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impacts ranging in scale from the local environment to the global climate. By contrast, passive volatile release at
the surface originating from magmatic intrusions is characterized by much lower flux, yet may outsize eruptive
volatile quantities over long timescales. Volcanic hydrothermal systems (VHSs) act as conduits for such volatile
release from degassing intrusions and can be used to gauge the contribution of intrusive magmatism to global
volatile cycles. Here, we present new compositional and isotopic (8D and 6180-H20, 3He/*He, 613C-C02, A33S-
534s-H,S and SO4) data for thermal waters and fumarole gases from the Askja and Kverkfjéll volcanoes in central
Iceland. We use the data together with magma degassing modelling and mass balance calculations to constrain
the sources of volatiles in VHSs and to assess the role of intrusive magmatism to the volcanic volatile emission
budgets in Iceland.

The CO,/=S (10—30), *He/*He (8.3-10.5 Ry; *He/*He relative to air), 5°C-CO, (—4.1 to —0.2 %) and A®3s-
834S-H28 (—0.031 to 0.003 %o and —1.5 to +3.6%o) values in high-gas flux fumaroles (CO3 > 10 mmol/mol) are
consistent with an intrusive magmatic origin for CO2 and S at Askja and Kverkfjoll. We demonstrate that deep
(0.5-5 kbar, equivalent to ~2-18 km crustal depth) decompression degassing of basaltic intrusions in Iceland
results in COz and S fluxes of 330-5060 and 6-210 kt/yr, respectively, which is sufficient to account for the
estimated CO» flux of Icelandic VHSs (3365-6730 kt/yr), but not the VHS S flux (220-440 kt/yr). Secondary,
crystallization-driven degassing from maturing intrusions and leaching of crustal rocks are suggested as addi-
tional sources of S. Only a minor proportion of the mantle flux of Cl is channeled via VHSs whereas the HoO flux
remains poorly constrained, because magmatic signals in Icelandic VHSs are masked by a dominant shallow
groundwater component of meteoric water origin. These results suggest that the bulk of the mantle CO, and S
flux to the atmosphere in Iceland is supplied by intrusive, not eruptive magmatism, and is largely vented via
hydrothermal fields.

1. Introduction extrapolated from direct measurements of volcanic gas plumes of
erupting and persistently degassing volcanoes (e.g., Gerlach, 1991;

Volatile fluxes from the mantle—a major reservoir of terrestrial Andres and Kasgnoc, 1998; Fischer, 2008; Aiuppa et al., 2019). How-
volatiles (Bekaert et al., 2021)—to Earth‘s surface are mediated through ever, intrusive basaltic magmatism delivers ~2-30 times more mantle-
the crust by volcanism. Long-term volcanic volatile fluxes are commonly derived material to the crust than subaerial eruptions (White et al.,
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2006) and may supply an order of magnitude higher flux of key volatiles
like CO2 and S to the atmosphere (Gerlach, 1989). A major conduit of
volatile transport between intrusions and the atmosphere are volcanic
hydrothermal systems (VHSs), which may play a large, but relatively
poorly constrained role in the global volatile cycles (e.g., Seward and
Kerrick, 1996; McGee et al., 2001; Taran, 2009; Shinohara, 2013; Barry
et al., 2014; Stefansson et al., 2016b; Taran and Kalacheva, 2019;
Fischer and Aiuppa, 2020). Such systems may further act as sinks of
volatiles through mineralization reactions of, for example, sulfides and
carbonates, or, conversely, facilitate leaching of volatiles from the
shallow country rocks.

Volcanic hydrothermal systems are powered by magmatic intrusions
that heat the surrounding groundwater that percolates through porous
or fractured rocks to the surface, giving rise to thermal surface mani-
festations such as hot springs, fumaroles, acid lakes and steaming
grounds. Considerable efforts through the last century have been made
to constrain the sources of the main volatile species present in such
hydrothermal fluids (Hp, HoO, B, CO3, CH4, N3, Cl, HyS, SO2, noble
gases) (Craig, 1963; Sakai and Matsubaya, 1977; Marty and Giggenbach,
1990; Giggenbach, 1992; Sano and Marty, 1995; Stefansson et al., 2017;
Gunnarsson-Robin et al., 2017; Fiebig et al., 2019; Labidi et al., 2020;
Ricci et al., 2022). Some of the least melt-soluble volatiles, such as CO,
and He, are likely to be mainly sourced from magmas, whereas others,
like the heavy noble gases (Ne-Ar-Kr-Xe; Fiiri et al., 2010; Byrne et al.,
2021) and N (Labidi et al., 2020) are mainly of atmospheric origin. More
melt-soluble elements like B and Cl are thought to be derived in large
part from the host rocks through fluid-rock reactions (‘leaching’),
whereas volatiles with intermediate solubility, like S may be sourced
from both leaching and magmatic degassing (e.g., Stefansson et al.,
2015; Gunnarsson-Robin et al., 2017). VHSs in Iceland—a subaerial
portion of the mid-Atlantic ridge—are typically associated with active
central volcanoes and caldera structures, where shallow (~2-6 km)
magmatic intrusions provide the heat sources that drive hydrothermal
circulation along faults and through porous, volcanic bed rock. These
shallow intrusions likely represent the top of a multi-tier ‘ladder’ of
intrusions that extends through the crust to the mantle (Maclennan,
2019; White et al.,, 2019), potentially providing a deep supply of
magmatic gases to the overlying VHSs. Thus, Icelandic VHSs provide an
opportunity to study the mantle-to-atmosphere transport of volatiles at a
divergent plate boundary.

Here, we present major and trace element, stable isotope (8D, 5'%0,
613C, ASBS, 5°4S) and helium isotope (®He/*He) data for thermal and
non-thermal waters and fumarole gases from the active Askja and
Kverkfjoll volcanic systems, located in the Northern Rift Zone (NRZ) of
Iceland (Figs. 1 and 2). These locations are advantageous for studying
magmatic volatile input into VHSs, as the pre-eruptive volatile
elemental and isotopic characteristics of basalts from the area are well
constrained by data from glassy silicate melt inclusions and subglacially
erupted pillow glasses (Barry et al., 2014; Hartley et al., 2021; Matthews
et al., 2021; Marshall et al., 2022; Ranta et al., 2022; Ranta, 2022), and
because the local crust—a major source of volatiles in many hydro-
thermal areas worldwide—is dominantly basaltic and volatile-poor.
Further, the aquifers at Askja and Kverkfjoll are devoid of seawater,
which is a major source of HyO, B, Cl and S, and thus complicates the
detection of magmatic signals in coastal and submarine VHSs (Stefans-
son et al., 2017). We use our geochemical dataset, along with estimated
magmatic gas compositions for three main purposes: (1) to evaluate
which geochemical signals in surface thermal fluids are derived from
magmatic gases emanating from crustal intrusions, (2) to determine the
relative contributions of magmatic, crustal and meteoric sources of
volatiles to VHSs and (3) to constrain the shallow and deep fluxes of
mantle-derived volatiles to the atmosphere channeled via VHSs in
Iceland.

Journal of Volcanology and Geothermal Research 436 (2023) 107776
2. Geological setting

The Northern Rift Zone (NRZ) of Iceland (Fig. 1a) is a subaerial
portion of the divergent plate boundary that separates the Eurasian and
North American tectonic plates. The Askja and Kverkfjoll volcanoes are
located in the southern part of the NRZ in the Central Highlands, both
hosting relatively unexplored high-temperature hydrothermal areas
(Armannsson, 2016).

Kverkfjoll is a mature volcanic system at the SE end of the NRZ. It
comprises a central stratovolcano, partly covered by the Vatnajokull ice
cap, and a connecting fissure swarm (Fig. 2b). Kverkfjoll is considered to
be an active volcano with dozens of basaltic eruptions during the Ho-
locene, although no historical (<1100 yr) eruptions are known
(Oladéttir et al., 2011). A vigorous hydrothermal system at Kverkfjoll is
manifested on the surface at several locations around the 3 x 8 km large
and 100 m deep, ice-filled NE caldera (Figs. 1d, 2). A large vapor-
dominated hydrothermal area is centered along a fault on the NW
caldera rim at 1550-1700 m elevation. This area is divided into the three
separate areas Efri and Nedri Hveradalur, and Hveratagl, that together
host dozens of individual fumaroles, boiling pots, mud pools and several
ice caves, as well as two ice-dammed hydrothermal lakes Galtarlén and
Gengissig (Thorarinsson, 1953; Olafsson et al., 2000; Oddsson, 2016)
(Figs. 1d, 2).

Hydrothermal explosions have occurred at Gengissig and its vicinity
in 1959, 1968 and 2013 (Montanaro et al., 2016). Two thermal rivers,
Volga and Hveragil, flow down the southern and eastern caldera rims,
respectively. Their flow rates are approximately 100-200 L/s for Volga
(prior to spring snow melting) and 200-250 L/s for Hveragil (Oddsson,
2016), with temperatures of up to ~26 °C and ~62 °C, respectively
(Olafsson et al., 2000, this study). Hveragil is characterized by up to 0.5
m thick, layered carbonate travertine deposits along its banks (Fig. 2a).
Minor hydrothermal activity has been occasionally observed as hot
vapor or heated grounds on the high slopes of the steep NE cliffs of the
caldera and close to the highest top Jorfi (1933 m.a.s.l.) (Thorarinsson,
1953; Olafsson et al., 2000). However, no anomalous temperatures were
detected with an infrared camera by Oddsson (2016), who considered
geothermal activity in the NE caldera to be subordinate compared to the
other hydrothermal manifestations. Oddsson (2016) concluded that the
total hydrothermal heat output of Kverkfjoll amounts to 265 + 72 MW
spread over a hydrothermal area of 2-2.5 km?.

Askja is a bimodal and productive volcanic system comprising a
fissure swarm and a central volcano. The last eruption of Askja, in 1961,
was a relatively small basaltic fissure eruption on the eastern caldera rim
that formed the Vikrahraun lava field (Thorarinsson and Sigvaldason,
1962). The latest-formed of its four nested calderas formed following a
rhyolitic VEI 5 eruption in 1875 (Hartley and Thordarson, 2012) and is
occupied by the 10.7 km? large and up to 217 m deep Lake Oskjuvatn
(~1052 m.a.s.]). The main hydrothermal activity at Askja is at present
found in three areas around Lake Oskjuvatn: Viti and Batshraun in the
NE, at Sudurbotnar to the SE and at Myvetningahraun and below
borvaldstindur in the SW (Fig. 3c; Jonasson and Einarsson, 2009). The
Sudurbotnar hydrothermal area was partly covered by a large landslide
in July 2014 (Gylfadottir et al., 2017). The hydrothermal activity ex-
tends to the Oskjuvatn lake, at least to a depth of 80 m (Olafsson, 1980),
but its full extent and distribution on the lake floor are not well known. A
hydrothermal explosion crater Viti, formed in connection to the 1875
eruption (Sparks et al., 1981), today hosts an acid thermal lake and
several moderately active fumaroles. Both the 1875 and 1961 eruptions
were preceded by increased fumarolic activity (Thorarinsson and Sig-
valdason, 1962).

