculation, 
we ignore the small amount of 3He that may be produced in the 
crust by second order nuclear reactions from lithium and tritium 
as described by Morrison and Pine (1955).

2.3.3. Excess heat
The excess heat is calculated by

H = C p�T m (4)

where Cp, �T, and m are the specific heat (J/kg/K), the temperature 
anomaly, and the mass of the hydrothermal fluid (e.g. Baker et al., 
1987). Here, the specific heat is 4087 J/kg/K for hydrothermal fluid 
with a temperature of 65 ◦C, pressure of 300 Mpa, and salinity of 
34 g/Kg (Sun et al., 2008; Sharqawy et al., 2010). Please note that 
the high-temperature (∼350 ◦C) hydrothermal vent fluids that our 
data are compared with are usually calculated with a specific heat 
of about 5800 to 6410 J/Kg/K (Elderfield and Schultz, 1996; Lupton 
et al., 1999). Using equation (4), the excess heat between the 2 ◦C 
recharging seawater and the 65 ◦C warm ridge-flank fluids is 2.4 ×
105 J/Kg.

2.3.4. Helium fluxes
Helium degassing flux from the warm ridge flank is calculated 

based on the average warm ridge flank 3He/heat relationship of 
1.1 ± 0.1 × 10−18 mol/J (Table 2).

�3He = �heat × 3He/heat (5)

where �heat is the warm ridge flank power output estimated by 
Mottl (2003) based on global heat flow data. The estimated to-
tal power output is 7.1 ± 2 TW through the ridge flanks, from 1 
Ma crust to a sealing age of 65 Ma. The power output is consis-
tent with the previous estimate of 6.6 TW by using physical and 
chemical data (Mottl and Wheat, 1994). Mottl (2003) furthermore 
used Mg flux and the composition of altered crust to estimate that 
warm (>40 ◦C) ridge flank transfers between 2-12% of the ridge 
flank heat output and is approximately 0.14-0.85 TW.

3. Results

With magnesium (Mg) concentrations ranging from 1.8 to 7.8 
mM, basalt-hosted basement fluid samples collected from 2008-
2013 along the JdFR flank were depleted in Mg relative to lo-
cal background seawater (53.7 mM) (Lin et al., 2012). Thus, the 
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samples used for this research contained between 90% and 100% 
end-member basaltic basement fluid (Table 1). The percentages 
of entrained bottom seawater in each sample were used to cor-
rect the 3He and 4He concentrations to their end-member basaltic 
fluid values. Neon concentrations in basement fluid samples ranged 
from 9-21 nmol/kg, which were elevated compared to that of sea-
water (7.7 nmol/kg) (Craig and Lupton, 1976). While Ne is depleted 
in the mantle with He/Ne of 3000 relative to the air He/Ne of 
0.29, the 2-13 nmol/kg of excess neon in the hydrothermal sam-
ples relative to seawater were thus assumed to be derived from 
air contamination and correction was applied (Moreira and Kurz, 
2013). Despite their collection from different sites and depths, the 
eight samples used in this study possessed a narrow range of Mg-
end-member- and air-corrected 3He and 4He concentrations (0.29 
± 0.02 pmol/kg and 0.046 ± 0.003 μmol/kg, respectively; Table 1), 
resulting in a tight range in 3He/4He of 4.5 ± 0.1 Ra. To provide 
a more comprehensive view, we expanded helium isotope, heat, 
and methane composition of the ridge flank fluids into a data set 
(Table 3) previously summarized by Sano and Fischer (2013). Addi-
tional details of the seawater and air corrections for 3He/4He ratios 
are given in the Supporting Material.

