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Abstract

We report new carbon dioxide (CO,) abundance and isotope data for 71 geothermal gases and fluids from both high-
temperature (HT > 150 °C at 1 km depth) and low-temperature (LT <150 °C at 1 km depth) geothermal systems located
within neovolcanic zones and older segments of the Icelandic crust, respectively. These data are supplemented by CO, data
obtained by stepped heating of 47 subglacial basaltic glasses collected from the neovolcanic zones. The sample suite has been
characterized previously for He—Ne (geothermal) and He-Ne—Ar (basalt) systematics (Fiiri et al., 2010), allowing elemental
ratios to be calculated for individual samples. Geothermal fluids are characterized by a wide range in carbon isotope ratios
(6'3C), from —18.8%, to +4.6%, (vs. VPDB), and CO,/*He values that span eight orders of magnitude, from 1 x 10* to
2 x 10'2. Extreme geothermal values suggest that original source compositions have been extensively modified by hydrother-
mal processes such as degassing and/or calcite precipitation. Basaltic glasses are also characterized by a wide range in 4'>C
values, from —27.2%, to —3.6%,, whereas CO,/>He values span a narrower range, from 1 x 10% to 1 x 10'2. The combination
of both low 5'C values and low CO, contents in basalts indicates that magmas are extensively and variably degassed. Using
an equilibrium degassing model, we estimate that pre-eruptive basaltic melts beneath Iceland contain ~531 4+ 64 ppm CO,
with 6'3C values of —2.5+ 1.1%,, in good agreement with estimates from olivine-hosted melt inclusions (Metrich et al.,
1991) and depleted MORB mantle (DMM) CO, source estimates (Marty, 2012). In addition, pre-eruptive CO, compositions
are estimated for individual segments of the Icelandic axial rift zones, and show a marked decrease from north to south
(Northern Rift Zone = 550 + 66 ppm; Eastern Rift Zone = 371 4 45 ppm; Western Rift Zone = 206 + 24 ppm). Notably,
these results are model dependent, and selection of a lower 3'°C fractionation factor will result in lower source estimates
and larger uncertainties associated with the initial §'*C estimate. Degassing can adequately explain low CO, contents in bas-
alts; however, degassing alone is unlikely to generate the entire spectrum of observed §'°C variations, and we suggest that
melt—crust interaction, involving a low 8'>C component, may also contribute to observed signatures. Using representative
samples, the CO, flux from Iceland is estimated using three independent methods: (1) combining measured CO,/*He values
(in gases and basalts) with *He flux estimates (Hilton et al., 1990), (2) merging basaltic emplacement rates of Iceland with pre-
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eruptive magma source estimates of ~531 + 64 ppm CO,, and (3) combining fluid CO, contents with estimated regional fluid
discharge rates. These methods yield CO, flux estimates from of 0.2-23 x 10'° mol a™!, which represent ~0.1-10% of the esti-
mated global ridge flux (2.2 x 10'? mol a~'; Marty and Tolstikhin, 1998).

© 2014 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The study of carbon dioxide (CO,) emitted in magmat-
ically-active regions provides insight into fluxes associated
with volatile transfer from Earth’s interior to the surface,
the interaction history of magmatic and crustal reservoirs,
and the nature of those reservoirs and how they contribute
to the deep carbon cycle (Marty and Jambon, 1987;
Varekamp et al., 1992; Marty and Tolstikhin, 1998;
Dasgupta and Hirschmann, 2010). In this respect, Iceland
is of particular interest due to its unique geological setting,
marking the intersection of plume-related magmatism (as
traced by the ubiquitous presence of high *He/*He ratios
throughout Iceland, e.g., Fiiri et al., 2010 and references
therein) with the mid-Atlantic Ridge. Moreover, potential
sampling opportunities are abundant throughout the
Icelandic crust (rifting, non-rifting, and older regions) due
to easy access in a subaerial environment to both contempo-
rary geothermal degassing and extensive Neogene volcanism.

The importance of CO, lies in the fact that it comprises
the major non-aqueous constituent of magmatic gases and
serves as the principal carrier gas for other trace volatile
species, such as the noble gases. In basaltic magmas, a
CO,-rich gas phase is typically present due to the relative
insolubility of CO, and consequent transfer from melt to
vapor during magma ascent (e.g., Dixon and Stolper,
1995). Thus, by investigating the CO, characteristics of
glassy rims of rapidly quenched pillow lavas, a number of
intrinsic melt properties, including source volatile concen-
trations, storage depths, and transport rates through the
crust may be examined (Macpherson and Mattey, 1994;
Macpherson et al., 2005a). A complementary approach is
to target the CO, characteristics of geothermal systems of
Iceland (Arnérsson and Barnes, 1983; Sano et al., 1985;
Poreda et al., 1992; Hilton et al., 1998b). Using knowledge
of aqueous fluid and/or heat fluxes from the Icelandic crust,
estimates of associated CO, fluxes from the melt source re-
gion are possible. This is important because estimates of
plume-related CO, fluxes (~3 x 10'> mol a~'; Marty and
Tolstikhin, 1998) are on par with CO, releases from
mid-ocean ridges. To date, however, there are relatively
few detailed studies focusing on the CO, systematics in
plume-related magmatic regions.