3. Methods
3.1. Sampling and major element analysis

A total of 16 fumarole discharge samples, 13 thermal waters and 8
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Fig. 1. (a,b) Map of Iceland, the Northern Rift Zone (NRZ) and study areas (red boxes). (c) The Askja central volcano and its four hydrothermally active areas. (d) The
Kverkfjoll central volcano and hydrothermal manifestations: The Hveradalur hydrothermal area, two glacial lagoon, Galtarlén and Gengissig, and two thermal rivers
Volga and Hveragil. Outlines of the hydrothermal areas and caldera faults are based on Jonasson and Einarsson (2009), Sigurgeirsson et al. (2015) and Odd-
sson (2016).
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Fig. 2. Hydrothermal surface manifestations at
Kverkfjoll and Askja. (a)-(b) Upper and lower portions
of the Hveragil thermal river at Kverkfjoll. Hveragil
water is mildly alkaline (pH = 8-9) with temperatures
decreasing from T = 60 °C to T ~ 30 °C from the
upper to lower parts. (c)-(d) Gengissig and Galtarlén
are steam-heated lakes located near the top of Hver-

adalur, at the edge of the Vatnajokull glacier.

Vigorous boiling-point fumaroles and mud-pools
typical of the Hveradalur area are seen in (d). (e)
Fumarole sampling by the Viti pond at the Askja
volcano. (f) Sudurbotnar thermal area in SE Askja.
Hot grounds with sub-boiling steam, seen in the
foreground, are typical in the easter margin of Lake
Oskjuvatn. Several boiling-point fumaroles and high-

T altered kaolonite-pyrite deposits are seen at
higher altitude. (g) Bubbling hot springs are
commonly found emanating from the floor of Lake
Oskjuvatn, heating the lake water locally to >50 °C.
(h) The C)skjuvatn crater lake and the Viti acid pond
seen from the north.

arole sampling intoa
enbach flask

B Hot ground and
sub-boili

ings in Oskjuvatn heat
e locally to 50 °C

non-thermal water samples were collected from Askja and Kverkfjoll
during three field seasons between 2017 and 2019 (sample descriptions
in Supplementary Table 1). All fumarole vapors were near to local
boiling point temperatures (~94.5-96.5 °C at altitudes of 1050-1700
m). Thermal and non-thermal waters were filtered on-site through 0.2
pm mesh cellulose acetate filters and collected in polypropylene (PP)
tubes that were washed three times with the sample. Sample splits for
ICP-OES analysis were acidified on site to 1% HNO3 (Merck Suprapur®).
Total dissolved inorganic carbon (£CO2) was analyzed using modified
alkalinity titration (Stefansson et al., 2007) and the pH using a combi-
nation glass electrode. Major cation and Cl concentrations in water
samples were determined by ICP-OES at the Institute of Earth Sciences
(IES), University of Iceland.

Fumarole samples for major gas analysis were collected in evacuated
borosilicate glass gas bulbs (100 to 350 mL) containing ~10-35 mL of
50% KOH solution (Fig. 3e). The concentrations of non-condensable
gases (Hg, Ng, Oy, Ar, CH4) were determined by gas chromatography
at IES. Water concentrations were estimated gravimetrically. The HyS
and CO; concentration in fumarole discharges were determined from the
condensed vapor fraction by Hg-acetate titration and modified alkalinity
titration, respectively (Arnorsson et al., 2006). Major gas and noble gas

Steam=heated
agid-stiifate pond pH = 2.4

T=20°C

isotope data for 4 fumarole samples collected in 2017 have been pub-
lished previously by Byrne et al. (2021).

3.2. Hydrogen and oxygen isotope sampling and analysis

Water and vapor condensate samples for hydrogen (8D-H,0) and
oxygen (5!80-H,0) isotope analysis were collected into PP vials. The 8D-
H,0 and §'80-H,0 isotope ratios were determined by isotope ratio mass
spectrometry (IRMS) at IES, performed on a Thermo Delta V Advantage
continuous flow mass spectrometer, equipped with a Gasbench device.
Data are reported in & notation relative to VSMOW (Vienna Standard
Mean Ocean Water) as 8D and §'%0. Standard deviations of long-term
repeat measurements are on average 0.7 %o and 0.05 %o for 8D and
6180, respectively (10).

3.3. Helium isotope sampling and analysis

Samples for noble gas analyses were taken from 8 fumaroles into
copper tubes that were pre-flushed for at least ~15-30 min through a
water lock and then sealed by cold-welding using screw clamps. Helium
(®He and “He) isotopes and 2ONe were analyzed at the Woods Hole
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Fig. 3. Water, helium, sulfur and carbon isotope characteristics. (a) Water isotopes. Positive 880 shifts in the Kverkfjoll fumaroles indicate a reservoir that has
experienced extensive fluid-rock interaction. Fluid-rock interaction of meteoric water with basalt at 300 °C (grey curve) was simulated using PHREEQC, Parkhurst
and Appelo (1999) and available mineral-water isotope fractionation factors (Kleine et al., 2020, Supplementary Information) (b) Measured 3He/*He versus the X-
factor (i.e., “He/?°Ne normalized to air). Mixing lines are shown for mixing between air and components with He/*He of 10 Ry and 8.5 Ry, corresponding to the
average *He/*He signatures of Askja and Kverkfjoll signatures, respectively. The X factor is used to quantify air contamination in the sample, and is calculated as X =
[oke e ]  (e.g., Hilton, 1996). All samples have high X values (>>10), signaling minimal air contamination. Kverkfjoll samples plot within the mid-ocean

20Ne} sample/ [ZONe} air
ridge basalt (MORB) field (8 + 1 RA; Graham, 2002), whereas higher *He/*He at Askja suggest a component derived from the high-*He/*He component of the
Iceland plume (>30 Ru, Hardardottir et al., 2018). (¢) =S versus 8%4S in H,S(g) and SO4(1q). The 834S-H28 values of the Askja fumaroles are consistent with a
magmatic gas source for S. The positive 5>4S-S0,4 of hot springs is compatible with oxidation of £5?~ from a one-phase reservoir (Hveragil) liquid or fumarolic H,S
(Lake Oskjuvatn). Mixing line between the estimated Kverkfjoll reservoir liquid composition and meteoric water (Stefinsson et al., 2015) is shown with a blue dashed
line. (d) =CO, versus 8'3C. Model curves for depressurization boiling are shown for both liquid (tan) and vapor (dark brown) phases in (a), (c) and (d). Analytical
uncertainties (1) are smaller than the sizes of the symbols except for *He/*He. Red and green stars and boxes indicate the average values and variation of modelled
reservoir fluid compositions of Kverkfjoll and Askja, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Oceanographic Institute, US, following methods outlined in Barry et al. ThermoFischer MAT 253 IRMS, according to the protocol provided by
(2022). The helium isotope ratios (PHe/*He) are reported relative to the Fiebig et al. (2004, 2007). The estimated analytical uncertainty (10) is

atmospheric ratio (R, = 1.4 x 107°) and corrected for air contamination 40.2%o. The 5'3C-CO, compositions in alkali vapor condensates were
using “He/?°Ne (Hilton, 1996). The measured “He/?’Ne (15-344, or X analyzed at IES using Cavity ring-down spectrometers of a Picarro G
= 48-1415, where X is the air-normalized *He/?°Ne ratio (Hilton, G2201-I isotope analyzer, equipped with a Automate FX sample prep-
1996)) result in only minor 3He/*He corrections (0.00 to 0.12 R.) aration device for CO; extraction form the samples. The estimated
indicating that the samples are relatively unaffected by air- analytical uncertainty (1o) is £0.3%o. Data are reported in 8 notation
contamination. The estimated instrumental uncertainty (20) is be- relative to the Vienna Pee Dee Belemnite (VPDB).

tween 0.22 and 0.44 R,

3.5. Sulfur isotope sampling and analysis
3.4. Carbon isotope sampling and analysis
Sulfate (SO4) in 6 water samples was precipitated as BaSO4(s) by

Samples for 5!3C-CO, analysis were collected as dry-gas or as steam adding excess 1 M BaCl, solution to a sample aliquot. The sample was
condensate in alkali solutions. The 8'3C-CO, composition in dry-gas then filtered through a 0.2 pm cellulose acetate filter and the BaSO4
samples was measured at the Goethe University Frankfurt, Germany, precipitate collected from the filter paper in deionized water, and dried.

with a Flash EA 1112 (Thermo) linked to the continuous flow system of a Analogously, sulfide (H,S) in 14 fumarole gases was precipitated as ZnS
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(s) by adding excess 1 M Zn-acetate solution to the gas condensates. The
gas condensate containing ZnS(s) was then filtered, and ZnS(s) precip-
itate was collected and dried. The resulting BaSO4(s) and ZnS(s) pre-
cipitates were dissolved, purified and extracted as Ag,S(s) using “Thode”
(Thode et al., 1961) and HCI extraction protocols (Alt and Shanks III,
1998), respectively, with modifications described in Gunnarsson-Robin
et al. (2017).

All three stable sulfur isotope ratios (335/325, 34S/SZS, 365,/325) were
determined by gas source dual-inlet IRMS using a Thermo Scientific
MAT 253 at the Stable Isotope Geobiology Laboratory at the Massa-
chusetts Institute of Technology using an analytical setup detailed by
Ono et al. (2007, 2012) and Gunnarsson-Robin et al. (2017). In short,
AgoS(s) is first fluorinated at ~300 °C for >6 h, resulting in a full con-
version of S to SFe(g), which then passes a series of in-line cryogenic
traps and a chromatographic purification step before introduction to the
mass spectrometer. The samples were analyzed during the same sessions
as data reported in Ranta et al. (2022). The 345,325 data are reported in

Journal of Volcanology and Geothermal Research 436 (2023) 107776

standard § notation relative to V-CDT (Vienna Canyon Diablo Troilite).
The 335/32S and 365/32S data are reported as A%3S and A0S, defined as

A'S =n(8'S+1) —0'In(8*S +1) )
where A* denotes the deviation of §*S from a mass-dependent frac-
tionation line, where x = 33 or 36, and 6°% = 0.515 and 6% = 1.90.
Because the IAEA-S-1 lacks reference values for A%3S and A%%S, they are
anchored to the CDT scale using replicate measurements of the JAEA-S-1
reference material and average literature values of IAEA-S-1 vs. CDT. We
use IAEA-S-1 A33SCDT and A365CDT values of of +0.109 and — 0.730%eo,
respectively (Ranta et al., 2022). Repeat measurements of IAEA-S-1
yield respective 53*s, A33S and A%6S values of —1.19+0.17%o, +0.100
+0.004%0 and —0.669+0.068%o, relative to the MIT reference gas SG1.
The analytical uncertainties are 0.12, 0.004, and 0.086 %o (all 1c) for
5%4s, A%S and A%°S, respectively, based on the long-term reproduc-
ibility of an in-house Ag,S (Sigma Aldrich) standard.

