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ARTICLE INFO ABSTRACT

Editor: Catherine Chauvel We present noble gas concentrations and helium isotope ratios measured in the pore fluids of two deep-sea
sediment cores taken at the Azores Plateau. Ne—Xe concentrations were used to estimate the atmospheric
noble gas component within the pore fluids and to then determine the terrigenic helium component. The con-
centrations of terrigenic >He indicate the presence of hydrothermal fluids and a mantle He component within the
sediment pore space. At both sampling locations, the concentration of terrigenic helium increases with sediment
depth. The observed concentration gradients suggest a diffusive transport of He through the sediments. The
helium isotope ratio of the source of the terrigenic helium is characterized by a typical mid-ocean ridge basalt
(MORB). These results support previous studies suggesting that the pelagic sediments surrounding the Azores
host active hydrothermal systems.

Our data indicate that the transport of terrigenic helium takes place diffusively over larger areas of the ocean
floor, and that the concentration of terrigenic helium in the pelagic sediments increases towards the Mid-Atlantic
Ridge and Terceira Rift.

The data further suggests that in the Azores region the terrigenic noble gas component is only detectable in the
sediment pore fluids and cannot be observed in the overlying bottom water. This highlights the potential of
measuring noble gas concentrations and isotope ratios in the sediment column to identify hydrothermal activity
in the ocean.
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1. Introduction Despite frequent volcanic and seismic activity in this region, hy-

drothermal systems had initially only been found on land and in shallow

The Azores are a volcanically active archipelago located at the Mid-
Atlantic Ridge (MAR) on a triple-junction of three diverging tectonic
plates (North American, Eurasian and African plate). The Mid-Atlantic
Ridge separates the islands in eastern and western part. In the north of
the Azores, the Terceira Rift is extending south-east from the MAR (see
Fig. 1), while in the south the East Azores Fractures Zone is extending
East from the MAR. Tectonic and magmatic activity are closely linked in
the Azores archipelago, demonstrated by the alignment of island vol-
canoes and seamounts along prominent tectonic lineaments and fault
zones (Weil} et al., 2015a).

water (Ferreira et al., 2005; Viveiros et al., 2010; Couto et al., 2015), and
until recently there had been no evidence for hydrothermal activity in
the deep ocean sediments around the archipelago. On land, degassing
areas associated with active hydrothermal systems and degassing from
soils are found mainly on the islands of S. Miguel, Terceira and Graciosa
(Ferreira et al., 2005). Shallow-water hydrothermal vents have been
reported on the flanks of the Azores islands (Couto et al., 2015). The best
known example for this shallow-water hydrothermal activity is the D.
Joao de Castro seamount with several vents, located between the islands
of Terceira and S. Miguel only 20 m below sea level (Cardigos et al.,
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2005). However, since the discovery of the seamount, the hydrothermal
system seems to have ceased in activity and more recent expeditions
found no signs of hydrothermal activity (Beier, 2016).

Some first evidence that the deep seafloor around the Azores might
be a hydrothermally active region was the discovery of volcanic cones
connected to faults in the eastern Terceira Rift, which could potentially
host hydrothermal systems (Weil et al., 2015b). Close to these cones,
Schmidt et al. (2019) found Mg, SO4, and alkalinity anomalies in pore
fluids of near-surface deep-ocean sediments, which were speculated to
be evidence for waning hydrothermal activity. Additionally, major
element composition data from pore waters of deep-sea sediments from
different locations around the Azores Plateau indicates the existence of
submarine hydrothermal systems located far off the MAR (Schmidt
et al., 2020).

However, despite these first indications for hydrothermal activity in
the pelagic sediments of the Azores region, little is known about the
transport mechanisms of these (potentially) hydrothermal fluids
through the sediments.

The knowledge about fluid evolution and their dynamics in ocean
sediments hosting hydrothermal systems is in general very limited. Up to
now only few sediments bearing hydrothermal fluids are described
worldwide, e.g., in the Guyamas Basin or at Loki’s Castle (Diehl and
Bach, 2020). Compared to black smoker systems, hydrothermal fluids
emanating through sediments show very variable chemical composi-
tions due to the interaction with the surrounding sediments (e.g.
Baumberger et al., 2016; Devey et al., 2021). The questions on how
hydrothermal fluids migrate through ocean sediments and how the fluid
release through sediments affects the element cycles in the ocean are - as
a result of the experimental difficulties to adequately determine fluid
dynamics in sediments - hardly addressed and call for investigation.

In this study, we use noble gas concentrations and helium isotope
ratios from pore water of pelagic sediments around the Azores to iden-
tify the presence of mantle fluids. The aim of this work is to provide
supporting evidence that the ocean floor around the Azores is indeed
hydrothermally active and to shed light on the question how fluid
migration takes place in such a sediment-hosted hydrothermal system.

