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Introduction

Dihydrogen or H2 (also referred to here as hydrogen) is at 
the center of many plans for a greener planet. Today, hydrogen is 
essentially a raw material extracted from CH4 and other hydrocarbons 
by vapocracking or coal gasification; within the new energy mix, 
it serves as a fuel for green mobility. However, if H2 production 
continues to generate CO2, it merely displaces pollutant emissions. 
Thus, the production of H2 without greenhouse gas (GHG) emission 
is desirable; this can be achieved via electrolysis or plasma technology, 
an alternative is the exploration and production of natural H2 
[1]. This natural H2 exploration is now active in various places, 
particularly in intracratonic contexts, after the fortuitous discovery 
of an accumulation in Mali [2]. In fact, numerous H2 emanations 
have been observed above Precambrian basins, including in Russia 
[3-10]. The geological conditions allowing large accumulation and/
or production rates remain open to question [11]. However, the first 
H2 generation zones discovered were not above such basins, but were 
associated with mid-oceanic smokers [12,13]. Ten years ago, some 
pioneers made evaluation of the MOR (mid-ocean ridge) but in 
term of exploration the MOR have not been targeted since the water 
depths and distances from land in these settings appeared to preclude 
economic production. In addition, assessments of MOR resources 
have produced differing results, up to 3 order of magnitude [14] and 
for some authors the potential resources were low, in comparison of 
the H2 world consumption, for other ones it is very large and enough 
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have the potential to replace the manufactured hydrogen. Offshore 
exploration is clearly more expensive than onshore exploration, but 
the geological characteristics of MORs are similar to those of the 
ridges present in Iceland or at the Afar Triple Junction, where the Red 
Sea Ridge and the Aden Ridge outcrop onshore. Here, we revisit MORs 
and present an analysis of H2 emanations in Iceland. Many wells have 
been drilled in this country thanks to the geothermal energy industry, 
and subsurface data are numerous. We mapped these data, compared 
H2 emanations in Iceland with those at the Mid-Atlantic Ridge (MAR).

Geology of Iceland

Geological Setting

Iceland is part of the North Atlantic Igneous Province and owes 
its development during the middle Miocene to interaction between 
the MAR and a hot spot [15]. The island is crossed by a neo-volcanic 
zone, which is centered on the hot spot and divided into three rift 
segments (Figure 1): the North Volcanic Zone (NVZ), East Volcanic 
Zone (EVZ), and West Volcanic Zone (WVZ). The WVZ is the 
onshore continuation of the Reykjanes Ridge in the southwest. In the 
north, the NVZ is connected to the Kolbeinsey Ridge by the Tjörnes 
Fracture Zone (TFZ), a dextral transform fault typical of oceanic 
ridges. In the south, the South Iceland Seismic Zone (SISZ) is also 
a transform fault marked by high seismicity (Figure 1). The TFZ, 
together with the SISZ, accommodates extension due to the presence 
of the ridge [16].
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The simultaneous presence of the MOR and the hot spot has 
enhanced magmatic activity since the middle Miocene. The crust has 
a maximum thickness of 30 km in the northernmost, easternmost, 
and westernmost parts of the island; in contrast, crustal thickness in 
the center of the rift is approximately 8–10 km [17,18]. The oldest 
rocks are located in the northwest of the island and are from the 
Middle Miocene (15–16 Ma), but the most widespread rocks are 
Plio–Pleistocene in age (Figure 1); 90% of these are basic rocks, 
most commonly basalts. There are three groups of basalts: tholeiites 
(olivine 6.6 vol%), transitional alkali (olivine 0.2 vol%), and alkali 
olivine basalts (14.8 vol%). The tholeiites are mostly found along the 
axis of the ridge, while the others are mostly found on the margins 
of the volcanic zone [19]. Some of the rocks found are intermediate, 
such as basaltic andesites or andesites, while some are acidic, such 
as rhyolite [20]. Plio–Pleistocene rocks are abundant because of 
increased magmatic activity at that time. The last glaciation in the 
Northern Hemisphere started ~100 ka in the Weichselian, with a 
last glacial maximum occurring ~21 ka [21]. This glacial loading/
unloading, which during the last glaciation impacted an Icelandic 

lithosphere already weakened by the mantle plume, has been 
proposed to explain the enhanced magmatic activity during the 
Plio–Pleistocene [22]. The neo-volcanic zone is composed of an 
en echelon active volcanic system (Figure 1) [23]. Such systems are 
composed of a main volcano producing basic to acidic lavas and 
secondary volcanoes with overwhelmingly basaltic lavas. During 
subglacial eruptions, these volcanoes can produce hyaloclastites 
and pillow lavas [24]. The hyaloclastites are breccias consisting of 
glass fragments formed during subglacial eruptions. All of these 
volcanoes are intersected by fracture and fault swarms [24].