4. Discussion

4.1. Sources of 3He and 4He in the ridge flank basaltic basement fluids

Ridge flank basement fluids originate from bottom seawater 
recharging through unsedimented and thinly-sedimented areas of 
the seafloor. The 3He and 4He in the recharged seawater is likely 
to remain in solution as the fluids migrate along the hydrothermal 
flow paths. In contrast to previous predictions of no 3He anoma-
lies in low-temperature (<100 ◦C) off-ridge vents due to the virtual 
absence of helium (�0.00045 μmol/Kg) in hydrothermally altered 
oceanic crust (Elderfield and Schultz, 1996), our results demon-
strate that ridge-flank basement fluids contain at least 20-fold and 
90-fold increases in 4He and 3He concentrations, respectively, rel-
ative to seawater (Table 3). At 4.5 Ra, the 3He/4He for the basaltic 
basement fluids is substantially higher than that of recharge sea-
water of 1.05 Ra (Jean-Baptiste et al., 2004). Thus, during the for-
mation pathways, the flowing fluids must have received additional 
sources of helium with elevated 3He to 4He ratios.

As described previously, MOR magmatism supplies helium 
greatly enriched in 3He with a 3He/4He of 8 ± 1 Ra (e.g. Welhan 
and Craig, 1983; Jean-Baptiste et al., 1998) (summarized in Ta-
ble 3). Thus, the entrainment of MOR hydrothermal fluid contain-
ing 3He-enriched helium by seawater recharged into the basaltic 
basement may partially explain the elevated 3He in ridge flank 
fluids. Based on two-end member mixing, one could obtain a so-
lution with 3He at our measured concentration of 0.29 pmol/kg by 
mixing 1.9% of 350 ◦C MOR fluid (3He of 15 pmol/kg; 3He/4He of 
8 ± 1 Ra) (Welhan and Craig, 1983; Jean-Baptiste et al., 1998) and 
98.1% of 2 ◦C seawater (3He of 0.0025 pmol/kg; 3He/4He of 1.05 
Ra, Fig. 1) (Craig and Lupton, 1976). However, the 3He/4He of the 
mixed solution would be 7.58 Ra, which is much higher than the 
observed value of 4.5 Ra. In addition, the mixed solution would 
only contain a 4He concentration of 0.027 μmol/kg; an additional 
0.019 μmol/kg of 4He is required to meet the measure value of 
0.046 μmol/kg in ridge flank crustal fluids.

Two other sources for the helium within the fluid flowing 
through the ridge flank basement are plausible. Diffusional de-
gassing of primordial 3He from the upper mantle underneath the 
aged oceanic crust, including the release of helium from basaltic 
vesicles that trapped primordial 3He during basalt formation could 
serve as a source (Fig. 2). The 3He concentration measured in gab-
bro is two orders of magnitude lower than that in the undegassed 
oceanic crust estimated based on gas-rich popping rocks, confirm-
ing that the crust is indeed degassed (Moreira and Kurz, 2013). 
Fig. 1. Helium isotope systematics of ridge flank basaltic fluids, Juan de Fuca Ridge 
(JdFR) vent fluid from the Endeavour segment (Lilley et al., 1993), East Pacific Rise 
(Welhan and Craig, 1983) and Mid Atlantic Ridge (Jean-Baptiste et al., 1998, 2004) 
hydrothermal vent fluids, and seawater. The gray dashed line denotes the mixing 
between the JdFR mid-ocean ridge hydrothermal fluids or input of primordial 3He 
from the upper mantle-crust boundary with seawater. For example, to obtain a 3He 
concentration of 0.29 pmol/Kg, the basaltic fluid may be a mixture of 1.9% of MOR 
or upper mantle degassing and 98.1% of seawater. Alternatively, to reach a 3He/4He
of 4.5 Ra, mixing of 0.12% MOR and 99.88% seawater is needed. The additional input 
of radiogenic 4He, such as production from uranium and thorium containing min-
erals, or input of primordial 3He from the upper mantle-crust boundary can also 
provide the helium isotopes concentrations and isotopic composition in ridge flank 
basalt. 4He production was calculated based on Torgersen and Jenkins (1982) using 
the equation of Craig and Lupton (1976). Details in Supporting Information.