2. Methods

Noble gases are excellent tracers to identify atmospheric fluid com-
ponents, as the concentrations of Ne, Ar, Kr and Xe in surface water are
only depending on the physical conditions prevailing during air/water

30°W 29°W 28°W

27°W

Chemical Geology 608 (2022) 121038

equilibration with the atmosphere, such as water temperature, salinity
and air pressure (Kipfer et al., 2002; Brennwald et al., 2013), and as their
atmospheric mixing ratios are known to be constant over geological
timescales. Due to the synchronous transport (e.g. advection/turbulent
diffusion) of noble gases, salt and heat in the ocean, bottom water
concentrations of noble gases depend on local bottom water temperature
and salinity (Brennwald et al., 2013). During sedimentation, the over-
lying bottom water is incorporated into the sediment column, so the
noble gas concentrations in sediment pore water are often equal to the
concentrations in air-saturated (ocean) water (Brennwald et al., 2003;
Strassmann et al., 2005; Tomonaga et al., 2011a). Thus, noble gases can
be used to reconstruct the environmental conditions during pore water
entrapment (e.g. Tomonaga et al., 2014; Brennwald et al., 2004) and to
determine atmospheric and non-atmospheric components, e.g. in the
case of this study to determine whether a terrigenic He component is
present in the pore space. Noble gas analysis in the pore fluids of ocean
sediments has already been employed successfully to identify a mantle
helium component in the sediments, e.g. close to the Pacific-Australian
subduction zone off the coast of New Zealand (Tomonaga et al., 2013),
along the Nankai Trough close to Japan (Tomonaga et al., 2020) or in
the vicinity of an active hydrothermal system in the Guaymas Basin, Gulf
of California (Horstmann et al., 2021).

In sediments terrigenic *He accumulates from the radioactive decay
of U and Th in the pore space over time and can be used to estimate pore
water ages (Mamyrin and Tolstikhin, 1984; Solomon, 2000; Kipfer et al.,
2002). Fluids enriched in He with respect to the atmospheric helium
isotope ratio hint to a helium source derived from the mantle, as the
Earth’s mantle is known to be enriched in isotopically light helium
(Mamyrin and Tolstikhin, 1984; Porcelli and Ballentine, 2002). For the
basaltic sediments forming new ocean floor at mid-ocean ridges, (mid-
ocean ridge basalts, “MORB”) the typical *He/*He ratio is approximately
6.5-9.5 Ry (Graham, 2002), where 1 Ry represents the atmospheric
3He/*He ratio of 1.384'10~° (Clarke et al., 1976). On the Azores islands,
helium isotope ratios observed in basalts or olivine crystals are usually
found to agree with typical MORB values (Métrich et al., 2014; Moreira
et al., 1999). However, on the island of Sao Miguel lower-than-MORB
3He/*He ratios have been reported (Moreira et al., 2012). Higher than
MORB ®He/*He ratios have been observed in some samples from Pico
and Sao Jorge (e.g. Moreira et al., 2018).

Samples for noble gas analysis were acquired during the GEOMAR
cruise M141/1 with the research vessel Meteor in the area of the Azores
archipelago. We present noble gas concentrations in pore fluids of deep-
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Fig. 1. Bathymetric map of the sampling region in the Azores Plateau, adapted from Schmidt et al. (2020). The grey area depicts the diffuse plate boundary of the
Terceira Rift based on Marques et al. (2013); MAR: Mid-Atlantic Ridge, EAFZ: East Azores Fracture Zone.



E. Engelhardt et al.

sea sediments from two sites (see Fig. 1). The first sampling site
(Southern Plateau) is located south of the Eastern Azores islands in a
distance of about 80 km from the Terceira Rift and 200 km from the
MAR. The second sampling site (Pico/Faial), located between the islands
of Pico, Faial and Sao Jorge, lies on the Terceira Rift and in closer dis-
tance to the MAR (about 100 km). Ocean depths at the Southern Plateau
and Pico/Faial sites were 2175 m and 1225 m, respectively. At both
locations gradients in major element composition, i.e. increasing Ca, Sr
and NH4 concentrations and decreasing Mg, SO4 concentrations and
total alkalinity, have been observed in the sediment column, which is a
pattern typically found for hydrothermally-derived fluids, however, the
gradients are much stronger at Pico/Faial (Schmidt et al., 2020).

The sediment samples for noble gas analysis were taken and pro-
cessed according to the well-established sampling protocols of Brenn-
wald et al. (2003) and Tomonaga et al. (2011b). The two sediment cores
were acquired by a gravity corer with liners of 5 m length. Prior to
coring, holes were drilled along the liners and covered with tape during
coring. After retrieving the cores, the liners were cut into 1 m sections,
and copper tubes were attached to the previously drilled holes via
stainless-steel fittings. A custom-made sediment press with two pistons
was used to transfer the bulk sediment from the liner segments into the
copper tubes, which were then sealed with metal clamps (for a detailed
description and additional technical details of this sampling method, see
Brennwald et al., 2003). Sediment samples for noble gas analysis were
taken at intervals of 40-60 cm along the liners. The copper tubes con-
taining the bulk sediment were processed for dissolved gas analysis in
the pore water at Eawag in Switzerland according to the protocols
established by Tomonaga et al. (2011b, 2014). The copper tubes con-
taining the sediment samples were centrifuged to isolate the pore water
from the sediment matrix. After centrifugation, a metal clamp was
placed along the copper tube at the sediment/water interface to separate
the free water and the sediment. For the subsequent noble gas analysis
only the sample part containing the water phase was used.

At the Noble Gas Laboratory at ETH Ziirich, noble gas analysis was
performed with static mass spectrometry according to a well-established
experimental protocols to quantitatively determine the concentrations
and isotopic ratios of noble gases in water samples (for a detailed
description of the experimental protocol, including gas separation and
analysis, see Beyerle et al., 2000). An atmospheric air standard was used
for calibration of the noble gas measurements. The concentrations of He,
Ne, Ar, Kr, and Xe, as well as the >He/*He isotope ratio in the sediment
pore water were analyzed with an overall experimental error of <1.5%
for He, Ne, Ar, and Kr, < 2.5% for Xe and < 5% for the 3He/*He isotope
ratio. Equilibrium concentrations of noble gases in air-saturated ocean
water were calculated using the solubility data set recommended by
Kipfer et al. (2002). Additionally to noble gas measurements, U and Th
concentrations in the dry sediment were determined for the top and
bottom sample of each core at Eawag using y-spectroscopy.