Table 1
Chemical and isotope compostion of water samples.

Sample ID Location Type" Latitude (N) Longitude (W) T pH Si0, B Na K Ca Mg Fe
°C ppm ppm ppm ppm ppm ppm ppm

Kverkfjoll

18-ER/KVK-01 Kreppa tributary cs 64°42.576’ 016°28.952’ 5 7.54 8.15 b.d. 1.82 0.25 2.55 1.15 0.008

18-ER/KVK-02 Hveragil tr 64°41.589’ 016°30.756’ 35 8.90 113 0.176 182 15.9 15.2 26.5 b.d.

18-ER/KVK-03 Hveragil tr 64°41.642’ 016°30.661" 22 8.10 50.3 0.080 97.6 6.57 12.9 22.6 b.d.

18-ER/KVK-04 Hveragil tr 64°41.619° 016°30.675° 19 8.01 43.9 0.067 84.7 5.71 12.7 20.5 b.d.

18-ER/KVK-05 Lindad cs 64°48.319° 016°22.314 3 8.49 16.2 0.022 19.8 0.97 5.10 5.04 b.d.

18-ER/KVK-06 Sigurdarskali cs 64°44.812’ 016°37.963’ 6 7.18 9.46 b.d. 4.12 0.38 8.11 2.23 0.006

18-ER/KVK-07 Volga tr 64°44.135’ 016°40.125° 20 7.76 96.1 0.661 93.6 9.46 22.8 11.2 0.011

18-ER/KVK-08 Hveragil tr 64°41.158’ 016°31.684° 35 8.54 96.4 0.184 199 15.2 109 27.6 0.030

18-ER/KVK-09 Hveragil tr 64°41.149° 016°31.623° 44 8.57 130 0.201 204 18.4 17.9 28.2 b.d.

18-ER/KVK-10 Arnardalsa cs 65°07.473° 015°58.036’ 3 8.94 16.9 0.015 12.2 0.41 4.81 1.49 0.024

19-EM-KVK-1 Hveragil tr 64°41.080° 016°31.698° 48 8.45 132 0.190 202 19.7 18.1 27.9 0.008

19-ER/KVK-07 Gengissig s 64°40.187° 016°41.177° 10 6.64 59.0 0.070 14.5 2.89 42.1 5.24 b.d.

19-ER/KVK-08 Hveragil, upper cs 64°40.705’ 016°32.158’ 2 7.83 6.90 b.d. 5.66 0.30 8.12 1.73 0.031

19-ER/KVK-10 Volga tr 64°43.318’ 016°40.933° 26 7.79 110 0.744 106 11.5 23.0 10.6 0.025

Askja

18-ER/ASK-05 Oskjuvatn 1 65°02.722’ 016°43.515’ 13 6.96 93.6 0.352 130 6.65 108 29.5 0.281

18-ER/ASK-06 éskjuvatn ts 65°02.738’ 016°43.545’ 52 6.41 142 0.576 205 10.4 336 81.9 2.46

18-ER/ASK-07 Viti ts 65°02.787° 016°43.520° 20 2.43 156 0.090 12.0 3.55 46.0 19.8 29.5

18-ER/ASK-08 Viti ts 65°02.817° 016°43.590° 20 2.45 155 0.084 8.43 1.75 43.0 18.9 28.9

18-ER/ASK-09 NE Askja caldera cs 65°03.345’ 016°37.575’ 1 7.68 14.2 0.014 8.38 0.35 10.5 2.49 0.294

19-ER/ASK-01 f)skjuvatn ts 65°02.173’ 016°42.295 50 7.86 153 0.077 113 6.43 44.3 11.7 0.018

19-ER/Jok-01 Jokulsaa-a-Fjollum cs 65°00.850” 016°15.055’ 6 8.08 17.0 2.74 15.8 0.83 139 4.36 0.120

Sample ID Al F cl 2CO, N 8D-H,0 5180-H,0 5°*Sy.cp1-S04 A%3ScpT-S0, A%0Scp1-S04

ppm ppm ppm ppm ppm %o Yoo Y00 %o %o

Kverkfjoll

18-ER/KVK-01 0.028 0.04 0.78 37.0 0.87 —99.3 —13.63

18-ER/KVK-02 0.023 0.77 35.3 570 32.9 —-104.1 —-14.19

18-ER/KVK-03 0.017 0.48 13.7 253 19.8 —-102.2 —-14.10

18-ER/KVK-04 0.018 0.42 11.5 229 17.4 —100.4 —14.01

18-ER/KVK-05 0.024 0.15 3.74 53.0 6.24 —100.1 —-13.91

18-ER/KVK-06 0.025 0.08 0.55 23.0 10.1 —99.5 —13.62

18-ER/KVK-07 0.049 0.51 52.7 165 50.4 —103.8 —13.96 2.46 +0.12 —0.003 +0.014 0.049 +0.041

18-ER/KVK-08 0.068 0.76 33.8 399 43.7 —102.8 —14.03

18-ER/KVK-09 0.046 0.85 40.7 431 35.8 —105.4 —14.32 4.89 +0.12 —0.007 +0.007 0.062 +0.054

18-ER/KVK-10 0.084 0.13 1.78 34.0 2.0 —89.9 —-12.34

19-EM-KVK-1 0.009 39.4 384 35.2 —103.6 —14.34 4.57 +0.12 0.004 +0.014 0.023 +0.025

19-ER/KVK-07 b.d. b.d. 68.0 103 —99.5 -13.27

19-ER/KVK-08 0.039 b.d. 39.0 1.11 —95.2 —13.30

19-ER/KVK-10 0.015 60.5 180 49.7 —101.8 —13.56

Askja

18-ER/ASK-05 13.5 0.53 46.5 163 462 —90.2 —11.62 3.68 +0.12 —0.010 +0.025 0.042 +0.090

18-ER/ASK-06 13.6 0.06 141 628 822 —-91.2 -11.77 5.69 +0.12 0.015 +0.010 0.011 +0.063

18-ER/ASK-07 13.5 0.02 4.70 b.d. 492 —76.2 -7.71

18-ER/ASK-08 13.7 0.02 1.59 b.d. 496 -76.8 —7.69 —1.85 +0.12 0.020 +0.006 —0.116 +0.073

18-ER/ASK-09 0.160 0.10 1.33 34.0 17.9 -92.5 —12.94

19-ER/ASK-01 0.025 4.57 221 142 —89.15 -12.1

19-ER/J0ok-01 0.114 b.d. 64.0 11.6 —104.50 —14.7

b.d. = below detection.
? ¢s = cold stream or river; tr = thermal river; | = lake; ts = thermal spring.
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4. Results
4.1. Water compositions

The chemical compositions of non-thermal and thermal waters are
reported in Table 1 and Figs. S1-S3. The non-thermal waters collected at
both localities are characterized by low total dissolved solid concen-
trations (TDS; 53-130 ppm) and low total dissolved carbon (ZCO, =
23-53 ppm) and SO4 (0.9-18 ppm) content (Fig. S2a).

At Kverkfjoll, the thermal Hveragil river water has low SO4 contents
(17-44 ppm) coupled to high £CO5 content (up to 580 ppm), neutral to
alkaline pH values (7.2-8.9) and moderate temperatures (18.7-61.5 °C;
Fig. S2a). The B, Cl, SiO, (Fig. S1) and XCO; concentrations of the
Hveragil all show a positive linear correlation with temperature.

At Askja, the Lake Oskjuvatn water has low temperature (T =
12.5 °C), close to neutral pH (7.0), and elevated SO4 content (460 ppm)
and relatively high concentrations of £CO; (163 ppm), SiO5 (94 ppm)
and Cl (46 ppm). The Viti crater lake water is warm (T = 20 °C) and
acidic (pH = 2.5), with low concentrations of XCO; (below detection
limit) and CI (1.6-4.7 ppm), but high concentrations of SO4 (490 ppm)
and SiO; (155 ppm). A circumneutral hot spring (pH = 6.4, T = 52 °C)
on the outer southern rim of the Viti crater was found to have anomalous
high concentrations of XCO» (628 ppm), SO4 (822 ppm), Cl (141 ppm)
and SiO; (142 ppm).

4.2. Fumarole compositions

The vapor compositions of fumarole discharges at Kverkfjoll and
Askja are reported in Table 2 and shown in Figs. S2 and S3 together with
previously published data (Poreda et al., 1992; Olafsson et al., 2000;
Byrne et al., 2021; Stefansson, 2017). The fumarole discharges at
Kverkfjoll are dominated by water (H20 = 98.3-99.7 mol%), which is
typical for Icelandic fumaroles (Stefansson, 2017), followed by COy
(2450-15,510 pmol/mol) and HyS (94-631 pmol/mol; Fig. S2c). The
CHy4 concentrations at Kverkfjoll (1.6-15.0 pmol/mol) are generally
higher than at Askja at (0.9-3.6 pmol/mol; Fig. S2d). The fumarole
discharge at Askja has lower water content (Hy0 = 96.7-98.0 mol%)
compared to most other Icelandic hydrothermal areas (Stefansson,
2017), followed by CO2 (18650-31,980 pmol/mol) and HyS (790-1770
pmol/mol). A fumarole sample from Sudurbotnar has an anomalous
composition, with HyS concentrations below detection and high CH4
(10 pmol/mol). No significant temporal changes are observed in the
available vapor major gas data from Kverkfjoll and Askja from 1983 to
present (Poreda et al., 1992; Olafsson et al., 2000).

4.3. Hydrogen and oxygen isotopes

Non-thermal stream waters in the Kverkfjoll area (n = 4) have 6D
values between —100.1 and —95.2 %o and §'%0 values between —13.9
and —13.3 %, falling approximately on the Global Meteoric Water Line
(GMWL; 8D = 8 x §'%0 + 10; Fig. 3a, Table 1). These values agree well
with the local precipitation in the central highlands (Arnason, 1976).
The thermal Hveragil water records 5D and 5'80 values extending from
local non-thermal waters down to lower values of —107.8% and —14.5
%o, respectively. The Kverkfjoll fumaroles record some of the lowest D
and 8'%0 values in Iceland, with fumarole vapors from Hveratagl
showing values as low as —140.8 and —19.7 %o (Olafsson et al., 2000;
Fig. 3a). Kverkfjoll fumaroles with higher 8D and §'%0 values (up to
—108 %o and —10 %o, respectively) tend to have positive A'®0 (differ-
ence in 8'%0 between the sample and GMWL at a given 8D value).