Diffusive-loss of helium from basaltic glass and the subsequent 
stripping of helium out of basalts by circulating seawater has been 
proposed to be a mechanism to explain the observed low 3He/4He
ratios, and low concentrations (Craig and Lupton, 1976). Second, 
the radioisotope decay of uranium-thorium generates 4He, result-
ing in elevated 4He in greatly aged crust, and consequently results 
in low R/Ra (0.1–0.01) (Morrison and Pine, 1955). Based on equa-
tion (3), at the rate of production and assuming that radiogenic 
helium is 100% retained in the rock, the 3.5 Myr-old basalt at our 
study sites could have accumulated up to 0.0027 μmol/kg-rock of 
4He in maximum. Thus, a minimum of 7.3 kg tholeiite is required 
to produce the 0.019 μmol of 4He needed to meet the observed 
3He/4He ratio of 4.5 Ra in 1 kg of hydrothermal solution.

4.2. Flux of helium in warm ridge flanks

The heat fluxes of the basaltic ridge flanks are informative 
when attempting to evaluate the sources of helium and their 
fluxes. The decay of 238U, 235U, and 232Th accounts for >75% of 
the Earth’s radiogenic heat (O’nions and Oxburgh, 1983). The ra-
dioisotope decay of the uranium and thorium series also generates 
helium at a characteristic ratio of 1012 atoms-4He/W (O’nions and 
Oxburgh, 1983). Because of the inertness and mobility of helium, 
the distribution of helium and heat presumably exhibits similar 
conductive, convective, and diffusive patterns, demonstrated by the 
relatively constant helium to heat ratios observed in hydrothermal 
plumes (e.g., Ballentine and Burnard, 2002). Based on this, our pre-
vious assumption that the entrainment of 1.9% high-temperature 
fluid from the ridge axis that accounts for the 3He abundances in 
the ridge flank fluids is insufficient to provide the heat to raise the 
fluid temperature to 65 ◦C at the ridge flank. The addition of heat, 
3He, and 4He is required. While the rising temperature of the ridge 
flank fluids is mostly due to inefficient removal of the latent heat 
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References

26 to −57 This study; Lin et al. (2014)

55 to −48 Lilley et al. (1993)
Summarized Lupton et al. (1999); 
Kelley et al. (1998)
Summarized Lupton et al. (1999); 
Kelley et al. (1998)
Summarized Lupton et al. (1999)
Kennedy (1985)
Lupton et al. (1989)
Lupton et al. (1989)

18 to −15 Welhan and Craig (1982, 1983)
20 to −17 Merlivat et al. (1987)

Welhan et al. (1984)
22 to −24 Charlou et al. (1996); 

Jean-Baptiste et al. (1997)
Jenkins et al. (1978)

6.8 to −9.1 Charlou et al. (2000)
7.2 to −11 Jean-Baptiste et al. (1998)
16 Jean-Baptiste et al. (2004); 

Charlou et al. (2002)
18 to −19 Jean-Baptiste et al. (2004)
8 to −8.9 Charlou et al. (1996); Rudnicki 

and Elderfield (1992)

22 to −24 Konn et al. (2018)

Jean-Baptiste et al. (2004); Lupton 
et al. (1999); Popp et al. (1995)
Table 3
Compilation of helium isotopic compositions in hydrothermal fluids and plume samples from various geological settings around the world.

Hydrothermal site Type T 
(◦C)

3He 
(pmol/kg)

3He/4He
(Ra)

3He/heat 
(10−18 mol/J)

CH4/3He
(×106)

1

(�
Juan de Fuca Ridge flank
Eastern flank of Juan de Fuca Basaltic basement fluids ∼65 0.29 ± 0.02 4.5 ± 0.1 1.1 ± 0.1 6-99 −
Juan de Fuca Ridge
Juan de Fuca (48◦N) Vent 345-400 15-32 8 – 107-217 −
Juan de Fuca (45◦N) Event plume 0.035-0.25* 0.005 7.9 3.2-4.3 1-3.2 –