Geothermal Systems

Icelandic geothermal systems can be classified according to 
the base temperature of their fluids [25], which corresponds to 
the highest temperature of fluid that can be produced. As fluid 
transport within the reservoir is mainly convective, this temperature 
corresponds to the fluids located at the base of the convective cell. 
Low-temperature systems (i.e., those below 150°C) do not produce 
electricity efficiently and are thus typically used for heating; these 

 
Figure 1: Geological and structural map of Iceland (data from IINH) [17].
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systems appear to be located both inside and outside the neo-
volcanic zone. In contrast, high-temperature (HT) systems, whose 
steam is used to produce electricity, are systematically located inside 
the volcanic zone (Figure 1), and their base temperature exceeds 
200°C. Some poorly explored areas with base temperatures between 
150 and 200°C also exist [26,27].

Another way to describe high temperature (HT) geothermal 
systems is to focus on their geological features, including their heat 
source and heat transfer mode, reservoir characteristics, the fluids, 
drainage characteristics, cap rock, and surface manifestations. In 
Iceland, the heat source is of magmatic origin, and heat transfer 
is assumed to be achieved primarily by the convection of fluids 
within the crust (Figure 2). In the upper part, the convective fluid is 
primarily water that circulates within the brittle and highly fractured 
upper crust, which lies above the magma chamber. A thin, almost 
purely conductive layer is present between the magmatic body and 
the upper part; hydrothermal fluids circulate down to this layer. Its 
low thickness allows for exchange between the volatile components 
of the magma and the hydrothermal fluids [28]. The “reservoir” is 
defined as the layer in which convection of water-based fluids occurs 
and where production may take place. In Iceland, this reservoir 
is composed primarily of basalts [23] with some rhyolites, which 
are formed by the partial fusion of basalts. The recharge of the 
hydrothermal fluids is assumed to be rapid owing to the numerous 
fracture/fault swarms that have been observed within the Icelandic 

crust; these structures increase the permeability of the crust. 
However, there is a strong anisotropy of permeability [29]. Vertical 
permeability is enhanced by fractures, faults, and damaged zones, 
whereas horizontal permeability is lower and roughly equal to the 
basalt bulk permeability. Hence, tectonic characteristics control the 
downward flow of fluids within hydrothermal systems and allow 
meteoric fluids or seawater to circulate within the Icelandic crust 
[30]. The reservoir is covered by layers of hydrothermally altered 
hyaloclastites [31]. Primary porosity is often infilled by secondary 
minerals such as smectites. These layers of altered hyaloclastites act as 
barriers to hydrothermal fluids [31]. However, this seal is not perfect, 
and leakages are numerous, resulting in the surface manifestations 
including fumaroles, boiling springs, hot or acidic springs, mud 
pools, sulfide deposits, siliceous sintering above convective cells, CO2 
springs, and travertines (particularly at the rims of hydrothermal 
basins). Geothermal systems are driven by fluid convective cells. In 
Iceland, the fluids of these geothermal systems are typically divided 
into two groups: primary fluids (or reservoir fluids) and secondary 
fluids [28,32]). The primary fluids are formed by the direct mixing of 
water with the volatile components of magma. Secondary fluids are 
produced by water/rock interaction during the ascent of the primary 
fluids. For example, secondary fluids can oxidize rocks and produce 
hydrogen, as follows.