To obtain the terrigenic helium concentration in the samples, we
determined the atmospheric component for all noble gases (see Kipfer
et al., 2002) with the unfractionated air model:

Cw = Ciyw(T.8,P)+Cy+C

meas A : l'eﬂ‘ (1)
= Ciy(T,S,P)+AZ +C

terr

where Clyeqs is the measured concentration and Cagy/ is the air-saturated
water (ASW) concentration of gas i (i = He, Ne, Ar, Kr, Xe). C%sw de-
pends on water temperature T, salinity S, and atmospheric pressure P.
The term Cu5 denotes the concentration of gas i due to an atmospheric
air excess that was observed in some samples. We note that the
elemental composition of ASW and atmospheric air differs from each
other and that pore water in ocean sediments is typically known to be in
atmospheric equilibrium. Therefore the observed supersaturation of
noble gases in some of the samples can be interpreted as an experimental
artifact due to the injection of air during sampling. This air contami-
nation relates to difficulties during sampling on board, i.e. difficulties
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during squeezing of the individual liner segments, which led other liner
segments to be exposed to air for an unusually long time, fostering the
accumulation of some atmospheric air in the core.

The parameter A describes the amount of air per unit of water, and z*
describes the volume fraction of gas i in dry air (Kipfer et al., 2002).
Finally, the term C,, denotes a possible terrigenic component of gas i,
which, in this study, is only present for helium.

The model of eq. (1) was used on the measured concentrations of
He—Xe to perform a regression for the parameters A and Cfm (for details
on the numerical methods, see Aeschbach-Hertig et al., 1999). The
pressure was fixed at 1 atm and the water temperature and salinity were
fixed at the in-situ values known in the Azores region for both sites (T =
3.5°C, S =35 %o at 2175 m (Southern Plateau) and T=6 °C, S = 35.2 %o
at 1225 m depth (Pico/Faial), see Amorim et al., 2017).

3. Results

The concentrations of the atmospheric noble gases (Ne, Ar, Kr, Xe) in
the pore water relative to ASW concentrations are shown in Fig. 2 for the
two sediment cores. At both sampling sites, the concentrations of Ar, Kr
and Xe are close to the calculated concentrations of ASW in the Azores
region. In both cores, there are samples which are supersaturated rela-
tive to the expected ASW concentrations which is, as mentioned in
section 2, caused by air contamination during sampling. This air
contamination is most evident for Ne concentrations, as Ne has the
lowest solubility of the noble gases in Fig. 2 and is thus mostly affected
by the addition of air (see, e.g., Kipfer et al., 2002). For the Southern
Plateau, the largest air excess is observed in the samples from the middle
of the core (between 1.5 m and 3.2 m) and is approximately 200% for
neon. At the Faial/Pico site, three samples are subject to an air excess
(1.03m, 3.03 m and 4.63 m), with the highest excess of 800% for neon at
the bottom of the core.

Some samples (most evidently the top sample at the Southern
Plateau) have been subject to incomplete degassing during sample
measurement, thus the measured concentrations (especially for Xe) are
slightly lower than the calculated ASW concentrations. All noble gas
concentrations for both sampling locations and the according errors are
summarized in Table 1. As described in the methods sections, the con-
centrations of these gases were used to determine the atmospheric noble
gas components in the sediment pore water and thus obtain the terri-
genic helium component.

The terrigenic He concentrations are depicted in Fig. 3 for both
sampling locations. The size of the errors is mostly attributed to the error
propagation in the model regression (eq. (1)), and errors are particularly
large for samples showing a large air excess.

At the Southern Plateau, the terrigenic helium concentration
(Fig. 3a) is zero within the range of the error in the upper part of the core
and increases slightly towards the bottom of the core. The terrigenic *He
concentration increases with depth at both locations, however, the
gradient is again more pronounced at Faial/Pico, which lies closer to the
Terceira Rift and MAR. Our data show that at both sampling sites a
terrigenic helium component is present in the sediment pore water, and
that the component is more enriched closer to the Terceira Rift. Fig. 3
also indicates that no terrigenic He present at the top of the sediment
core, close to the sediment-water interface at both locations.

The 3He/*He ratio of terrigenic component is shown in Fig. 4. The
®He/*He ratio increases with sediment depth at both locations, but the
gradient is again stronger at Faial/Pico. The highest *He/*He ratio,
observed at the bottom of the Faial/Pico core, is about 9 R,, and thus in
the range of a typical MORB value. At both locations the *He/*He ratio
near the sediment/water interface is close to the atmospheric ratio. The
He concentrations and the He/*He isotope ratio are summarized in
Table 1.
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Fig. 2. Concentrations of Ne—Xe divided by the respective ASW concentrations, a) for Southern Plateau sampling location, b) for Faial/Pico sampling location. A
value of 1 indicates the concentration of air-saturated ocean water, while a higher concentration indicates the presence of an atmospheric air component.