Local melt water stream at Askja has 8D and 6'°0 values of —92.5
and —12.9 %o, respectively, reflecting the local precipitation (Arnason,
1976). Near-shore samples taken from lake Oskjuvatn have higher 8D
and 580 values and display minor positive A0 relative to GMWL. The
highest 5D, 5'80 and A'%0 values at Askja are recorded from Viti at
—76.2 %o, —7.7 %o and +3 %o, respectively. Compared to the thermal and
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non-thermal waters, the Askja fumaroles have more negative 8D (be-
tween —124 and —104 %o) and 5'%0 (—17.3 to —14.0 %o), and plot close
to the GMWL.

4.4. Helium isotopes

Fumarole vapor helium isotope (*He/*He) compositions from
Kverkfjoll and Askja are reported in Table 2 and Fig. 3b and S5 together
with previously reported data (Poreda et al., 1992; Fiiri et al., 2010;
Byrne et al., 2021). The air-corrected 3He/*He are 8.28-8.70 R./Ry for
Kverkfjoll and 10.15-10.33 R./Ry for Askja (this study, Byrne et al.,
2021). These recent values agree within error with *He/*He values of
8.54-8.84 R, (Kverkfjoll) and 10.45 R, (Askja) measured about 30 years
prior by Poreda et al. (1992), and 8.43-9.14 R, (Kverkfjoll) and
9.08-9.70 R, (Askja) measured about 10 years prior by Fiiri et al.
(2010). Generally, the *He/*He measured in fumaroles and hot springs
at Kverkfjoll and Askja are similar to ®He/*He measured in olivine
crystals and basaltic glasses least affected by degassing in Pleistocene
lavas from the two volcanoes (Macpherson and Mattey, 1994; Hard-
ardéttir et al., 2018).

4.5. Carbon isotopes

The §'3C-CO, composition from Kverkfjoll and Askja are reported in
Table 2 and Fig. 3d. The values obtained here of —0.2 to —2.7 %o for
Kverkfjoll and — 2.9 to —3.4 %o for Askja are similar but slightly less
negative than published fumarole §'3C-CO, data of —2.0 to —4.1 %o for
Kverkfjoll and —3.4 to —4.2 %o for Askja (Poreda et al., 1992; Barry et al.,
2014).

4.6. Sulfur isotopes

The multiple sulfur isotope compositions (6345 and A33S) of HsS from
12 fumaroles and SO4 for 5 thermal waters are reported in Tables 1 and 2
and Fig. 3c. The 634S-H25 values in fumaroles from Kverkfjoll (+1.14 to
+4.82 %o) are more positive relative to Askja (—1.47 to +1.28 %eo;
Fig. 3c). The A%3S-H,S values of the Kverkfjoll and Askja fumaroles show
a similar range of (—0.031 to +0.003 %o). The thermal waters have 534s-
SO, values ranging from —1.85 to +5.69 %o and A%*S-50, values from
—0.010 to +0.020 %o.

The range of 5%*S values at Askja is typical of meteoric water-fed
VHSs in Iceland such as Kerlingarfjoll, Geysir and Krafla (Stefansson
et al., 2015; Gunnarsson-Robin et al., 2017), whereas the 5%S values of
the Kverkfjoll fumaroles are more positive. The A®3S compositions of
Kverkfjoll and Askja fumaroles and thermal waters are similar to those
previously reported from hydrothermal wells, fumaroles and hot springs
from meteoric water-fed VHSs in Iceland (Stefansson et al., 2015;
Gunnarsson-Robin et al., 2017, 2020), and indistinguishable from the
A33s range of Icelandic basalts (—0.045 to +0.016; Ranta et al., 2022).

5. Discussion

Our aim in the discussion is to determine the volatile contribution of
intrusive magmatic degassing into hydrothermal fluids in Iceland. First,
we estimate the isotopic and elemental source fluid compositions of
Askja and Kverkfjoll by modelling the effects of shallow hydrothermal
processes on the chemistry of surface fluids (5.1). Second, we approxi-
mate the isotopic and elemental compositions of magmatic gases by
employing volatile solubility models that simulate degassing of
ascending basaltic intrusions (5.2). Then, we compare the modelling
results to evaluate whether chemical fingerprints of magmatic gases are
present in the hydrothermal fluids (5.3). Finally, we use volatile flux
calculations to assess, in terms of mass balance, whether and what types
of magmatic degassing are the most plausible sources of magmatic
volatiles in hydrothermal systems of Iceland (5.4 and 5.5).
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Table 2
Chemical and isotope compostion of fumarole vapor.
Sample Location Latitude (N)  Longitude (W) H,0 CO2 HoS Hy Oz N2 Ar CH,4
pmol/ pmol/ pmol/ pmol/ pmol/ pmol/ pmol/ pmol/
mol mol mol mol mol mol mol mol

Kverkfjoll
19-ER/KVK-

01 Efri Hveradalur 64°40'21.2” 016°41'35.6” 996,605 2799 237 338 0.56 16 0.2 3.9
19-ER/KVK-

02 Efri Hveradalur 64°40'16.1” 016°41'38.2” 993,266 6294 224 156 1.40 49 1.2 8.4
19-ER/KVK-

03 Efri Hveradalur 64°40'36.8” 016°41'17.3” 994,031 5431 262 226 0.44 36 0.9 12.2
19-ER/KVK- Nedri

04 Hveradalur 64°40'38.7” 016°41'19.5” 994,778 4482 293 340 0.80 94 1.3 9.0
19-ER/KVK-

05 Galtarlén 64°40'30.5” 016°41'32.9” 996,823 2453 414 51 8.90 243 3.3 4.8
19-ER/KVK-

06 Gengissig 64°40'15.4” 016°41'04.7” 993,023 6649 140 148 0.58 30 0.5 10.2
17-KVE-01" Hveratagl 987,143 11,331 345 687 1.02 478 7.2 7.7
17-KVE-02° Hveratagl 983,415 15,506 631 374 0.97 59 1.2 12.0
17-KVE-03" Hveratagl
Askja
17-ASK-01° Viti 980,054 18,653 963 250 0.43 70 8.9 2.4
17-ASK-02" Viti 979,968 18,673 794 522 1.63 39 0.9 0.97
18-ER/ASK-

01 Viti 65°02'49.5” 016°43'26.8” 977,123 20,538 1654 635 0.84 47 1.0 0.90
18-ER/ASK-

02 Viti 65°02'49.2” 016°43'26.6 974,911 23,091 1195 514 5.15 277 4.7 1.46
18-ER/ASK-

03 Viti 65°02'49.0” 016°43'25.6” 969,275 28,619 1769 160 3.43 166 4.2 3.59
18-ER/ASK-

04 Viti 65°02'47.2” 016°43'28.8” 973,050 25,319 1541 8 0.35 78 21 1.14
19-ER/ASK-

02 Sudurbotnar 65°00'57.7” 016°40'56.0” 967,167 31,982 b.d. 282 20 530 8.0 10.0
Sample 51%0- “He He/*He SHe/*He  *He/*Ne X 513¢-co, 5%*Sy.cpr-HaS A%3Scpr-HaS A%°Scpr-HaS

H,0
%o cm®STP/cm? Ru/Ra” Re/Ry’ %o %o %o %o
x107)
Kverkfjoll
19-ER/ —10.85 11.6 8.47 +0.28 8.57 24.10 75.6 -1.5 +0.2 4.82 +0.12 —0.031 +0.013 0.280 +0.111

KVK-01
19-ER/ —11.80 8.2 8.28 +0.22 8.43 15.30 48.0 -0.2 +0.2 4.65 +0.12 —0.013 +0.013 0.206 +0.073

KVK-02
19-ER/ —-12.36 20.6 8.37 +0.27 8.44 33.92 106 -2.7 +0.3 2.22 +0.12 —0.005 +0.005 0.157 +0.036

KVK-03
19-ER/ —-13.79 21.8 8.52 +0.22 8.56 56.30 177 2.13 +0.12 —0.012 +0.010 0.205 +0.067

KVK-04
19-ER/ -11.79 8.6 8.58 +0.32 8.70 21.11 66.3 -2.1 +0.3 1.26 +0.12 0.003 +0.007 0.164 +0.054

KVK-05
19-ER/ —13.95 23.1 8.24 +0.27 8.28 47.51 149 —2.6 +0.3 3.01 +0.12 —0.012 +0.012 0.133 +0.059

KVK-06
17-KVE-01° 126.0 8.30 +0.34 8.35 37.70 157 3.63 +0.12 —0.015 +0.011 0.225 +0.034
17-KVE-02° 112.0 8.42 +0.33 8.44 142.5 587 1.41 +0.12 —0.008 +0.005 0.043 +0.067
17-KVE-03" 1.14 +0.12 —0.001 +0.017 0.058 +0.031
Askja
17-ASK-01" 47.1 10.33 +0.40 10.33 318.2 1316 —-1.47 +0.12 —0.002 +0.007 0.049 +0.064
17-ASK-02" 43.3 10.15 +0.42 10.15 343.7 1415
18-ER/ —14.22 15.49 10.23 +0.44 10.26 103.8 326 -3.4 +0.3 1.14 +0.12 —0.012 +0.014 0.032 +0.076

ASK-01
18-ER/ —-17.26 -3.0 +0.3 1.28 +0.12 -0.017 +0.008 0.243 +0.064

ASK-02
18-ER/ —16.52 -2.9 +0.3 0.13 +0.12 —0.012 +0.009 0.075 +0.046

ASK-03
18-ER/ —13.96 -3.1 +0.3 —-1.24 +0.12 0.002 +0.005 0.087 +0.097

ASK-04
19-ER/

ASK-02

# Major gases and He—Ne isotopes from Byrne et al. (2021).
b Measured air-normalized *He/*He ratio.

¢ Air-corrected *He/*He ratio.

4 Measured air-normalized “He/?°Ne ratio (Hilton, 1996).
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5.1. Hydrothermal source fluid composition and secondary processes

The elemental and isotopic compositions of thermal fluids sampled
at the surface are affected by shallow secondary processes such as
depressurization boiling, mixing, conductive cooling, oxidation and
fluid-rock reactions (e.g., Arnorsson et al., 2007). These processes need
to be accounted for and quantified in order to estimate the composition
of the hydrothermal source fluid, here termed the ‘reservoir fluid’.