H2O + 3FeO → Fe2O3 + H2                      (1)

Figure 2: Schematic fluid migration pathway resulting in the geothermal system in Iceland. Within the conductive upper zone, the fracture network enhances the circulation toward the hot 
conductive layer, in its contact the fluid is warmed up. Water infill is insured by the rain and the ice cap.
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Icelandic Hydrothermal Systems

Well Data

We gathered data published from 1950 to 2011 [26,33-40]. Here, 
we present a summary of these data for a dozen HT areas in Iceland, 
including gas compositions, liquid characteristics (such as pH), surface 
temperatures, and isotopic data (including formation temperature). The 
fluids were sampled either from the surface (fumaroles and springs) 
or subsurface (wells), and their temperatures ranged from those of hot 
steams to those of warm springs. Gas compositions of the vapor phase are 
listed in Tables 1 and 2 in mmol/kg of fluid and vol%, respectively. In the 
literature, some data are given in vol%, while others are in mmol/kg H2O. 
While vol% corresponds to the volume occupied by a chemical species 
within a mixture, mmol/kg H2O corresponds to the quantity of a species 
contained in 1000 g of H2O. We tried to convert all of the published 
values to the same units; however, the available data did not allow us to 
gather corresponding information such as pressure, temperature, and 
bulk chemical composition for each site. Thus, it was impossible for us 
to convert vol% values into mmol/kg H2O and vice versa. Furthermore, 
the % data values reported sometimes referred to the ratio within the gas 
present in steam without considering the H2O itself. A more advanced 
evaluation and comparison between these fluids, from wells and from 
fumaroles may be fund [41]. To evaluate potential hydrogen production 
quantitatively, we used kg of H2/year. All available data suggest that 
hydrogen production varies temporally; thus, the currently available data, 
mainly sporadic, will allow us to determine only approximate trends.

In some areas of note, gas mixtures exhibit remarkable hydrogen 
contents, reaching 64% and 57% of total gas volume at Namaskard 
[38] and Námafjall [37], respectively. At Landmannalaugar, H2 
concentrations reached a maximum of 198 mmol/kg H2O, which 
is seven times higher than the concentrations observed within the 
Ashadze site along the MAR [42]. As seen in (Figure 3), this hydrogen 
is systematically associated with minor concentrations of CH4 and 
N2. CO2 is always a major component in the vapor phase (Figures 
3 and 4), reaching 93% at Krafla [37]. While hydrogen sulfides are 
negligible at Krafla [37], H2S concentrations may reach 10% in other 
areas studied (Figure 4), reaching 22% at Krisuvik [38]. As shown 
in Tables 1 and 2, H2S concentrations are mostly similar to or lower 
than H2 concentrations; when they exceed H2 concentrations, as 
seen at Hellisheidi or Krisuvik, they remain within the same order of 
magnitude.

Characteristics of liquid phases are listed in Table 3 for 
Theistareykir [34], Hveragerdi, Nesjavellir, Námafjall [35,36] and 
Hellisheidi [39] only owing to a lack of data for the other sites. The pH 
of these fluids is between neutral and alkaline and the corresponding 
surface temperatures do not exceed 25°C. NaCl concentrations for 
these areas are always lower than 500 ppm.

Additional Data from Námafjall and Reykjanes Areas

Additional data from these sites mirror the trends exhibited by 
the published data described above, as seen in Tables 4 and 5. Table 4 
contains data from the Námafjall area, which has a basaltic host rock, 

Field name Well Type CO
2

H
2
S H

2
CH

4
N

2 O2 Ar

1 Krisuvik 57 W 321,9 47 17,5 0,2 2,5 0,04 0,1

1 Hveragerdi 31 W 140,3 8,4 9,4 0,2 8,9 0,06 0,3

1 Nesjavellir 44 W 259,4 50,2 66,2 0,6 4 0 0,7

1 Namafjall 175 W 152,1 51,2 103,9 0,4 3,5 0 0,2

1 Landmannalaugar 120a W 1133,5 52,8 198,2 0,9 6,2 0,4 0,2

2 Krafla G-3 F 162,8* 52,3* 75,4* 0,9* 0* 0 0

3 Theistareykir G25 F 484,3* 137,4* 60,6* 1,8* 26,9* 0 0

4 Hellisheidi HE9 W 57,1 45,2 27,7 0,05 14,1 0 0,2

Table  1: Gas concentrations in mmol/kg of fluid within the steam phase, W is for well and F is for fumarole [26,34,36,39].