Table 1

Pore water concentrations of noble gases, helium isotope ratios and U and Th concentrations for both sampling locations with absolute errors. Cpsy denotes the
expected concentrations (or the *He/*He isotope ratio) of air saturated water calculated for in situ water temperature and salinity using the solubility data set rec-
ommended by Kipfer et al. (2000). U and Th concentrations were only measured at the top and bottom of the core.

Site Depth Ne [1077 Ar [107* Kr [1078 Xe [1078 He [1078 3He/*He Ulppm] Th
[m] ccSTP/g] ccSTP/g] ccSTP/g] ccSTP/g] ccSTP/g] [RA] [ppm]
Southern Plateau 5.34 1.82 + 0.03 3.27 + 0.03 7.55 + 0.09 1.14 + 0.02 6.19 + 0.04 2.3 +0.05 24+10 49+
(M141-1186) 1.3
37°36.977'N 4.74 2.09 + 0.03 3.73 + 0.04 8.59 + 0.10 1.29 + 0.02 6.58 + 0.05 1.94 + 0.05
27°32.522'W 3.74 1.71 + 0.05 2.95 + 0.09 6.75 + 0.08 0.96 + 0.02 5.65 + 0.04 2.2 +0.05
water depth 2175 m 3.34 3.36 + 0.09 4.44 +0.13 9.86 + 0.10 1.39 + 0.03 10.2 + 0.06 1.66 + 0.04
2.73 3.72 + 0.10 4.87 + 0.15 11.0 + 0.10 1.45 + 0.03 10.2 + 0.06 1.59 + 0.03
2.34 3.25 + 0.09 4.40 +0.13 9.68 + 0.10 1.36 + 0.03 8.59 + 0.05 1.31 + 0.04
1.74 2.86 + 0.08 413+ 0.12 9.11 + 0.09 1.24 + 0.03 8.85 + 0.06 1.48 + 0.03
1.34 1.63 + 0.05 3.16 + 0.10 7.68 + 0.07 1.16 + 0.02 4.33 +0.03 1.68 + 0.05
0.74 0.54 + 0.02 1.34 + 0.04 3.45 + 0.04 0.48 + 0.01 1.21 + 0.02 1.46+0.06 39+1.1 86+
2.0
Casw 1.71 3.48 8.45 1.24 3.91 0.982
Pico/Faial (M141-1219) 4.63 13.9 + 0.17 11.3 £ 0.11 19.1 + 0.20 2.16 + 0.04 65.7 + 0.38 4.06 + 0.03
38°44,787'N 4.03 1.66 + 0.02 3.22 4+ 0.03 7.51 + 0.08 1.12 + 0.03 8.75 + 0.06 4.82+0.04 24+03 32+
28°35,128'W 0.9
water depth 1225 m 3.63 1.72 + 0.03 3.31 +0.03 7.72 + 0.10 1.16 + 0.02 8.84 + 0.06 5.03 + 0.08
3.03 5.67 + 0.07 6.95 + 0.07 13.3+0.16 1.60 + 0.03 28.6 + 0.17 4.51 + 0.05
2.63 0.62 + 0.01 2.20 + 0.02 6.02 + 0.07 1.00 + 0.02 2.22 +0.03 3.86 + 0.12
2.03 1.88 + 0.03 3.26 + 0.03 7.23 + 0.09 1.04 + 0.02 7.74 + 0.05 4.14 + 0.06
1.63 0.75 + 0.01 2.21 + 0.02 5.96 + 0.07 1.00 + 0.02 2.64 + 0.03 3.03 + 0.10
1.03 5.71 + 0.07 6.43 + 0.06 12.2 +0.13 1.47 + 0.03 19.4 + 0.12 2.42 + 0.4
0.8 1.31 + 0.02 3.17 + 0.03 8.14 + 0.09 1.28 + 0.03 3.31 +0.03 1.07 +£0.02 3.1+ 42+
0.50 1.1
Casw 1.68 3.28 7.83 1.14 3.87 0.982

4. Discussion

Our data show that a complete analysis of all noble gases in ocean
sediments provide a useful tool to correct for possible sampling artefacts,
such as air contamination, which then allows constraining the terrigenic
He component in a robust and reliable manner.

At both sampling locations, an increasing *He/*He gradient with
depth and a the presence of terrigenic *He indicates that mantle helium
is present in the sediment pore space, which is an indicator of

hydrothermal fluids with a mantle-derived helium component. The
observed gradient of terrigenic He in the upper 5 m of the sediment
column leads to the conclusion that at these locations mantle He is
migrating upward though the sediment body even though no vent
structures or hydrothermally active sites are known in the vicinity.
Isotopically light mantle-type He becomes much more enriched with
sediment depth at Faial/Pico than at the Southern Plateau (see Fig. 3b
and Fig. 4). Thus, the enrichment of 3He in fluids seems to intensify in
the direction of the Mid-Atlantic Ridge and on the Terceira Rift. Due to
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the gradients of terrigenic helium with sediment depth, we assume that o |
at the two sampling sites the upward transport of mantle-derived solutes
is mainly diffusion-controlled. If the transport properties of the sedi-
ments at both sampling locations are comparable, the stronger gradient
implies a larger diffusive flux of >He at Faial/Pico. From this assumption
it appears, that the presence of mantle fluids and hydrothermal activity 0 (') ) é
in the Azores region is linked to the rift dynamics and the formation of

Ne/He

oceanic crust at these two spreading centers.