Juan de Fuca (45◦N) Steady-state megaplume 0.04-0.08* 0.006 7.9 14-47 0.7-1.7 –

Axial seamount Over fresh lava flows 0.02-0.27* 0.0095-0.025 – 22-75 – –
Cleft Segment (44◦40′N) Vent 280 – 7.7 5.3 – –
Cleft Segment (44◦48′N) Steady-state plume 0.01-0.06* 0.0033-0.013 7.9 1.5-3.2 – –
Cleft Segment (44◦48′N) Catastrophic megaplume 0.02-0.27* 0.0027-0.067 7.9 21-43 – –

East Pacific Rise
East Pacific Rise (21◦N) Vent 373-355 12.4 ± 2.3 7.8 4.3 3.4-6.5 −
East Pacific Rise (13◦N) Vent 354-381 21 ± 7 7.6 7.5-15 3.1-3.9 −
East Pacific Rise (11◦N) Vent 347 17.9 ± 8 8.3 9.5 4.5-7.0 –
East Pacific Rise (17-18◦S) Vent 340 9.2 ± 3 8.3 6.2 – −

Galapagos Vent 350 – 7.8 5.2 – –

MAR
Menez Gwen (37◦50N) Vent 275-284 20 ± 4 8.7 18 85 −
Lucky Strike (37◦11N) Vent 170-330 10 ± 3.5 8.1 6.5 65 −
Rainbow (36◦14N) Vent 365 25 ± 5 7.5 9.3 100 −

Broken Spur (29◦N) Vent 356-364 – 8.9 – – −
TAG (26◦N) Vent 270-366 18.5 ± 2.4 7.5-8.2 7.7-9.3 – −

Back-arc Basin
North Lau Basin Translucentsmoker 258-331 1.9-38 7.0-9.8 1.1-22.7 2.9-47 −
Seawater 2-4 0.0025-0.0032 1.05 – 0.053

Table expanded from Sano and Fischer (2013).
* Temperature anomalies.



6 H.-T. Lin et al. / Earth and Planetary Science Letters 546 (2020) 116386

Fig. 2. Schematic drawing showing the formation and flow paths of basaltic basement fluids. In the proposed model, 3He is degassed from the crust-mantle boundary and 
through the breaking down of primordial gases trapped in vesicles in the basaltic rocks. 4He is also produced from the uranium-thorium decay series during the aging of 
the basaltic crust. Concentrations and isotopic compositions of helium in ridge-flank basaltic fluids (this study), mid-ocean ridge hydrothermal vents (e.g., Welhan and Craig, 
1983; Table 3), and seawater (Lupton et al., 1999) are shown for comparison.
generated by cooling of the basalt through the thick impermeable 
sediment overlying the basaltic basement at our study sites (Davis 
et al., 1999; Mottl, 2003), the same mechanism likely also traps 
helium in the basement.

Combining our measured 3He to 4He ratios, helium concentra-
tions, and in situ temperature of 65 ◦C, we obtained 3He/heat of 
1.1 ± 0.1 × 10−18 mol/J and 4He/heat of 0.2 ± 0.01 × 10−12 mol/J
(Table 2). The ridge flank 3He/heat ratio is the lowest among 
the reported ratios for submarine hydrothermal systems (1.1–75 ×
10−18 mol/J; Table 3), indicating that the ridge flank system has a 
slow helium extraction or transport rate relative to heat than other 
systems. The low value observed in the 1986 event plume off the 
Cleft Segment of the Juan de Fuca Ridge (1.5 × 10−18 mol/J) (Lup-
ton et al., 1989) and other event plumes (3.2–4.0 × 10−18 mol/J) 
were attributed to rapid emptying of a hydrothermal reservoir or 
rapid heat extraction from a recently emplaced dike or seafloor 
lava flow (summarized by Lupton et al., 1999). In contrast, the 
high values were from plumes over fresh lava flows (22–75 ×
10−18 mol/J) and steady-state megaplume (14-47 × 10−18 mol/J) 
(summarized by Lupton et al., 1999), resulted from episodes of 
enhanced helium degassing affected by the dynamic conditions 
within the hydrothermal system related to the age of the system, 
the water/rock ratios, and the transportation mechanism. For in-
stance, in permeable fault systems, helium can be transported by 
advection at much faster rates than heat, leading to elevated he-
lium to heat ratios in the hydrothermal solution (Bach et al., 1999). 
Other samples from mature world-wide MOR hydrothermal sys-
tems have 3He/heat ratios between 4.3-9.5 × 10−18 mol/J (e.g., 
Jenkins et al., 1978) (Table 3 and references therein); the ratios are 
considered to be the rates for typical 3He/heat extraction by hy-
drothermal circulation through mature MOR.