Steam phase

Date Field Name Type CO2 H2S H2 CH4 N2 O2 Ar

%vol %vol %vol %vol %vol %vol %vol

1 09/06/1982 Krafla G 93.2 0.01 2.13 0.0025 4.53 0.1

1 08/07/1982 Namafjall G 25.8 16.0 57.3 0.14 0.8 0.05

2 11/23/1972 Nesjavellir W 70.0 12.1 13.8

3 1941 Krisuvik W 66.2 22.5 7.1 0.0 0.6

3 08/19/1964 Namaskard W 15.1 8.6 64.0 2.3 0

3 07/21/1964 Kverkjoll F 77.8 2.6 16.6 0.3 0

4 Hengill F 78.3 10.25 9.1 0.203 2.06 0 0.086

4 Theistareykir F 76.37 12.92 10.02 0.364 0.33 0

4 Torfajokull F 73.43 8.33 17.6 0.093 0.51 0 0.05

Table 2: Gas concentrations, vol% and ppm. G is for non-condensable gas of well discharge [35,37,38,41].
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Figure 3: CO2, H2S, H2, CH4, N2, O2, and Ar concentrations (mmol/kg) for nine high- temperature hydrothermal sites (see data in tables)

 
Figure 4: Ternary diagram with relative proportions of CO2, H2S, and H2 for nine high-temperature areas in Iceland [32,35,37,38].
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experiences meteoric water infiltration, and is located inside the neo-
volcanic zone. Table 5 contains data from the Reykjanes area, which 
also has a basaltic host rock and is located inside the neo-volcanic 
zone but experiences seawater infiltration. Tables 4 and 5 present the 
gas compositions and liquid characteristics of wells from these areas. 
The Námafjall site has pH values between 6.6 and 9.7 and surface 
temperatures between 14 and 25.8°C. The Na and Cl contents for this 
site are both lower than 500 ppm (Figure 1). The vapor phase is mostly 

composed of CO2. The H2S and H2 contents here are relatively high, 
reaching between 12.6 and 121 mmol/kg of fluid. CH4 and N2 contents 
are non-negligible but never exceed 18 and 115 mmol/kg, respectively. 
Tables 4 and 5 show that the gas concentration values are variable 
with time. For instance, in well N°11, H2 has been measured at 31, 48, 
55, 80, and 121 mmol/kg H2O over a period of 18 years. These data 
indicate that this is an active and dynamic system and that monitoring 
will be necessary before any quantification of flow or annual flux.

Table 3: Liquid-phase composition, WS is for warm spring [34-36,39].

Table 4: Námafjall steam phase compositions and liquid characteristics.
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In contrast is the Reykjanes site, the pH values for this site are 
lower than those for Námafjall and define the fluids as being acidic. 
Surface temperatures at Reykjanes are between 20.9 and 22.4°C. The 
fluids from the two sites also differ in terms of their NaCl content; in 
Reykjanes, NaCl concentrations far exceed 500 ppm. We also found 
considerable differences in vapor phase composition. While CO2 
concentrations are also high at Reykjanes (between 100 and 1000 
mmol/kg), H2S and H2 concentrations are lower, rarely exceeding 10 
mmol/kg of fluid for H2S and 1 mmol/kg of fluid for H2 .

Isotopic Data

We also collected isotopic data (including 𝛿𝐷 of H2 and H2O 
and 𝛿13𝐶 of CO2 and CH4) and their corresponding calculated 
temperatures from the literature. 𝛿𝐷𝐻2 and 𝛿𝐷H2O values have been 
calculated according to the following equations and are listed in 
Table 6:

𝛿𝐷𝐻2(‰)=((𝐷/𝐻)𝑒𝑐ℎ/(𝐷𝐻)𝑠𝑡𝑑−1)× 1000 𝑎𝑛𝑑 
𝛿𝐷𝐻2𝑂(‰)=((𝐷/𝐻)𝑒𝑐ℎ/(𝐷𝐻)𝑠𝑡𝑑−1)× 1000, 	                        (2)

𝛿𝐶𝐶𝑂2(‰)=((𝐷/𝐻)𝑒𝑐ℎ/(𝐷𝐻)𝑠𝑡𝑑−1)× 1000 𝑎𝑛𝑑 
𝛿𝐷𝐶𝐻4(‰)=((𝐷/𝐻)𝑒𝑐ℎ/(𝐷𝐻)𝑠𝑡𝑑−1)× 1000. 	                         (3)

The H2–H2O equilibrium is a geothermometer used to determine 
the equilibrium temperature reached by H2–H2O, which can be 
simplified as the formation temperature of hydrogen. Arnason used 
the H2–H2O geothermometer based on Bottinga’s work (1969) to 

Table 5: Reykjanes steam phase compositions and liquid characteristics.

calculate the hydrogen formation temperature. The fractionation 
factor used between H2 and H2O is as follows:

∝𝐻2−𝐻20 = [𝐻𝐷𝑂]/[H2O]/([𝐻𝐷]/[𝐻2]).   (4)

Sano et al. calculated isotopic temperatures from the difference 
between 𝛿13C of CO2 and CH4 following Bottinga’s work on the 
fractionation factor between CO2 and CH4:

∝𝐶𝑂2−𝐶𝐻4 = [𝐷/𝐻]CO2/ [𝐷/𝐻]𝐶𝐻4.   (5)

At Námafjall [34], Krisuvik, Hveragerdi, Nesjavellir, Namaskard, 
Torfajökull, and Reykjanes [33], these isotopic values are between 
–358.0‰ and –631.0‰, yielding isotopic formation temperatures of 
385 and 114°C, respectively. These calculated formation temperatures 
are represented as a function of H2 concentration in Figure 5.

The maximum geothermal gradient inside the rift zone in 
Iceland is 150°C/km [44]. Based on this gradient and the formation 
temperatures calculated as above, it is possible to determine the likely 
depth of hydrogen formation, which tends to occur between 0.8 and 
2.5 km. Isotopic data relating to H2O can also provide information 
about the source of hydrothermal fluids. The 𝛿𝐷H2O values were 
found to be between –50.9 ‰ and –97.7‰; these negative values 
indicate that the water within the hydrothermal system is not derived 
from seawater but is mostly of meteoric origin. The specific value for 
Reykjanes (–22.5‰) can be explained by the mixing of seawater with 
water with lower deuterium content, such as meteoric water [33].
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Figure 5: Formation temperature as a function of H2 concentration for six HT areas (data Table 6).

Field name Well name Type H2 H2O calculated

𝛿DH2 𝛿DH2O T (°C)

Krisuvik Drill hole H 14 W -491,5 -50,9 214

Krisuvik Drill hole H 14 W -508,5 -50,9 232

Krisuvik Krisuvik -539,7 -50,9 196

Krisuvik Hveradalur HS -539 -50,9 196

Krisuvik Austurengjahver HS -522,4 -50,9 201

Hveragerdi G 8 W -512,2 -65,4 218

Hveragerdi G 8 W -571,8 -65,4 162

Hveragerdi G 8 W -536,8 -65,4 194

Hveragerdi Reykjadalur HS -553,4 -65,4 178

Hveragerdi Hverakjakar HS -536,5 -65,4 194

Hveragerdi Olkelduhals HS -542,9 -65,4 188

Hveragerdi Kyrgil HS -557 -65,4 175

Nesjavellir H 2 W -516,3 -71,7 217

Nesjavellir Nesjalaugar -557,4 -71,7 195

Namaskard H 2 W -506,7 -97,5 244

Namaskard H 3 W -475,3 -97,5 283

Torfajokull Jokulgil HS -631,9 -76 114

Torfajokull Brennisteinsalda F -592,8 -76 148

Torfajokull Near Brennisteinsalda F -558,3 -76 178

Torfajokull Reykjadalur eystri HS -591,9 -76 149

Torfajokull Hrafntinnusker HS -599,5 -76 142

Torfajokull Hrafntinnusker HS -570,6 -76 167

Torfajokull Hrafntinnusker HS -549,1 -76 186

Reykjanes Reykjanes HS -358 -22,5 385

Reykjanes H 1 W -360,9 -22,5 380

Reykjanes H 2 W -373,7 -22,5 362

Table 6.2:

Field name CO2 CH4 H2 H2O Calculated

𝛿C13 𝛿C13 𝛿DH2 𝛿DH2O T (°C)

Namafjall -4,8 -32,7 -449 -97,7 279

Table 6.1 :
Table 6.1 & 6.2: Isotopic data and calculated temperature from them, HS = Hot Spring [33,37].
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Figure 6: Map of natural H2 emanations in Iceland. Concentration is high in the active volcanic zone and low outside.

Our comparison of data from the literature has allowed us to 
highlight the most H2-rich areas in Iceland (Figure 6). We considered 
twelve sites, as follows:

- Theistareykir, Krafla, Námafjall, Namaskard, and Kverkfjoll in 
the NVZ;

- Landmannalaugar and Torfajökull in the EVZ;

- Hengill, Nesjavellir, Hellisheidi, Krisuvik, and Hveragerdi in the 
WVZ.