The ®He/*He ratio in the sediments just below the sediment/water
interface is very close the atmospheric ratio at both sampling sites
(Fig. 4), and also terrigenic helium components in the pore water seem
to vanish towards the upper part of the core. Thus, it can be argued that
the local bottom water does not reflect the high *He/*He ratio found in
the sediments and cannot provide evidence for mantle helium

Fig. 5. ®He/*He ratio vs. Ne/He at both sampling locations. The plot represents
mixing between ASW and the endmember feeding the hydrothermal system of
the Azores. Data has been corrected for air excess, thus the plotted values
represent ASW concentrations and a potential terrigenic component for all
gases. A linear fit was applied to the data from Pico/Faial (black data points).
Tracing back the fitted line line to Ne/He = O yields and estimate for the
SHe/*He ratio of the original mantle source at this sampling location.
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component and ocean bottom water (ASW). We obtain a 3He/*He ratio
of about 8.6 + 0.3 Ry for noble gas data of Pico/Faial. This isotope ratio
is characteristic for a MORB source, which we interpret to be the source
of the fluids in the sediment pore water. Very similar *He/*He ratios
have been found in thermal waters and gas emissions on the islands of
Pico and Faial (Jean-Baptiste et al., 2009).

We note that data in Fig. 5 have been corrected for air contamination
during sampling, however, fitting the uncorrected values in the same
manner yields a similar value of 8.1 £+ 0.4 R, for the source of the hy-
drothermal fluids, thus the accuracy of the air correction does not play a
major role for the determination of the helium isotope ratio of the ter-
rigenic fluid source.

In Fig. 5, the data of the samples from the Southern Plateau scatter
around the Pico/Faial mixing line but are much more similar to ASW
values since these samples are less enriched in the mantle component.
The lower *He/*He ratios at this location are most likely the result of a
lower flux of He (see above) and, to a lesser extent, of the presence of
radiogenic He in the sediments. Our U and Th data (Table 1) show that
Th concentrations at the top and bottom of the core are considerably
higher in the sediments of the Southern Plateau compared to the Pico/
Faial site. Concentrations of U, however, are only slightly higher at the
Southern Plateau towards the top of the core, and the same as at Faial/
Pico at the bottom. The observation of an isotopically heavier He
component as the consequence of radiogenic He accumulation at the
Southern Plateau is in line with noble gas results from measurements in
water and gas samples (Jean-Baptiste et al., 2009) on Sao Miguel.

Despite the fact that no vent structures or hydrothermally active sites
are known in the vicinity, the *He/*He ratios in the Azores region pre-
sented in this study are twice as high (maximum value of about 5 Rx at
Pico/Faial, see Table 1) as the isotope ratio found in a similar noble gas
study in deep-sea sediments very close to a currently active black smoker
system in the Pacific by Horstmann et al. (2021). The reason for the high
®He/*He ratios gradients observed in this study is most likely linked to
the type of fluid transport. Our data suggest, that at the Azores hydro-
thermal fluids emanate over larger areas of the ocean floor through
wide-spread pathways in the pelagic sediment body (non-localized
transport). At the Nankai Trough off-shore of Japan diffusion-controlled
He transport at the ocean floor has already been observed at sampling
sites where a general *He enrichment was observed in the ocean bottom
water, so only the analysis of He concentrations in the sediment pore
water could allow the identification of fluid emission (Tomonaga et al.,
2020). Additionally, the upward transport of hydrothermal fluids
through the sediment body could be attenuated around the Azores, due
to ash layers from volcanic eruptions in the ocean sediments, which have
been observed during the M141/1 cruise (Schmidt et al., 2020; Chang
et al., 2021), and which might play a role in inhibiting a detectable input
of hydrothermal fluids into the overlying ocean water. Such reduced
transport through the sediment column in combination with the rather
fast exchange of the bottom water around the Azores explain why hy-
drothermal fluids are not likely to accumulate in the local bottom water.

5. Conclusions

Our helium concentrations measured in pore water show that the
ocean sediments around the Azores are enriched in isotopically light
helium from a mantle source with a MORB-type helium signature and
that the concentration of the terrigenic helium increases with depth.
These data point to ongoing hydrothermal activity in the pelagic sedi-
ments in this region which allows >He-enriched fluids to emanate. Our
data also indicate that in this region hydrothermal fluids migrate up-
wards through the pelagic sediment body in a non-localized manner
over larger areas of the ocean floor. The results suggest that the diffusive
flux of mantle He is stronger closer to the Terceira Rift and Mid-Atlantic
Ridge, as concentration gradients of mantle helium with depth are
steeper.

Our noble gas data mainly indicate diffusive transport of solutes
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through the sediment column. However, these results are site-specific,
therefore, the possibility of advective hydrothermal transport in the
Azores region cannot be ruled out. Furthermore, we note that our results
are only indicative for the uppermost meters of the sediment column and
do not exclude the presence of advective transport along fissures and
faults in the highly tectonized deeper part of the Azores Plateau. In-
vestigations regarding this question are targeted by upcoming oceano-
graphic expeditions by Geomar (‘Azores Hot Vents’ project).

Around the Azores, this mainly diffusion-driven transport mecha-
nism results in a strong decrease of the mantle He signature in the
sediment pore water towards the sediment/water interface, such that
emanation of hydrothermal fluids can only be detected in the pore water
of the sediments but not in the overlying open water column. This
observation leads to the important conclusion that the absence of hy-
drothermal signals in ocean bottom water generally does not exclude the
presence of hydrothermal fluids in the sediment column. Our findings
thus highlight the importance of the analysis of noble gas concentrations
in deep-sea sediments to trace hydrothermal activity, despite the
experimental challenges and methodological effort of the respective
analysis.