Mechanisms are needed to explain the low ridge flank 3He/heat 
and 4He/heat ratios, which are 1/4 to 1/8 of the 3He/heat in 
MOR systems and only 1/12 of the theoretical radioactive decay 
4He/heat of 2.4 × 10−12 mol/J, respectively (O’nions and Oxburgh, 
1983). Relative to thermal conductivity, the diffusional transport of 
helium in the continental crust is estimated to vary by up to three 
orders of magnitude slower (Torgersen and Clarke, 1992). Because 
the concentration of uranium in the oceanic crust is relatively con-
stant, the 3He/4He ratio of the basaltic crust fluid is primarily a 
function of the 3He flux from the upper mantle (Ballentine and 
Burnard, 2002). Thus, we infer that the depressed 3He/heat and 
4He/heat ratios for the ridge flank fluids result from the lower rate 
of diffusional transport of helium relative to heat from the upper 
mantle through the aged oceanic crust.

We estimate that the average global 3He degassing flux from 
the warm ridge flank is 4.9 to 36 mol/yr based on the heat output 
from warm ridge flank (Table 2). Our estimated MOR 3He flux of 
504 ± 206 mol/yr is within the range of recently reported values 
(585-672 mol/yr; DeVries and Holzer, 2019), validating our 3He 
flux approach. In a global context, the 3He flux of warm-ridge flank 
is 0.7-6% of the global flux (Table 2 and S3); the uncertainty lies 
with difficulties in constraining the range of power output for the 
hydrothermal systems. The significance of the ridge-flank 3He de-
gassing flux to the global terrestrial degassing is exceeded only by 
the MOR and subduction volcanism (160-240 mol/yr) (Torgersen, 
1989). The diffusive degassing of 3He from the continental crust-
mantle boundary is estimated to be <6.7 mol/yr (Torgersen, 1989), 
which is at the lower end of our estimated oceanic crust-mantle 
flux. Provided that the degassing rate of 3He from the mantle is 
likely the same, the higher 3He oceanic crust-mantle flux suggests 
that oceanic crust is more permeable than its continental counter-
part for primordial helium degassing.

4.3. Implications of mantle 3He on CH4 biogeochemistry

The degassing flux of primordial 3He can be used to iden-
tify other magmatic volatiles, such as methane (Etiope and Sher-
wood Lollar, 2013), and to estimate their chemical fluxes from the 
solid Earth. Understanding the sources and fluxes of high-energy 
compounds such as CH4 is critical to understand the subsurface 
biosphere, as a vast diversity of uncultivated microorganisms in 
subsurface environments depend on CH4 to sustain productivity 
(Colman et al., 2017). While the tight range of the inert helium 
concentrations and isotopes suggest a homogenized aquifer down 
to 200 msb, the highly variable hydrogen and methane concentra-
tions and isotopes (Lin et al., 2014; Fig. 3) suggest that microbial 
activity also plays a role in changing the fluid chemistry. The dif-
ferences in reactive chemical species such as hydrogen (H2) and 
CH4 (Lin et al., 2014; Fig. 3) among our sampling sites, depths, and 
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Fig. 3. Helium, methane concentrations and δ13C of methane in ridge flank basaltic 
basement fluids (Lin et al., 2014), high-temperature mid-ocean ridge vents, includ-
ing Mid Atlantic Ridge vents (Jean-Baptiste et al., 1998, 2004) and East-Pacific Rise 
vents (Welhan and Craig, 1983), sedimented Juan de Fuca Ridge (JdFR) Endeavour 
hydrothermal vent (Lilley et al., 1993), and seawater (Craig and Lupton, 1976; Popp 
et al., 1995). Figure modified from Sano and Fischer (Sano and Fischer, 2013). Note: 
Helium in 2014 JdFR flank fluid samples were not measured but assumed to be the 
same as 2011 and 2013 samples.

times indicate that the basement fluid mixing rate were slower 
than the biochemical reaction time.