Interpretation

Generation of H2

The literature highlights how H2 production is a function of the 
host rock and its mineralogical composition [45]. The presence of 
minerals rich in ferromagnesian elements in the host rock allows for 
the oxidation reaction at the origin of hydrogen generation. In Iceland, 
the host rock can be divided in three groups: tholeiites, transitional 
alkali basalts, and alkali olivine basalts. These rocks can contain as 
much as 15% olivine. [19]. Rhyolite, formed by partial melting of 
basalts, can be considered a fourth host rock. The presence of olivine, 
being a ferromagnesian mineral, should allow hydrogen production in 
Icelandic hydrothermal systems via the oxidation of iron. In addition, 
in these systems, when the Cl concentration in hydrothermal fluids 
is low (<500 ppm), the prevailing secondary minerals include the 
following [36]: pyrite (FeS), pyrrhotite (FeS2), epidote (Ca2(Al2,Fe3+)
(SiO4)(Si2O7)O(OH)), and prehnite (Ca2Al2(SiO4)(Si3O10)(OH)2). 
These minerals are rich in iron and sulfide, which allow for the 
following reaction:

4FeS + 2 Ca2Al2Si3 O10(OH)2 + 2H2O → 2 FeS2 + 2Ca2FeAl2Si3O12(OH) 
+ 3H2   (6)

For waters with higher Cl concentrations (>500 ppm), the 

minerals involved include the following: pyrite, epidote, prehnite, 
magnetite (Fe2+Fe3+

2O4), and chlorite. Thus, natural hydrogen is likely 
produced by the oxidation of ferrous, sulfide-rich minerals, and its 
concentration is controlled by the mineral–fluid equilibrium, which 
is controlled by fluid–rock interactions, as proposed by [32]. It is 
also possible that magmatic degassing and other processes, such as 
crystallization, can take place during hydrogen production.

H2 Transport

Hydrogen is considered a mobile, reactive, and poorly soluble 
gas. In fact, its solubility increases above 57°C, which is the 
temperature at which the minimum solubility of H2 is reached. 
For P > 30 MPa and 200 < T < 300°C, hydrogen is more easily 
contained in the gas phase than in the liquid phase [46]. Pressure 
also plays a role, as greater pressures (i.e., greater depths) lead to 
greater hydrogen solubilities. Similarly, salinity plays a major role in 
hydrogen solubility, as described by the “salting-out” effect [47]; in 
particular, when NaCl concentration increases, hydrogen solubility 
decreases. As a result, in subsurface at depths greater than a few 
kilometers, the quantity of H2 in the associated hydrothermal fluid 
may be large.

Comparison with the Mid-Atlantic Ridge and Its 
Hydrothermal Systems

Hydrothermal Sites of the MAR

For the last 30 years, hydrothermal smokers along the MAR have 
been known to be places of natural gas emission, including CH4 and H2 
(Figure 7 and Table 7) [12]. In addition to H2 and CH4, these smokers 
emit primarily CO2, H2S, and trace quantities of Ar and N2 (Figure 8). 
The maximum hydrogen content recorded to date was 26.5 mmol/kg 
fluid for the Ashadze site [42]; see location Figure 7).
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Figure 7: Mapping of gas emanations along the Mid-Atlantic Ridge.

Site H2 H2 Temperature Rock Water depth CO2 H2S CH4 N2 Ar Cl

mmol/kg %vol °C m mM mM mM mM µM mM

1 Ashadz 26.5 70 296-355 Peridotites 4200 0.8 7 326

2 Rainbow 16.5 50 350-367 Peridotites 2270 17 1.4 2.5 1.8 750

3 Logatchev 19.03 50 350 Peridotites 3000 4.4 1.4 2.6 5.5 0.012 515

4 Lost City 15 70 53-91.4 Peridotites 900 0.1 0.9 0.5 545

5 Broken Spur 1.87 356-360 Peridotites 3100 7.1 11 0.1 469

6 Lucky Strike 0.73 170-364 Peridotites 1700 28 3 1 0.97 0.03 533

7 MARK 0.48 335-350 Basalt 3500 3.4 6.7 0.1 0.9 0.0035 559

8 TAG 0.22 290-321 Basalt 3500 7.1 11 0.1 659

9 Menez Gwen 0.07 275-284 Basalt 850 20 15 2.6 1.9 0.0038 381

Table  7: MAR H2 concentrations and temperatures [42,48-53].
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Figure 8: CO2, H2S, H2, CH4, N2, and Ar concentrations for hydrothermal vents along the MAR [42,48-53]. 