Funding sources & acknowledgements

This work was funded and supported by the Swiss National Science
Foundation (project: ‘Noble gases trapped in the pore fluids of aquatic
sediments as environmental tracers’, grants: 200021162447 &
200021_162447 / 2) and the Swiss Federal Institute of Aquatic Science
and Technology. We would like to thank captain D. Korte and his crew
for the excellent support on-board the RV Meteor. The cruise M141/1
was funded by the Deutsche Forschungsgemeinschaft (DFG) and the
Bundesministerium fiir Bildung und Forschung (BMBF). We thank the
two anonymous reviewers for their very valuable comments and input to
improve this manuscript.

CRediT authorship contribution statement

E. Engelhardt: Investigation, Formal analysis, Writing — original
draft, Visualization. Y. Tomonaga: Methodology, Formal analysis,
Writing — review & editing. M.S. Brennwald: Conceptualization,
Methodology, Writing — review & editing. C. Maden: Resources,
Methodology, Software. T.H. Hansteen: Project administration, Fund-
ing acquisition, Resources, Writing — review & editing. C. Schmidt:
Investigation, Writing — review & editing. R. Kipfer: Conceptualization,
Supervision, Methodology, Writing — review & editing.

Declaration of Competing Interest

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

References

Aeschbach-Hertig, W., Peeters, F., Beyerle, U., Kipfer, R., 1999. Interpretation of
dissolved atmospheric noble gases in natural waters. Water Resour. Res. 35 (9)
https://doi.org/10.1029/1999WR900130.

Amorim, P., Peran, A.D., Pham, C.K., Juliano, M., Cardigos, F., Tempera, F., Morato, T.,
2017. Overview of the ocean climatology and its variability in the azores region of
the North Atlantic including environmental characteristics at the seabed. Front. Mar.
Sci. 4 (56) https://doi.org/10.3389/fmars.2017.00056.

Baumberger, T., Frith-Green, G.L., Thorseth, I.H., Lilley, M.D., Hamelin, C.,
Bernasconi, S.M., Okland, L.E., Pedersen, R.B., 2016. Fluid composition of the
sediment-influenced Loki’s Castle vent field at the ultra-slow spreading Arctic Mid-
Ocean Ridge. Geochim. Cosmochim. Acta 187. https://doi.org/10.1016/j.
gca.2016.05.017.

Beier, C., 2016. Azores Plateau - Cruise No. M128 - July 2 - July 27, 2016 - Ponta Delgada
(Azores, Portugal) - Ponta Delgada (Azores, Portugal), METEOR Berichte. https://
doi.org/10.2312/cr_.m128.


https://doi.org/10.1029/1999WR900130
https://doi.org/10.3389/fmars.2017.00056
https://doi.org/10.1016/j.gca.2016.05.017
https://doi.org/10.1016/j.gca.2016.05.017
https://doi.org/10.2312/cr_m128
https://doi.org/10.2312/cr_m128

E. Engelhardt et al.

Beyerle, U., Aeschbach-Hertig, W., Imboden, D., Baur, H., Graf, T., Kipfer, R., 2000.

A mass spectrometric system for the analysis of noble gases and tritium from water
samples. Environ. Sci. Technol. 34 (10) https://doi.org/10.1021/es990840h.

Brennwald, M.S., Hofer, M., Peeters, F., Aeschbach-Hertig, W., Strassmann, K., Kipfer, R.,
2003. Analysis of dissolved noble gases in the porewater of lacustrine sediments.
Limnol. Oceanogr. Methods 1 (1). https://doi.org/10.4319/lom.2003.1.51.

Brennwald, M.S., Peeters, F., Imboden, D.M., Giralt, S., Hofer, M., Livingstone, D.M.,
Klump, S., Strassmann, K., Kipfer, R., 2004. Atmospheric noble gases in lake
sediment pore water as proxies for environmental change. Geophys. Res. Lett. 31
https://doi.org/10.1029/2003GL019153.

Brennwald, M.S., Vogel, N., Scheidegger, Y., Tomonaga, Y., Livingstone, D., Kipfer, R.,
2013. Noble gases as environmental tracers in sediment porewaters and stalagmite
fluid inclusions. In: The Noble Gases as Geochemical Tracers. https://doi.org/
10.1007/978-3-642-28836-4_6.

Cardigos, F., Colago, A., Dando, P.R., Avila, S.P., Sarradin, P.M., Tempera, F.,
Coneicao, P., Pascoal, A., Serrao Santos, R., 2005. Shallow water hydrothermal vent
field fluids and communities of the D. Joao de Castro Seamount (Azores). Chem.
Geol. 224 (1-3) https://doi.org/10.1016/j.chemgeo.2005.07.019.

Chang, Y.C., Mitchell, N.C., Hansteen, T.H., Schindlbeck-Belo, J.C., Freundt, A., 2021.
Volcaniclastic deposits and sedimentation processes around volcanic ocean islands:
the Central Azores. In: Volcanic Processes in the Sedimentary Record: When
Volcanoes Meet the Environment. https://doi.org/10.1144/SP520-2021-62.

Clarke, W.B., Jenkins, W.J., Top, Z., 1976. Determination of tritium by mass
spectrometric measurement of 3He. Appl. Radiat. Isot. 27 https://doi.org/10.1016/
0020-708X(76)90082-X.