The temperature and composition of the reservoir fluid of Kverkfjoll,
taken to be a single-phase liquid, were reconstructed from the measured
compositions of fumaroles and the Hveragil thermal water using the
silica-enthalpy method (Fig. S1; Truesdell and Fournier, 1977) and gas
thermometers (Arnorsson and Gunnlaugsson, 1985; Arnorsson et al.,
1998; Byrne et al., 2021), as well as additional standard techniques
outlined in the footnotes of Table 3 and in the Supplementary

Table 3

Reservoir fluid compositions.
Entity Unit Kverkfjoll Askja Method
T °C 280+30 270420 a
pH 6.8 b
SiOy ppm 525 a
B ppm 0.76 c
Na ppm 270 d
K ppm 24 d
Ca ppm 0.16 d
Mg ppm 0.002 d
Fe ppm 0.26 d
Al ppm 0.53 d
F ppm 3.71 c
Cl ppm 164 c
CO, ppm 5400 22,100 e
H,S ppm 200 450 e
Hy ppm 12 17 e
5°H-H,0 %o —95.2+4.7 f
5'%0-H,0 %o -9.241.1 f
5'3¢c-co, %o —2.1+41.1 —3.440.4 g
5%*S-H,S %o +0.9+1.4 —0.3£1.3 h
A**S-H,S %o —0.006+0.010 —0.012+0.008 h

a.

Calculated based on the SiO»-enthalpy geothermometry assuming quartz solu-
bility in the reservoir and adiabatic boiling to 100 °C together with gas H,S/Ar
and Hy/Ar geothermometry (Arnorsson et al., 1998).

b.

Stefansson and Arnérsson (2002)

c.

Calculated based on Cl concentration and linear relationship between elemental,
SiO, and Cl ageuous concentrations.

d.

Based on temperature dependence of ion to proton ratios proposed by Arnérsson
et al. (1983) and Stefansson and Arnorsson (2000)

based on quartz solubility (Gunnarsson and Arndrsson, 2000), adiabatic boiling
to 100 °C and SiO,-enthalpy plot.

e.

Based on fumarole vapor compostion and assuming adiabatic boiling to reser-
voir temperatures and liquid only reservoir fluids.

f.

Calculated from fumarole fluid isotope compostion taking into account adiabatic
boiling from reservor liquid to 100 °C and using isotope equilibrium fraction-
ation of Horita and Wesolowski (1994)

Calculated from fumarole fluid isotope composition, taking into account adia-
batic boiling from reservor liquid to 100 °C, aqueous and gaseous speciation and
assuming isotope equilibrium fractionation. Fractionation factors taken from
Stefansson et al. (2016b). For Askja, the given 5'°C is based on an average and 16
of 613C—C02 values reported by Poreda et al. (1992) and Barry et al. (2014).

h.

Calculated from fumarole fluid isotope composition, taking into account adia-
batic boiling from reservor liquid to 100 °C, aqueous and gaseous speciation and
assuming isotope equilibrium fractionation. Fractionation factors from
Stefansson et al. (2015)
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Information. The silica-enthalpy mixing model yields a reservoir liquid
temperature of ~280 °C for Kverkfjoll, which agrees well with major gas
thermometers (average of 290+30 °C, 10, for Hy, HoS, HyS/Ar and Hy/
Ar thermometers of Arnorsson et al., 1998) and noble gas thermometers
(300+30 °C; Byrne et al.,, 2021). The reconstructed reservoir fluid
composition of Kverkfjoll for selected elements is B = 0.8 ppm, Cl = 160
ppm, SiO3 = 530 ppm, £CO, = 5400 ppm and XS = 200 ppm (Table 3).
The full reservoir fluid composition of the Askja system could not be
reconstructed, because all thermal spring samples from Askja are
affected by condensed fumarole steam (resulting in low pH and high
SO4) and no surface outflows of pure or meteoric water-diluted reservoir
liquid was found.

The 5D-5'80-6'3C-A%35-53%S signature of the reservoir fluid was
estimated from the measured fumarole isotope values by modelling
equilibrium isotope fractionation between aqueous and gaseous species
upon adiabatic boiling from 280 °C to 100 °C (Fig. 3). The effect of
boiling on the speciation of C and S was calculated with the Watch 2.4
software (Bjarnason, 2010). Isotope equilibrium fractionation factors
were taken from Horita and Wesolowski (1994) for 8D and 5180, from
the compilation of Stefansson et al. (2016b) for 5'3C and from Stefans-
son et al. (2015) for A33S and §3*S. The model details are described in
Stefansson et al. (2015, 2016a, 2017) and in the Supplementary
Information.

The 8D-H,0 and §'%0-H,0 composition of the reservoir fluid for
Kverkfjoll is estimated at —95.24+4.7 %o and —9.2+1.1 %o, which plots
on the positive 5180 side of the GMWL (i.e., has a positive Al80 shift).
This suggests that the Kverkfjoll reservoir is sourced from a local
meteoric groundwater reservoir that experienced considerable water-
rock interaction (Fig. 3a). The modelled 613C—C02 value of the reser-
voir fluid is —2.1+1.1 %o (Fig. 3d), whereas the A33S and 534 ranges of
the reservoir fluids are estimated at —0.006+0.010 %o (Fig. 3c) and +0.9
+1.4 %o, respectively.

Notably, relative to the Kverkfjoll reservoir liquid at depth (280 °C),
H50 vapor at the surface (100 °C) should have more negative 6D and
5180 values, by 16 %o and 3.2 %o, respectively, assuming equilibrium
vapor-liquid fractionation during adiabatic boiling (light brown model
curve in Fig. 3a).

Thus, depressurization boiling may explain the lower 8D-Ho0(v) and
5180—H20(v) values of most of the fumaroles relative to the reservoir
liquid (Fig. 3a). By contrast, the effects of boiling on 613C-C02(v) and
634S—H2$(V) are relatively minor (smaller than —0.5%0 and +1.3 %o,
respectively) (Fig. 3) and the effect on ASSS-st(V) is insignificant
(<0.006 %0) (Supplementary Table 2). Thus, the measured 513C-COy(v)
and 634S-H25(v) values of fumaroles closely reflect the reservoir fluid
composition, although the 534S-H25(V) values and HsS concentrations in
low-gas flux fumaroles may be affected by additional shallow secondary
processes (Fig. S2b). For this reason, only the high-flux fumaroles
(defined as those with CO5 > 10 mmol/mol) are considered when
evaluating the magmatic source signatures.

5.2. Deep magmatic volatile input to volcanic hydrothermal fluids

Magmatic intrusions at ~2-6 km depth below an active volcano may
result in the development of an overlying hydrothermal system that
transports heat via a circulating fluid from depth to the surface. In
addition to heat, intrusions may supply magmatic volatiles to the hy-
drothermal system via both depressurization degassing, here termed ‘1st
degassing’, as well as crystallization-driven degassing, here termed ‘2nd
degassing’ (Edmonds and Woods, 2018; Fig. 4a).

To estimate the volatile contribution of 1st degassing to hydrother-
mal systems, we model the composition of the magmatic gas formed via
depressurization degassing from a volatile-undersaturated batch of deep
melt to higher crustal levels (Fig. 4; Table S3). As a starting composition,
we assume parental melt volatile concentrations of 1 wt% H30, 4000
ppm CO5, 1400 ppm S and 350 ppm Cl, estimated for Kverkfjoll basalts
(Ranta, 2022; Supplementary Information). Using the MagmaSat model
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calculated using SolEx v1.0 (Witham et al., 2012). The Kverkfjoll sample KVK-169 (Ranta et al., 2022) major element composition was used for model calculation

along with estimated undegassed volatile concentrations (Supplementary Informat

(Ghiorso and Gualda, 2015) implemented in the VesiCal v1.01 software
(Iacovino et al., 2021), a CO2-H,0 saturation pressure of ~5 kbars (~18
km crustal depth) is computed for our model melt. Therefore, pressure
below the thick crust of Central Iceland (~30-40 km; Jenkins et al.,
2018) is likely to be sufficiently high to suppress direct degassing of
mantle-level melts below Askja and Kverkfjoll. For pressures below 4
kbar, we use the SolEx 1.0 program (Witham et al., 2012), which cal-
culates the equilibrium H30-CO,-S-Cl composition of coexisting melt
and gas for open and closed system behavior.

The most important parameters controlling the magmatic gas
composition are the initial volatile concentrations of the melt and
pressure, i.e., the intrusive depth. We choose 2.5 bars (c. 10 km depth) as
a typical Icelandic mid-crustal basaltic magma storage region based on
similar depths indicated by geobarometry (Neave and Putirka, 2017;
Halldoérsson et al., 2018; Caracciolo et al., 2020; Ranta, 2022) as well as
seismic and geodetic studies (e.g. Gudmundsson et al., 2016; White
etal., 2019). Upon ascent to 2.5 kbar, approximately 70% of the primary
CO5 of our model melt is degassed (Fig. 4c) whereas only minor
degassing of about 0.3-0.6% H30, 2-5% S and 0.1-2% Cl is predicted.
Further magma ascent to 0.5 kbars, or ~ 2 km, chosen as an approximate
upper limit of intrusions (based on the depth of 2100 m where the IDDP-
1 drilling at the Krafla volcano in the NRZ encountered a rhyolitic
magma body; Mortensen et al., 2014), results in degassing of 95% CO»,
0.6-4% H30, 6-16% S and 0.2-3% Cl of the initial volatile content of the
melt (Fig. 4b).

Characteristically, intrusive magmatic gases formed by decompres-
sion degassing have high molar ratios of CO2/H50 (~4-40) and CO2/%S

ion).