The hydrogen gas escapes through smokers located on fractured 
and faulted basic to ultrabasic basement. These rocks are variably 
enriched in ferromagnesian elements, and hydrogen is produced 
by their serpentinization. Typically, a magmatic body in this setting 
develops into an ultramafic outcrop. The heat coming from the 
magmatic body warms up the fluids present in the upper part of the 
crust. The optimum temperature for the serpentinization reaction 
is between 200 and 350°C [13]. Fluids interact with the rocks such 
that the ferromagnesian minerals present in the rock (e.g., olivine, 
Mg1.8Fe0.2SiO4) are hydrated and destabilized. Simultaneously, water 
is reduced and the ferrous minerals are oxidized into ferric minerals, 
which leads to the formation of secondary minerals (e.g., serpentine, 
Mg3Si2O5(OH)4; magnetite, Fe3O4; and brucite, Mg(OH)2) and the 
liberation of hydrogen [42], as shown below:

3Mg1.8Fe0.2SiO4 + 4.1 H2O = 1,5 Mg3Si2O5(OH)4 + 0.9 Mg(OH)2 + 
0.2 Fe3O4 + 0.2 H2   (7)

Within approximately the same temperature range, a process of 
phase separation takes place in the oceanic crust. The vapor phase, which 
is lighter, rapidly migrates upward through the crust due to the fracture 
network. In contrast, the liquid phase, which is over-concentrated in 
chemical elements, remains trapped in pores. While the magmatic body 
cools, the fluid temperature cools also. The newly established pressure 
and temperature differences generate a convective fluid cell, which 
allows the fluid phase to be released through the crust and to the ocean 
floor [54]. The brine then mixes with colder seawater, and the sulfide 
elements precipitate to form hydrothermal vents of two types: black 
smokers and white smokers [55]. The black smokers, such as Rainbow 
and Logatchev, emit HT (>350°C) anoxic fluids. They are also rich in 
metallic elements such as iron, manganese, and copper, and their CH4 
and H2 concentrations are large. The fluids of white smokers are alkaline 
and colder, with temperatures as low as 70°C (e.g., Lost City). Even when 
these smokers are located on the seafloor (i.e., at depths of 3 km), life is 
prevalent in this environment (Menez [56] and reference inside). The 

fluids of white smokers are also rich in CaS, CaCO3, and CH4, and their 
H2 concentrations are higher than those of black smokers.

Geological Commonalities/Differences between Hydrothermal 
Sites of Iceland and the MAR

This synthesis shows some commonalities between the black 
smokers along the MAR and Icelandic hydrothermal systems 
(Figure 9). In particular, their fluid temperatures are similar 
(Tables 1 and 7), approximatively between 200 and 350°C, and 
their fluids are alkaline. In both cases, the heat source is magmatic, 
fluid transfer is ensured by convective cells, and permeability can 
be attributed primarily to fractures and faults. Furthermore, H2 
generation is ensured by the oxidation of ferrous or other mineral-
rich materials during H2O reduction. In contrast, the data show 
some interesting differences between the hydrothermal systems of 
the MAR and Iceland (Figure 9). In Iceland, all of the H2-rich sites 
are located in the neo-volcanic zone and, therefore, in an HT area. 
Landmannalaugar and Torfajökull are located on acidic outcrops 
of rhyolite, while the other 10 sites are located on intermediate 
to basic outcrops predominantly comprising basalt. Therefore, 
unlike the H2-releasing sites along the MAR, which are located on 
ultrabasic outcrops, H2-rich areas in Iceland are mostly situated 
on basic outcrops. Furthermore, Icelandic H2-releasing areas are 
always composed of hydrothermally altered hyaloclastite outcrops, 
which provide a good cap rock.

Discussion of Key Parameters of Hydrogen Formation in 
Iceland

Some geological differences exist between the MAR and Icelandic 
hydrothermal systems; however, we believe that these differences are not 
the main factors controlling the differences in H2 concentrations between 
the two settings. The Icelandic context is remarkable in that precipitation 
rates are high and ice caps are extensive. Most of the water infiltrating the 
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upper crust is meteoric in origin or directly linked to the ice caps [33]. 
Arnason showed that the residence time of these fluids (i.e., the time 
since their precipitation) varies significantly, ranging from a few decades 
to thousands of years (i.e., the last glaciation). Furthermore, the crust 
here is highly fractured with a very high anisotropy of permeability and 
hydrogen formation temperatures that are between 200 and 350°C.