Couto, R.P., Rodrigues, A.S., Neto, A.I., 2015. Shallow-water hydrothermal vents in the
Azores (Portugal). J. Integr. Coast. Zone Manag. 15 (4) https://doi.org/10.5894/
rgci584.

Devey, C.W., Greinert, J., Boetius, A., Augustin, N., Yeo, I., 2021. How volcanically
active is an abyssal plain? Evidence for recent volcanism on 20 Ma Nazca Plate
seafloor. Mar. Geol. 440 https://doi.org/10.1016/j.margeo.2021.106548.

Diehl, A., Bach, W., 2020. MARHYS (MARine HYdrothermal Solutions) Database: a
global compilation of marine hydrothermal vent fluid, end member, and seawater
compositions. Geochem. Geophys. 21 (12) https://doi.org/10.1029/
2020GC009385.

Ferreira, T., Gaspar, J.L., Viveiros, F., Marcos, M., Faria, C., Sousa, F., 2005. Monitoring
of fumarole discharge and CO2 soil degassing in the Azores: contribution to volcanic
surveillance and public health risk assessment. Ann. Geophys. 48 (4/5) https://doi.
org/10.4401/ag-3234.

Graham, D.W., 2002. Noble gas isotope geochemistry of mid-ocean ridge and ocean
Island Basalts: characterization of mantle source reservoirs. Rev. Mineral. Geochem.
47 (1) https://doi.org/10.2138/rmg.2002.47.8.

Horstmann, E., Tomonaga, Y., Brennwald, M.S., Schmidt, M., Liebetrau, V., Kipfer, R.,
2021. Noble gases in sediment pore water yield insights into hydrothermal fluid
transport in the northern Guaymas Basin. Mar. Geol. 434 https://doi.org/10.1016/].
margeo.2021.106419.

Jean-Baptiste, P., Allard, P., Coutinho, R., Ferreira, T., Fourré, E., Queiroz, G., Gaspar, J.
L., 2009. Helium isotopes in hydrothermal volcanic fluids of the Azores archipelago.
Earth Planet. Sci. Lett. 281 https://doi.org/10.1016/j.eps.2009.02.009.

Kipfer, R., Aeschbach-Hertig, W., Peeters, F., Stute, M., 2002. Noble gases in lakes and
ground waters. In: Noble Gases. https://doi.org/10.1515/9781501509056-016.

Mamyrin, B.A., Tolstikhin, I.N., 1984. Helium Isotopes in Nature, , 1st ednvol. 3.
Elsevier.

Métrich, N., Zanon, V., Créon, L., Hildenbrand, A., Moreira, M., Marques, F.O., 2014. Is
the ‘Azores Hotspot’ a wetspot? Insights from the geochemistry of fluid and melt

Chemical Geology 608 (2022) 121038

inclusions in olivine of Pico Basalts. J. Pertol. 55 (2) https://doi.org/10.1093/
petrology/egt071.

Moreira, M., Doucelance, R., Kurz, M.D., Dupré, B., Allegre, C.J., 1999. Helium and lead
isotope geochemistry of the Azores Archipelago. Earth Planet. Sci. Lett. 169 https://
doi.org/10.1016/50012-821X(99)00071-0.

Moreira, M., Kanzari, A., Madureira, P., 2012. Helium and neon isotopes in Sao Miguel
island basalts, Azores Archipelago: new constraints on the “low *He” hotspot origin.
Chem. Geol. 322-323 https://doi.org/10.1016/j.chemge0.2012.06.014.

Moreira, M., Madureira, P., Mata, J., 2018. Noble gas constraints on the origin of the
azores hotspot. In: Volcanoes of the Azores. https://doi.org/10.1007/978-3-642-
32226-6_12.

Porcelli, D., Ballentine, C.J., 2002. Models for distribution of terrestrial noble gases and
evolution of the atmosphere. In: Noble Gases. https://doi.org/10.1515/
9781501509056-013.

Schmidt, C., Hensen, C., WallmannkK, Liebetrau V., Tatzel, M., Schurr, S.L., Kutterolf, S.,
Haffert, L., Geilert, S., Hiibscher, C., Lebas, E., Heuser, A., Schmidt, M., Strauss, H.,
Vogl, J., Hansteen, T., 2019. Origin of high Mg and SO4 fluids in sediments of the
terceira rift, azores-indications for caminite dissolution in a waning hydrothermal
system. Geochem. Geophys. 20 (12) https://doi.org/10.1029/2019GC008525.

Schmidt, C., Hensen, C., Hiibscher, C., Wallmann, K., Liebetrau, V., Schmidt, M.,
Kutterolf, S., Hansteen, T., 2020. Geochemical characterization of deep-sea
sediments on the Azores Plateau - from diagenesis to hydrothermal activity. Mar.
Geol. 429 https://doi.org/10.1016/j.margeo.2020.106291.

Solomon, D.K., 2000. “He in groundwater. In: Environmental Tracers in Subsurface
Hydrology. https://doi.org/10.1007/978-1-4615-4557-6_14.

Strassmann, K.M., Brennwald, M., Peeters, F., Kipfer, R., 2005. Dissolved noble gases in
the porewater of lacustrine sediments as palaeolimnological proxies. Geochim.
Cosmochim. Acta 69 (7). https://doi.org/10.1016/j.gca.2004.07.037.