(~12-160) (Fig. 4d) contrasting with low CO2/H50 (<1) and CO2/XS
(<2) associated with eruptive degassing (cf. Aiuppa et al., 2007). These
differences between intrusive and eruptive magmatic gas compositions
reflect the higher melt solubilities of HyO and S relative to CO at lower
pressures (>0.5 kbar).
Degassing causes isotopic fractionation between the melt and the
exsolving gas (Fig. 5). Thus, the magmatic gas will in general have a
slightly different 5'3C-53%S composition from its source melt. We esti-
mate the §'3C-CO5 and 83%S-=S (where TS = HyS + SO2) compositions of
magmatic gases degassing from intrusions at different crustal depths by
combining elemental degassing model with an isotope fractionation
model simulating open and closed system degassing (Fig. 5). For 8'°C,
we use a source 8'3C signature of —5 %o, similar to the depleted MORB
mantle (DMM) (Marty and Zimmermann, 1999; Barry et al., 2014).
Initially, deep magmatic gas has a more positive 53C-CO; (as high as
—0.2 %o) relative to the source melt due to a positive vapor-melt frac-
tionation factor (ABCV_m = +4.34+0.5 %o; Barry et al., 2014; see also
Javoy et al., 1978). During progressive ascent and closed system
degassing, the 8'3C-CO, value of the gas phase approaches the initial
melt value, reaching —4.2 %o at 2.5 kbar and —4.8 %o at 0.5 kbar. On the
other hand, extensive open system degassing of CO5 may lead to highly
negative gas 5'°C-CO, values (<—10 %s; Fig. $4). Such low 5'3C values
are observed in Icelandic subglacial glasses that are highly degassed
with respect to CO, (Barry et al., 2014), but are not observed in fuma-
rolic COs. The 834S-2S(v) becomes either more negative or slightly more
positive than initial melt depending on the melt and gas redox states
(Mandeville et al., 2009). However, because only minor degassing of S
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Fig. 5. Modelled carbon and sulfur isotopic compo-
sitions of magmatic gas upon decompression degass-
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T LI T T I 0 compositions of an exsolved magmatic gas and the
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0.5 paths. The 8'3C-CO, value of magmatic gas is initially
close to 0 %o, but becomes lower with decreasing
intrusion depth, approaching the initial melt value of
11.0 —5 %o. The magmatic gas 5>4S-£S value may be either
slightly more positive or negative depending on the
15 melt and gas redox states (Mandeville et al., 2009).
However, because only minor degassing of H,O and S
occur during melt ascent to up to 0.5 kbar, all in-
42.0 ’-U trusions have similar §3*S-£S values. For §'3C,
~~ signature of the depleted MORB mantle (DMM) of —5
25 W‘ +1 %o (Marty and Zimmermann, 1999) is used as the
: U‘ initial melt value, as the §'3C of the Icelandic mantle
93 is indistinguishable from DMM (Barry et al., 2014).
43.0 5/ For CO, degassing, A3C,.m, was chosen as +4.3+0.5
%o (Barry et al., 2014). The initial melting composi-
35 tion for 84S (—1.39 %) is the average Kverkfjoll glass
: values reported by Ranta et al. (2022). A range of
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PR ] . . 34 .
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occurs during melt ascent (~6-16 %o up to 0.5 kbar), the 534S-3S values
of both deep and shallow magmatic gases remain close to the initial melt
signatures (between —1.6 to —0.5 %o; Fig. 5). Thus, §°C-CO, of
magmatic gas is a more sensitive indicator of intrusion depth than §°*S
and could potentially be used as a tool to discriminate between deep and
shallow magma sources.

Although 2nd degassing of ageing intrusions likely plays an impor-
tant role in the overall magmatic fluid input into hydrothermal systems,
the temporal and compositional evolution of such fluids is a subject of
considerable complexity (e.g., Parmigiani et al., 2017) and a detailed
volatile degassing model is outside the scope of the present work. Based
on the relative solubilities of the main volatiles, a cooling basaltic
intrusion should produce a magmatic gas with progressively lower COy/
H,0 and CO4/XS, eventually losing all of its initial CO5 and most of its S
and H0. Crystallization of water-poor minerals maintains a cooling
intrusion at fluid saturation, leading to a passive supply of magmatic
fluids to the hydrothermal domain. Crystallization-driven degassing of
intrusions may follow open system degassing paths, producing
magmatic gases with much more negative 5'3C-CO, values relative to
closed-system degassing (Fig. S4). The 5°4S-£S signature of magmatic
gases produced by 2nd degassing is harder to predict, as both the
magnitude and sign of the vapor-melt fractionation factor A34S,., will
depend on the redox evolution of the intrusion during crystallization
(Mandeville et al., 2009; Fig. 5). A factor that complicates the inter-
pretation of VHS volatile signatures is that a single hydrothermal area
may simultaneously receive input of magmatic gases from intrusions at
different depths and of different ages. Thus, the observed gases at the
surface may reflect juxtaposing chemical signals derived from both
decompression and crystallization-driven degassing.

Further, we note that the small fraction of magmatic water in
meteoric water-dominated VHSs, such as Askja and Kverkfjoll, prevents
its detection based on 8D-5'%0 values. Assuming that CO5 in fumaroles is
derived from magmatic gas (CO2/H20 =~ 6-10; Fig. 4d), the proportion
of magmatic water in the Askja and Kverkfjoll fumaroles (CO2/H20 =
0.002-0.03) is at most 0.3 mol%. This would result in 8D and 5180 shifts
of <0.4 %o and 0.1%c—similar to the uncertainty of the 8D-5!%0
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measurements—when assuming 8D and 580 values for the magmatic
water of —50 %o and + 4%o, respectively, representative for Kverkfjoll
(Marshall et al., 2022; Ranta, 2022). For this reason, trends toward
magmatic water components seen in 8D-5'0 graphs at many subduc-
tion zone volcanoes (e.g., Giggenbach, 1992; Taran et al., 2018),
indicative of degassing of shallow, water-rich magma bodies, have not
been observed at Icelandic VHSs.

5.3. Volatile sources and secondary processes

The §'3C-CO, and CO,/=S values of fumarolic gases can be used to
evaluate whether the source of carbon is magmatic gas or leaching (or
dissolution) of crustal rocks (Fig. 6). This is possible because the Ice-
landic crust is igneous, with low COy/%S (~0.003-0.008) and highly
negative 613C—C02 (<=5 %o; Barry et al., 2014), contrasting with
intrusive magmatic gases that have high CO2/%S (>>1) and less nega-
tive 5'3C-CO4 (>—5 %o) (Figs. 3d and 6).

The high-flux fumaroles at both Askja and Kverkfjoll converge to-
ward COy/%S of ~13-25 (Figs. S2d and 6a), which we interpret as a
primary CO2/ZS range prior to shallow modifications by secondary
processes occurring within the hydrothermal system upon fluid ascent to
surface. This range of CO2/XS is compatible with magmatic gas origi-
nating via decompression degassing from basaltic intrusions at >0.5
kbar (Fig. 6a). Shallower processes in fumarole conduits may influence
the COy/%S ratio in low-flux fumaroles. For example, abnormally high
CO2/XS seen in some low-gas flux Kverkfjoll fumaroles from Efri Hver-
adalur may result from sulfide fixation (Fig. S2b). CO2 sequestration by
hydrothermal calcite in high-temperature hydrothermal systems in
Iceland is likely insignificant, based on mantle-like CO2/>He and &'3C-
CO9 of fumaroles (Barry et al., 2014), and should thus not affect
measured CO5/XS or 613C-C02.

The average fumarolic 8'3C-CO, in Askja is —3.4+0.4 %, close to the
average of Icelandic VHSs of approximately —4 %o (Poreda et al., 1992;
Barry et al., 2014). The 8'3C-CO; values of the Kverkfjoll fumaroles
(from —4.1 to —0.2%0 with an average of —2.2+1.1 %o0) and the esti-
mated reservoir fluid (—2.14+1.1 %o) are slightly higher, which could
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Fig. 6. Geochemical signatures of magmatic gases. (a) CO, versus £S. Measured
fumarole and estimated reservoir compositions of Kverkfjoll and Askja (red and
green stars, respectively) both display CO2/XS values that resemble deep (>0.5
kbar) magmatic gases. A mixing line between a meteoric water component and
magmatic gas (purple dashed line) implies ~0.5 to 3%o input of magmatic gas to
the reservoir fluid. The effect of depressurization boiling (light brown dashed
line) on the CO,/ES ratio is small. (b) 5'3C versus 5**S. A field of magmatic gas
compositions from closed-system degassing is shown in grey. Subfields show the
estimated §!3C of magmatic gases at a given intrusion pressure. The fields of
degassed rocks (brown) are drawn after Torssander (1989), Fiiri et al. (2010)
and Barry et al. (2014). (c) Measured SHe/*He versus 513C—C02. The 813C—C02
values of both Askja and Kverkfjoll fumaroles are distributed between the esti-
mated Iceland mantle value (taken as the MORB value of —5+1 %o; Marty and
Zimmermann, 1999; Barry et al., 2014) and more positive 51%C-CO, values
estimated for magmatic gases from intrusions between 0.5 and 5 kbar (crimson
dashed line), whereas the He/*He is not affected by degassing and is relatively
invariable within each system. This observation is consistent with fumarole CO,
being sourced from decompression degassing of intrusions at different crustal
levels, rather than being derived from 2nd degassing or the host rocks, which are
likely to have more negative 5'3C relative to source value. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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indicate that COy in Kverkfjoll is sourced from deeper (>4 kbar) in-
trusions (Fig. 6b). Thus, both COy/XS and 613C—C02 fumarole data
suggest that the source of CO, (and S) at Askja and Kverkfjoll—and at
Icelandic VHSs in general—is deep magmatic degassing from basaltic
intrusions at various crustal levels from ~2 to ~20 km.

The high concentrations of magmatic CO, and HsS in Askja fuma-
roles relative to other Icelandic hydrothermal systems are consistent
with persistent lower crustal intrusive magmatism beneath the central
volcano. Seismic tomographic imaging indicates a semi-continuous se-
ries of magma storage zones beneath the volcano, with main melt res-
ervoirs located at depths of 5 and 9 km (Mitchell et al., 2013; Greenfield
et al.,, 2016). Deep (~20 km) and frequently occurring earthquake
swarms beneath the Oskjuvatn caldera that coincide with a region of
slow S-wave velocities indicate a continuous supply of deep magmatic
injections to the lower crust (Greenfield and White, 2015; Greenfield
et al.,, 2016). The deep earthquakes, which occur below the brittle-
ductile boundary, could be caused by injection of a CO,-rich volatile
phase into faults (Greenfield and White, 2015). Decompression degass-
ing of high-frequency deep-sourced melt injections in a multi-tier
magma storage system could thus be a feasible source of a near-
continuous deep supply of COz-dominated magmatic gas to the hydro-
thermal system of Askja and Icelandic volcanoes in general (Greenfield
and White, 2015; White et al., 2019).

Like with carbon, sulfur isotope ratios of hydrothermal fluids can
help constrain the sources of S, and to identify secondary shallow pro-
cesses that take place during the upflow (Ohmoto and Lasaga, 1982; Ono
et al., 2007; Marini et al., 2011; Stefansson et al., 2015; Gunnarsson-
Robin et al., 2017; Kleine et al., 2021). The reaction pathway of sulfur
during its passage from the magma to the surface through a hydro-
thermal system is more complex than that of carbon due to its multiple
redox states (SZ_, SO, S4+, S%%). Due to this complexity, the exact reac-
tion pathways remain uncertain, although attempts have been made to
account for isotopic fractionation associated with redox reactions,
disproportionation, boiling and water-rock reactions (Marini et al.,
2011; Stefansson et al., 2015; Gunnarsson-Robin et al., 2017; Kleine
et al., 2021). Dissolution of magmatic gas into an aqueous hydrothermal
reservoir likely takes place through disproportionation of magmatic
SO2(g) to HaSO4 and HyS, but the net effect on the §3*S-3S value of the
reservoir fluid is likely to be small relative to shallow hydrothermal
processes (Kleine et al., 2021); for example, the fumarole 5°*S-H,S can
be shifted by up to +1.3 %o during decompression boiling upon fluid
upflow (Stefansson et al., 2015). Sequestration of S by pyrite in the
hydrothermal reservoir is possible at low water/rock ratios, but would
only marginally fractionate the 534S-H25(V) value (Marini et al., 2011;
Gunnarsson-Robin et al., 2017; Kleine et al., 2021).