Thereby, this synthesis allows us to propose an explanation for the 
higher H2 concentrations observed for the HT hydrothermal systems 
in Iceland relative to the MAR systems. We propose the following.

•	 First, large quantities of water are available in the Iceland 
systems, which facilitates a rapid and significant water flux for 
oxidation reactions in the crust.

•	 Second, owing to the meteoric characteristics of the water 
flux, NaCl concentrations in the fluid are very low (mostly 
<500 ppm), resulting in higher hydrogen solubility in the 
Icelandic fluids. As seen in Figure 4, H2 concentrations are 
higher in Námafjall, where Cl concentrations are lowest, than 
in Reykjavik or along the MAR.

•	 Third, owing to their formation temperatures, Icelandic fluids 
containing hydrogen are mostly in gaseous form with a minor 
liquid phase, with the former phase typically containing more 
hydrogen than the latter [46].

These factors boost hydrogen production such that Icelandic H2 
concentrations are higher in many places than those recorded along 
the MAR.

Conclusion
Our review of the literature allowed us to map the preferred areas 

for natural hydrogen emissions within Iceland (Figure 6); all of these 
areas are located within the neo-volcanic zone of this HT geothermal 
system. The presence of H2-rich zones within the active axis has been 
also noted for the Goubhet–Asal area, where the Aden Ridge outcrops 
within the Republic of Djibouti [57]. In the similar context of the Mid-
Pacific Ridge, within Socorro Island, H2 values reaching 20% within 
the vent have been also described [58]. The authors also noted the 
influence of rainwater and the presence of abiotic CH4. H2-enriched 
fluids are alkaline and poor in NaCl. Isotopic data and formation 

 
Figure 9: Schematic illustration of the Mid-Atlantic Ridge (A) and Iceland (B) illustrating the architecture of the active volcanic zone.
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temperatures for these fluids can help constrain the conditions of 
hydrogen formation. The isotopic data show that hydrogen is typically 
formed at temperatures between 385 and 114°C, which is equivalent 
to depths between 0.8 and 2.5 km; this makes hydrogen formation 
a relatively shallow process. Under these conditions, hydrogen 
formation occurs due to the oxidation of the ferrous minerals of the 
acidic to basic host rock. In the basic reservoir rocks of Iceland, the 
primary minerals oxidized during H2 formation include iron sulfides, 
epidote, and prehnite. Even if this reaction is not considered today as 
the main one, sulfide oxidation could be particularly important in the 
formation of H2, particularly when H2S is present. Additionally, H2 can 
also be produced by the degassing of magma as suggested by Larin [3] 
and Zgonnik [4]. The H2-producing areas in Iceland and along the 
MAR appear to be relatively similar; however, the gas concentrations 
in Icelandic hydrothermal steams tend to be significantly higher 
than those along the MAR. We posit that this difference is due to 
the availability of freshwater in Iceland, which does not affect H2 
production directly but does affect the solubility of H2, which is higher 
in freshwater. Finally, it is important to note the high fracture density 
of the basalt in Iceland, which allows a rapid and constant supply of 
meteoric waters for reactions. These parameters influence hydrogen 
concentrations. The presented data also highlight temporal variation 
in hydrogen concentrations. Although the HT hydrothermal systems 
considered here appear to be active and dynamic, it would be useful 
to monitor and quantify the real H2 flux as has been done in Brazil, 
where structures from the São Francisco Basin emit hydrogen [6,7]. 
We would not expect to find the various periodicities registered in 
the monitored fairy circles (e.g., 24 h and sporadic pulses) in the 
subsurface (where wells are monitored), either directly at the surface 
or where the soil cover is absent. Nevertheless, further data will be 
required to characterize changes in H2 flow in the geothermal fluids 
in Iceland. Finally, the geothermal industry is well established in 
Iceland, with several important geothermal power plants located in 
the neo-volcanic zone that allow for electricity production and the 
heating of farms and other buildings. These power plants release non-
condensable gas into the atmosphere, including CO2, H2S, and H2. The 
Hellisheidi geothermal power plant produced 640 tons of H2 in 2011. 
In future, the production of natural hydrogen without significant 
emissions could be possible using classical gas separation processes.
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