Tomonaga, Y., Brennwald, M.S., Kipfer, R., 2011a. Spatial distribution and flux of
terrigenic He dissolved in the sediment pore water of Lake Van (Turkey). Geochim.
Cosmochim. Acta 75. https://doi.org/10.1016/j.gca.2011.02.038.

Tomonaga, Y., Brennwald, M.S., Kipfer, R., 2011b. An improved method for the analysis
of dissolved noble gases in the porewater of unconsolidated sediments. Limnol.
Oceanogr. Methods 9 (2). https://doi.org/10.4319/lom.2011.9.42.

Tomonaga, Y., Brennwald, M.S., Kipfer, R., 2013. Using helium and other noble gases in
ocean sediments to characterize active methane seepage off the coast of New
Zealand. Mar. Geol. 344 https://doi.org/10.1016/j.margeo.2013.07.010.

Tomonaga, Y., Brennwald, M.S., Meydan, A.F., Kipfer, R., 2014. Noble gases in the
sediments of Lake Van - solute transport and palaeoenvironmental reconstruction.
Quat. Sci. Rev. 104, 117-126. https://doi.org/10.1016/j.quascirev.2014.09.005.

Tomonaga, Y., Yagasaki, K., Park, J.O., Ashi, J., Toyoda, S., Takahata, N., Sano, Y., 2020.
Fluid emission along the Nankai Trough: He isotopes reveal direct seafloor mantle-
fluid emission in the Kumano Basin (Southwest Japan). ACS Earth Space Chem. 4
(11) https://doi.org/10.1021/acsearthspacechem.0c00229.

Viveiros, F., Ferreira, T., Cabral Vieira, J., Silva, C., Gaspar, J.L., 2010. Environmental
influences on soil CO, degassing at Furnas and Fogo volcanoes (Sao Miguel Island,
Azores archipelago). J. Volcanol. Geotherm. Res. 144 (4) https://doi.org/10.1016/j.
jvolgeores.2008.07.005.

WeiB, B.J., Hiibscher, C., Liidmann, T., 2015a. The tectonic evolution of the southeastern
Terceira Rift/Sao Miguel region (Azores). Tectonophysics 654. https://doi.org/
10.1016/j.tecto.2015.04.018.

WeiB, B.J., Hiibscher, C., Wolf, D., Liidmann, T., 2015b. Submarine explosive volcanism
in the southeastern Terceira Rift/Sao Miguel region (Azores). J. Volcanol. Geotherm.
Res. 303 https://doi.org/10.1016/j.jvolgeores.2015.07.028.


https://doi.org/10.1021/es990840h
https://doi.org/10.4319/lom.2003.1.51
https://doi.org/10.1029/2003GL019153
https://doi.org/10.1007/978-3-642-28836-4_6
https://doi.org/10.1007/978-3-642-28836-4_6
https://doi.org/10.1016/j.chemgeo.2005.07.019
https://doi.org/10.1144/SP520-2021-62
https://doi.org/10.1016/0020-708X(76)90082-X
https://doi.org/10.1016/0020-708X(76)90082-X
https://doi.org/10.5894/rgci584
https://doi.org/10.5894/rgci584
https://doi.org/10.1016/j.margeo.2021.106548
https://doi.org/10.1029/2020GC009385
https://doi.org/10.1029/2020GC009385
https://doi.org/10.4401/ag-3234
https://doi.org/10.4401/ag-3234
https://doi.org/10.2138/rmg.2002.47.8
https://doi.org/10.1016/j.margeo.2021.106419
https://doi.org/10.1016/j.margeo.2021.106419
https://doi.org/10.1016/j.epsl.2009.02.009
https://doi.org/10.1515/9781501509056-016
http://refhub.elsevier.com/S0009-2541(22)00332-1/rf0100
http://refhub.elsevier.com/S0009-2541(22)00332-1/rf0100
https://doi.org/10.1093/petrology/egt071
https://doi.org/10.1093/petrology/egt071
https://doi.org/10.1016/S0012-821X(99)00071-0
https://doi.org/10.1016/S0012-821X(99)00071-0
https://doi.org/10.1016/j.chemgeo.2012.06.014
https://doi.org/10.1007/978-3-642-32226-6_12
https://doi.org/10.1007/978-3-642-32226-6_12
https://doi.org/10.1515/9781501509056-013
https://doi.org/10.1515/9781501509056-013
https://doi.org/10.1029/2019GC008525
https://doi.org/10.1016/j.margeo.2020.106291
https://doi.org/10.1007/978-1-4615-4557-6_14
https://doi.org/10.1016/j.gca.2004.07.037
https://doi.org/10.1016/j.gca.2011.02.038
https://doi.org/10.4319/lom.2011.9.42
https://doi.org/10.1016/j.margeo.2013.07.010
https://doi.org/10.1016/j.quascirev.2014.09.005
https://doi.org/10.1021/acsearthspacechem.0c00229
https://doi.org/10.1016/j.jvolgeores.2008.07.005
https://doi.org/10.1016/j.jvolgeores.2008.07.005
https://doi.org/10.1016/j.tecto.2015.04.018
https://doi.org/10.1016/j.tecto.2015.04.018
https://doi.org/10.1016/j.jvolgeores.2015.07.028

	Mantle helium in pore fluids of deep-sea sediments around the Azores archipelago
	1 Introduction
	2 Methods
	3 Results
	4 Discussion
	5 Conclusions
	Funding sources & acknowledgements
	CRediT authorship contribution statement
	Declaration of Competing Interest
	References