The 634S—H25 values of Askja fumaroles (—1.5 to +1.3 %o) are similar,
or up to 2 %o more positive than basaltic, undegassed melts from the
NRZ, which have 84S values of —2.3 to —0.5 %o (Ranta et al., 2022).
These values are consistent with derivation of S from deep magmatic gas
that experienced a small degree of positive fractionation during adia-
batic boiling. The Kverkfjoll fumarole 53#S-H,S values (+1.1 to +4.8 %o)
are considerably more positive than undegassed, basaltic Kverkfjoll
melts (—2.3 to —0.9 %o), which indicates that significant fractionation
must have taken place if S in the Kverkfjoll reservoir is sourced directly
from magmatic gas. Positive §>*S-HyS could be derived via leaching of
degassed silicic host-rocks, which may have positive 5>*S of up to +4.2
%o (Torssander, 1989; Ranta et al., 2022). The highest 634S-HZS value in
Kverkfjoll (+4.82 %o) is found in a fumarole sample that also has the
highest oxygen shift (A0 = +3.87 %), indicating extensive fluid-rock
interaction, and low CO3 (2800 pmol/mol), indicating low magmatic gas
flux.

Previously measured 53*S-H,S values in Icelandic fumarole vapors
span a wider range and are, on average, more positive relative to well
discharges from same hydrothermal areas (Gunnarsson-Robin et al.,
2017). We interpret these observations to reflect secondary effects
imposed by unspecified shallow fumarole conduit processes on the
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measured 534S-H,S values. Thus, we consider the §3*S-H,S signatures of
fumaroles with higher gas-flux (>10 mmol/mol CO>) to better represent
the reservoir fluid signature.

5.4. Magmatic volatile fluxes through hydrothermal systems

Several previous studies have attempted to quantify the mantle-to-
atmosphere volatile fluxes associated with VHSs (Seward and Kerrick,
1996; McGee et al., 2001; Barry et al., 2014; Stefansson et al., 2016b;
Taran and Kalacheva, 2018). Here, we apply a forward modelling
approach, using magmatic gas compositions estimated for intrusions at
different crustal levels (Fig. 4). Then, using estimated magma extrusion
rates (Thordarson and Larsen, 2007; Thordarson and Hoskuldsson,
2008) and assuming intrusive/extrusive magmatism ratios of 4 to 8
(White et al., 2006) we calculate intrusive magmatic degassing poten-
tials for Iceland for H,0, COy, S and Cl (Table 3; Fig. 7; Supplementary
Information). By comparing the magmatic degassing potential to
observed volatile fluxes at hydrothermal systems and eruptions, it is
possible to put semi-quantitative constraints on the deep volatile fluxes
channeled via VHSs versus eruptions. Furthermore, this modelling
approach allows us to place qualitative constraints on the relative con-
tributions of decompression and crystallization-driven degassing and
crustal leaching to the volatile fluxes in Icelandic VHSs.

We estimate the eruptive CO, and S fluxes of 120-690 kt/yr and
70-170 kt/yr, respectively, based on estimated erupted basalt volumes
from post-glacial (minimum value, 0.04-0.06 km>/yr; Thordardson and
Larsen, 2007) and historic (last 1100 years; maximum value; 0.063 km3/
yr Thordarson and Hoskuldsson, 2008) eruptions (Fig. 7a).

The intrusive flux represents the total amount of volatiles carried by
mantle-derived basaltic melts into the crust and atmosphere. This esti-
mate does not differentiate between volatiles released to the atmosphere
and volatiles sequestered by the crust. For CO; and S, the total intrusive
flux is equal to the sum of volatiles lost through 1st and 2nd degassing.
We estimate an intrusive flux of 470 to 5520 kt/yr for CO5 and 280 to
1380 kt/yr S, based on the eruptive fluxes and an intrusive/extrusive
ratio for basaltic magmatism of 4 to 8 (Fig. 7a; Table 4; White et al.,
2006).

The 1st degassing potential (magma decompression degassing) is
calculated by scaling the intrusive flux by the expected volatile release
for two different intrusion pressures, 0.5 and 2.5 kbar (Table S3). For the
2nd degassing potential (magma crystallization-driven degassing) we
assume that most of the CO, and S remaining in magmatic intrusions
after decompression degassing is lost via crystallization-driven degass-
ing as the magmas cool and solidify. The validity of this assumption is
supported by low concentrations of CO3 (<10 ppm) and S (<200 ppm) in
crystalline intrusions relative to undegassed melts (typically >1000 ppm
for both CO5 and S; Matthews et al., 2021; Ranta et al., 2022). For CO,
and S, the 2nd degassing flux can thus be estimated by making the
approximation.

@

A crude estimate of the hydrothermal flux of CO2 and S in Iceland can
be made by multiplying the steam flux by a representative fumarole
composition, taken here as the average of the Icelandic fumaroles in
Byrne et al. (2021). The steam flux can be calculated from estimated
hydrothermal power, assuming a heat content of 1.9 kg/s/MW for pure
water steam at 100 °C (Stefansson et al., 2011). Using values between
4000 MW (Bjornsson, 2006) and 8000 MW (Bodvarsson, 1982) for the
total hydrothermal power of Iceland, we calculate a steam flux of
7600-15,200 kg/s. This yields a hydrothermal flux of 3365-6740 kt/yr
CO, and 220-440 kt/yr S (Table 4). It is worth noting that the higher
value seems more compatible with the estimated hydrothermal power of
4550 MW contained in only subglacial geothermal systems beneath
Iceland’s ice caps (Johannesson et al., 2020).

The total volatile fluxes emanating from the Kverkfjoll hydrothermal
area was approximated similarly as above but using a hydrothermal heat

2nd degassing flux ~ Intrusive flux — Ist degassing flux
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Fig. 7. Volatile flux estimates for Icelandic vol-
canoes and VHSs. (a) Similar CO,/ZS to between
Icelandic VHSs and estimated magmatic gas com-
positions suggest that intrusive degassing is a
plausible supplier of both CO5 and S to VHSs in
Iceland. Crustal leaching must play only a minor
role in the supply of CO, and S, because degassed
intrusions and lavas that make up the upper Ice-
landic crust have very low CO5/ZS (0.003-0.008).
(b) By contrast, degassed crustal rocks retain most
of their primary CI content and are likely the main
source of Cl in hydrothermal reservoir liquids. For
clarity, only calculated mean values are displayed.
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Table 4

Flux estimates.
Type Reference Method CO;, (kt/yr) S (kt/yr) H,0 (kt/yr) Cl (kt/yr) CO2/ZS

min max avg min max avg min max avg min max avg by mass

Iceland total flux
Iceland (total CO,) Barry et al. (2014) He flux and COy3He 88 10,122 5105
Iceland (total CO,) Stefansson et al. (2016b) 3'3C, heat output 2200 4401 3301
Iceland (intrusive potential)b Armansson et al. (2005) Magmatic flux 1300
Iceland (intrusive potential) This study Magmatic flux 466 5328 2897 280 1332 806 932 13,320 7126 47 466 256 3.6
Iceland eruptive flux® This study Solubility model+magma flux 117 690 403 63 155 109 163 1208 685 1.2 6.0 3.6 3.7
Intrusive degassing fluxes
1st degassing (2.5 kbar) This study Solubility model+magma flux 326 3730 2028 5.6 67 36 2.8 80 41 0.0 9.3 4.7 56
1st degassing (0.5 kbar) This study Solubility model+magma flux 443 5062 2752 17 213 115 5.6 533 269 0.1 14.0 7.0 24
2nd degassing (2.5 kbar) This study Solubility model+magma flux 140 1598 869 274 1265 770 1.1
2nd degassing (0.5 kbar) This study Solubility model+magma flux 23 266 145 263 1119 691 0.2
Icelandic volcanoes
Fagradalsgjall 2021° Halldérsson et al. (2022) Petrological method 2700 930 2.9
Eyjafjallajokull 2010 Allard et al. (2011) Direct measurement 54,788 1644 2192 1918 262,980 708 29
Holuhraun 2014-15 Bali et al. (2018) Petrological method 11,972 15,625 13,798 11,477 45,048 1
Geothermal degassing
Iceland geothermald This study Heat output 3365 6730 5047 220 440 330 236,000 472,000 354,000 0.1 41.3 20.7 15
Grimsvotn Agtistsdéttir and Brantley (1994) Caldera lake composition 14 5.3 23 5.3 3
Kverkfjoll This study Heat output 292 497 395 9.0 15 12 11,688 19,870 15,779 32
Askja geothermal This study Caldera lake composition 14 389 201 0.5 14 7.3 27
Diffusive degassing
Reykjanes, diffusive Fridriksson et al. (2006) Direct measurement 4.4 5.7 5.1
Hekla, diffusive Ilyinskaya et al. (2015) Direct measurement 16 0.002 10,000
Hengill, diffusive Hernandez et al. (2012) Direct measurement 150 181 165 0.003 14,656 56,600
Katla, diffusive Ilyinskaya et al. (2018) Airborne measurement 4380 8760 6570 >100

2 Assuming degassing of 100% CO,, 90% S, 70% H,0 and 10% Cl, based on decompression degassing to 1 bar.

b Based on estimated magmatic flux of 5.8 x 10! kg/yr with melt CO, concentration of 2200 ppm.

¢ Calculated with the petrological method (Devine et al., 1984) using the difference between maximum melt inclusion (1171 ppm S and 3525 ppm CO»; a single outlier with 5962 ppm CO, filtered out) and minimum
matrix glass contents (0 ppm for both) in Halldorsson et al. (2022), an erupted volume of 150 x 10° m® over 180 days (Pedersen et al., 2022) and assuming lava density of 2600 kg/m3 (Bali et al., 2018).

4 The geothermal CO, and S fluxes are based on average fumarole concentrations in Byrne et al. (2021). Minimum Cl flux is based on the average Cl concentrations in Krafla fumaroles (0.44 + 0.5 ppm, 10, n = 12;
Stefansson and Barnes, 2016) and represents atmospheric emissions of Cl. Maximum Cl flux estimate is based on average Cl concentration in Geysir, Fludir, Hellisheidi, Krafla, Nesjavellir and Krafla reservoir liquids (86 +
59 ppm, 1o, n = 35; Stefansson and Barnes, 2016) and represent the Cl flux of meteoric-water dominated hydrothermal liquids. All values, and the H,O flux, are scaled to total geothermal power of 4-8 GW (Bjornsson,

2006; Bodvarsson, 1982) and assuming 1.9 kg HO steam/s/MW (Stefansson et al., 2011).
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output of 270+70 MW (Oddsson, 2016), equivalent to a steam flux of
380-650 kg/s, and the average composition of 11 Hveratagl fumaroles
(Olafsson et al., 2000; Byrne et al., 2021) that have relatively high gas
flux and are assumed to be less affected by shallow S or C sequestration.
This yields CO, and S fluxes of 290-500 kt/yr and 9-15 kt/yr,
respectively.