The δ13C and the δ2H of CH4 preserves information about the 
carbon and hydrogen feedstock materials and, interestingly, the 
δ13C and the δ2H of CH4 in some basaltic fluid samples col-
lected from hole U1362B along the JdFR flank are suggestive of 
an abiogenic origin (−23� and −257�, respectively) (Lin et al., 
2014; and this study). Several mechanisms have been proposed 
for the abiogenic generation of CH4 (Etiope and Sherwood Lollar, 
2013). For instance, the high-temperature reactions in the man-
tle, reduction of CO2 to CH4 during magma cooling, iron carbonate 
(siderite) decomposition, Fischer-Tropsch Type reaction of catalyti-
cal CO2 hydrogenation. In a submarine hydrothermal system, the 
H2 produced during serpentinization can reduce CO2 to CH4 in 
the hydrothermal fluids (Charlou et al., 2002). Alternatively, CH4
may form within the vesicles in the gabbro where H2 reduces 
magmatic CO2 as the gabbro cools and the CH4 is then later ex-
tracted from the vesicles during hydrothermal circulation (Kelley 
and Früh-Green, 1999, 2001; McDermott et al., 2015; Wang et al., 
2018; Grozeva et al., 2020). The presence of mantle degassed 3He 
in our samples supports the later explanation and that the abi-
otic CH4 may entirely or partially be mantle-derived. Indeed, the 
CH4/

3He of 6-99 × 106 in the JdFR flank basaltic fluids are brack-
eted by the CH4/

3He of the EPR (3.1-7.0 × 106) (e.g. Welhan and 
Craig, 1983) and the serpentinization influenced MAR (65–100 ×
106) (e.g. Charlou et al., 2002), summarized in Table 3.

Adding CH4 isotopic compositions to the discussion (Fig. 3), all 
of the JdFR flank fluids are different from the MAR samples and 
only two of the ridge flank samples fell on or near the mixing 
line between the biogenic CH4/

3He from the Juan de Fuca En-
deavour vent field and the abiogenic CH4/

3He from the magmatic 
end-member—the sediment-free East Pacific Rise (EPR) (Welhan 
and Craig, 1983). In the biotic-abiotic mixing model, the two sam-
ples (1362B, 40 m, 2013 and 2014) contained ∼80% of abiotic CH4
mixed with ∼20% biotic CH4. The rest of the other ridge flank 
samples have depleted 13C-CH4 with variable CH4 concentrations 
(2.1-29 μmol/kg), and are indicative of more biotic than abiotic 
CH4. While the 3He concentration remains similar in all of the 
samples, we can infer that the abiotic CH4 in other samples was 
utilized by microorganisms or diluted by biogenic CH4. Neverthe-
less, based on the 3He flux calculated previously, an abiotic CH4
production rate at the ridge flank of 0.3-35 × 108 mol/yr is es-
timated. The ridge-flank rate is at the low end of the ridge axis 
(EPR or MAR) magmatic CH4 flux of 3.5-446 × 108 mol/yr. The 
3He data provide additional insight into the nature of abiotic CH4
in crustal fluids of the JdFR flank, and allows the first estimation 
of CH4 production rates in ridge flank regions of the seafloor.

5. Conclusions

We present the first observation of mantle helium degassing 
through the ridge flank basaltic aquifer, and estimate the signif-
icance of the degassing flux to be surpassed by only degassing 
through mid-ocean ridges and subduction volcanism. Helium iso-
tope data supports the presence of abiotic CH4 within the ridge 
flank basement aquifer of the JdFR, which was previously sug-
gested based on isotopic measures and allows the calculation to 
estimate the relative abiotic versus biotic CH4 in the crustal fluids.
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