Because the heat output of Askja is poorly constrained, we made a
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crude estimate of the hydrothermal volatile fluxes at Askja by assuming
that (1) the high SO4 concentrations (80-880 ppm, average 450 ppm;
Olafsson, 1980; this study) of Lake Oskjuvatn are derived from quanti-
tative condensation and oxidation of fumarolic H,S that pass through
the local aquifer (Fig. 8a), and that (2) the lake has a freshwater recharge
of 48 Mt./yr (Olafsson, 1980). Then, the average S flux is calculated as

Askja

a

Crystallization-
driven degassing

7°C0,, S, Cl, HoO

2

Mantle
degassing
HCIE O

Decompression
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Fig. 8. Summary figure illustrating the volatile sources at the volcanic hydrothermal systems of (a) Askja and (b) Kverkfjoll. The differing thermal surface mani-
festations are largely dictated by the contrasting topography between Askja (flat) and Kverkfjoll (steep), whereas the magmatic roots underlying the hydrothermal
reservoirs of the two systems are conceptually similar (see Supplementary Information). Deep decompression degassing is the main source of He, CO, and S in the
hydrothermal fluids. Secondary, crystallization-driven degassing and/or crustal leaching may be secondary sources of S, and provide small amounts of magmatic H,O

and CL

16



E. Ranta et al.

Average S flux = Freshwater recharge x average S concentration in lake water
(€))

This yields an average fumarolic S flux of 7 kt/yr for Askja. The flux
of CO,, which is not quantitatively scrubbed by the shallow aquifer
(Ilyinskaya et al., 2015), cannot be estimated in the same way. Instead, if
the average COy/H,S of the Viti fumaroles is taken to be representative
of the Askja hydrothermal fluids, the CO5 flux can be estimated as 200
kt/yr. These yield a total steam flux of 103 kg/s or ~ 3 Mt/yr, which
correspond to 6.25% of the total inflow of freshwater into Lake
Oskjuvatn, or an equivalent heat output of 196 MW.

5.5. Mantle to surface fluxes of volatiles (H20, C, S, C)

Previous studies have estimated the total volcanic mantle-to-
atmosphere CO; fluxes in Iceland of 88-10,122 kt/yr (Barry et al.,
2014; the lower value is likely to be an underestimate, as it was calcu-
lated based on very low melt CO, concentration and basalt production
rate estimates of 531 ppm and 0.064 km®/yr, respectively), 1300 kt/yr
(Armannsson et al., 2005) and 2200-4401 kt/yr (Stefansson et al.,
2016b). These values are higher than our estimate for the eruptive CO,
flux of 120-690 kt/yr, but similar to our estimate of the intrusive COy
flux (470-5520 kt). The similarity between the CO5 flux estimates sug-
gests that (1) an intrusive:extrusive ratio of 4 to 8 is a reasonable esti-
mate for Iceland, agreeing well with the 4-8:1 ratio estimated by White
et al. (2006), and that (2) quiescent volcanic CO5 degassing via VHSs is
likely to account for >75% of the total magmatic CO; flux, whereas CO5
released during eruptions only accounts for a minor part (<25%) of the
total flux. Importantly, the independently calculated estimates for hy-
drothermal and intrusive CO3 fluxes overlap (Fig. 7). This suggests that
basaltic intrusions vent a large part of their primary CO, load through
hydrothermal systems (Fig. 8). The relative role between VHS outgas-
sing and diffusive outlets is not well constrained. Existing estimates of
diffusive CO5 degassing in active Icelandic volcanoes vary from rela-
tively low for Reykjanes (4-6 kt/yr; Fridriksson et al., 2006) and Hekla
(16 kt/yr; Ilyinskaya et al., 2015) to potentially extremely high for Katla
(4380-8760 kt/yr; Ilyinskaya et al., 2018). The high estimate for Katla is
anomalous, as it is similar to the entire estimated intrusive CO; flux of
Iceland, and half of the CO5 emissions rate of the 2014-15 Holuhraun
eruption (12000-15,600 kt/yr; Bali et al., 2018), which lasted for 6
months and was the largest fissure eruption in Iceland in 230 years,
erupting 1.44 km? of basaltic lava (Pedersen et al., 2017).

Indeed, such high CO, flux, if maintained, would need to be sourced
from an enormous inflow of deep-sourced melt corresponding to about
0.5 to 1 km®/yr, assuming degassing of ~3000 ppm COs/kg melt with a
density of 2700 kg/m>. Such high melt production beneath Katla seems
unrealistic (e.g., it would be noticed by the extensive GPS and seismic
monitoring network at Katla). Thus, taken at face value, the extremely
high CO; flux estimate for Katla could reflect either a transient phe-
nomenon (a gas pulse or inflow of a fresh batch of magma) or a vastly
higher CO, concentration in the Katla melts relative to our estimate.
Thus, we do not consider the high suggested CO; flux for Katla to be
representative of typical quiescent CO; fluxes at active Icelandic vol-
canoes. Importantly, a comparison between 1st degassing and total
intrusive fluxes demonstrates that decompression degassing of basaltic
intrusions is sufficient to account for the flux of CO5 to Icelandic VHSs.

Whereas passive CO2 degassing occurs through soils or via low-T
groundwaters outside the realm of VHSs in Iceland (Gislason et al.,
1992; Fridriksson et al., 2006; Hernandéz et al. 2012, Ilyinskaya et al.,
2015; Stefansson et al., 2016b), sulfur outgassing is typically negligible
outside of hydrothermal areas. Thus, the flux of H,S in fumaroles is a
direct measure of quiescent magmatic sulfur fluxes to the atmosphere
(McGee et al., 2001). Notably, the hydrothermal S flux estimated here
(220-440 kt/yr) is larger than the average atmospheric flux of S from
eruptions (60-170 kt/yr). However, it should be noted that of the total
hydrothermal S flux, a poorly constrained proportion is sequestered into
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shallow aquifers by near-surface condensation and oxidation of fuma-
rolic HoS and does not necessarily enter the atmosphere.

For S, the gap between the magmatic 1st degassing flux (6-210 kt/yr
S) and the total intrusive S flux potential (280-1380 kt/yr) is larger than
for CO, (Fig. 7a) because of its higher relative solubility at intrusive
pressures. Instead, most of the remaining intrusive S flux is expected to
be lost from intrusions during 2nd degassing (estimated at 270-1270 kt/
yr). Cooling intrusions in a multi-tiered crustal plumbing system could
provide a persistent flux of S to VHSs via 2nd degassing. However, the
hydrothermal S flux estimated here is intermediate (220-440 kt/yr)
between 1st and 2nd degassing fluxes, possibly hinting that at least some
S is naturally sequestered in the crust (Gunnarsson-Robin et al., 2020),
as is the case at submarine VHSs at mid-ocean ridges (Kleine et al.,
2022). Another possible source of S to VHSs is leaching of host rocks
(Gunnarsson-Robin et al., 2017), as the S concentration of basaltic lavas
and intrusions is small but not negligible (10-350 ppm, or up to 20% of
the S in undegassed basaltic melts; Torssander, 1989). Because the
A34Sgas_meh fractionation factor is poorly constrained (i.e., it may be
either positive or negative), and due to possible §>*S fractionation
during shallow hydrothermal reactions, the §3*S-H,S values of the
fumarole gases cannot be conclusively used to separate between 2nd
degassing and crustal leaching.

Estimating fluxes of Cl and H,O is more complicated than for CO, or
S because of their higher solubility in basaltic melts, as well as their
potential sequestration in late-stage hydrous and chloride minerals and
hydrosaline magmatic volatile phases (Webster, 2004; Webster et al.,
2015; Kleine et al., 2020; Ranta et al., 2021). We estimate that mantle-
derived Hy0 and Cl are transported by intrusions to the Icelandic crust at
a rate of 930-13,300 kt/yr and 50-470 kt/yr, respectively. However,
only a small fraction of HoO (3-530 kt/yr), and especially of Cl (0.05-14
kt/yr), is lost during 1st degassing due to the high solubility of both
volatiles at the chosen upper limit of intrusion pressures (0.5 kbar).
Second degassing induced by crystallization of magmas leads to exso-
lution of hydrosaline fluids or brines during late-stage evolution of silicic
melts (Webster, 2004) amounting to approximately 2-32 kt/yr Cl in
Iceland (Ranta et al., 2021). Because of their higher density relative to
groundwater, brines are not easily incorporated into hydrothermal
convection cells and may remain stagnant in the crust (Afanasyev et al.,
2018). Instead, the estimated hydrothermal flux of Cl (0.1-41 kt/yr),
based on average Cl concentrations of fumaroles (lower estimate) and
reservoir liquids (higher estimate) of Stefansson and Barnes (2016), is
presumably mainly due to remobilization of crustal Cl by high-
temperature water-rock interaction occurring within the hydrothermal
system itself (Stefansson and Barnes, 2016).

6. Conclusions

This study demonstrates that the composition of natural hydrother-
mal fluids can be used together with chemical, isotope, and volatile
solubility modelling to distinguish and quantify the contributions of
magmatic volatile fluxes in volcanic hydrothermal systems and their
emissions to the surface. The isotope (613C—C02 and A%3S and 634S—H2$)
and abundance (COy/XS) signatures in fumarole gases are similar to
modelled compositions of deep magmatic gases, suggesting that melt
degassing from intrusive magmatism is the main source of CO5 and S in
Icelandic volcanic hydrothermal systems. Mass balance calculations of
estimated mantle CO;, fluxes in Iceland suggest that most CO; degassed
via VHSs (~3360-7720 kt/yr) is likely to be derived from decompres-
sion degassing of basaltic magmas as they move from the mantle to the
upper crust. However, decompression degassing of melts appears
insufficient to supply the observed VHS flux of S, accounting for only
25-100%. Instead, leaching of host rock and crystallization-driven
degassing of maturing intrusions below hydrothermal areas are sug-
gested as additional sources of S to VHSs. By contrast, the majority of the
mantle flux of Cl (~50-470 kt/yr) is retained in the crust, as its high
solubility in basalts leads to only minor intrusive (0-14 kt/yr) and



E. Ranta et al.

eruptive (1-6 kt/yr) degassing. Instead, remobilization of crustal Cl by
high-T water-rock interaction (0.1-41 kt/yr) and formation of magmatic
brine (2-32 kt/yr) are proposed as the main mechanisms that redis-
tribute mantle-derived Cl in the crust.
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