Here, we present new carbon (isotope and abundance)
data for both subglacial glasses of the neovolcanic zones
as well as high- and low-temperature geothermal fluids
from on- and off-axial regions of Iceland, respectively.
These new data are combined with previously published no-
ble gas (He-Ne-Ar) measurements on the same sample
suite (Firi et al., 2010) to discern the underlying processes
controlling CO, abundance, isotope variations, and CO,—
noble gas relationships. By investigating degassing models

for subglacially-emplaced basalts, we estimate the carbon
concentration and isotope characteristics of pre-eruptive
melts, representing various segments of the underlying
Icelandic mantle. In addition, we identify other processes
that may act to modify initial CO, compositions and thus
contribute to a skewed or biased representation of the
CO, distribution throughout Iceland. Our aim is to better
characterize CO, abundances, elemental ratios (e.g.,
C02/3He), and 6'3C values of the Icelandic mantle source,
thus providing a clearer picture of the carbon characteris-
tics of mantle plume sources. Using these new data, we
are able to formulate three independent estimates of the
CO, flux associated with degassing of the Icelandic mantle
and thus gain further insight into how the deep carbon cycle
interacts with surficial reservoirs.

2. GEOLOGICAL SETTING AND PRIOR STUDIES

Iceland is a ~100,000 km? subaerial segment of the
Mid-Atlantic Ridge, marked by enhanced crustal thickness
resulting from anomalous melting associated with a mantle
hotspot (White et al., 1995; Bjarnason et al., 1996;
Darbyshire et al., 2000; Bjarnason and Schmeling, 2009).
Three-dimensional seismic tomography studies show the
existence of a cylindrical-to-tabular shaped zone of low P-
and S-wave velocities beneath central Iceland, suggesting
that the underlying mantle consists of a hot, narrow
conduit of upwelling asthenosphere (Wolfe et al., 1997).
However, the depth of the conduit is widely debated, with
somemodels indicating that the low velocity anomaly is
confined to the upper mantle (Ritsema et al., 1999; Foulger
et al., 2000, 2001), while others suggest that the seismic
velocity anomaly may extend as deep as the core-mantle
boundary (Helmberger et al., 1998; Bijwaard and Spakman,
1999; Zhao, 2004), which is consistent with the mantle
plume hypothesis (Morgan, 1971).

Recent volcanic activity on Iceland is widespread and
occurs in two types of neovolcanic zones — axial rift zones
and off-rift volcanic flank zones — with individual volcanic
systems typically comprised of a central volcano and/or
surrounding fissure swarms (Seemundsson, 1978; Jakobsson
and Gudmundsson, 2008). Axial rift zones traverse Iceland,
connecting the adjacently located submarine Reykjanes and
Kolbeinsey ridges: thus, they represent the on-land equiva-
lent of mid-ocean-ridge type spreading. In southern
Iceland, the axial rift zone is subdivided into the Western
(WRZ) and Eastern (ERZ) Rift Zone segments, which are
separated by a transform fault system known as the South
Iceland Seismic Zone (SISZ) (Fig. 1). The axial rift zone
system, which erupts lavas of tholeiitic composition,
extends to the north of the Vatnajokull glacier and towards
the Kolbeinsey Ridge along the Northern Rift Zone (NRZ).



76 P.H. Barry et al./ Geochimica et Cosmochimica Acta 134 (2014) 74-99

67°N
Kolbeinsey
Ridge )
66°N - [ ]
;1 4 ® WRZ Geothermal
| 2 | O Glass
i A N B ERZ Geothermal
65°N 4 n— /: AN O Glass
(7 YOAA A OVZ A NRZ Geothermal
oS l& q v : A Glass
DDEfk Vatnajokull v SIVZ Geothermal
vV Glass
45N - Eéz\r ¢ SNVZ Geothermal
64°*N 5 O Glass
Reykjanes V SISZ Geothermal
Ridge © Vestfirdir Geothermal
63°N — —
-24°E -22°E -20°E -18°E -16°E -14°E

Fig. 1. Map of Iceland showing neovolcanic rift zones, sample locations, and the location of current glacial cover. The Western (WRZ),
Eastern (ERZ), and Northern rift zones (NRZ) are shaded with dark grey, whereas transitional-alkalic to alkalic off-axis volcanic zones, i.e.,
the South Iceland Volcanic Zone (SIVZ), Snaefellsnes Volcanic Zone (SNVZ), and Orzefajokull Volcanic Zone (OVZ), are shown in light grey.
Also shown are the South Iceland Seismic Zone (SISZ), Vestfirdir (the northwest peninsula of Iceland), and the adjacent submarine Reykjanes
and Kolbeinsey ridge segments. Sample locations for geothermal fluids are denoted with closed symbols and open symbols are used for

basalts.

The off-axis volcanic flank zones consist of the South
Iceland Volcanic Zone (SIVZ), the Sneefellsnes Volcanic Zone
(SNVZ), and the Orafajokull Volcanic Zone (OVZ) —
all located on older basement and distinguished by slightly
more alkalic volcanism (Oskarsson et al., 1982; Jakobsson
et al., 2008). Finally, the off-axis Vestfirdir region in north-
west Iceland is characterized by tholeiitic lavas that range in
age from ~16 to 9 Myr (McDougall et al., 1984; Hardarson
et al., 1997).

The geochemical evolution of Iceland likely involves
mixing of a variety of mantle endmember compositions —
both enriched, and presumably plume-related and depleted,
akin to DMM - pointing to significant heterogeneity in
mantle sources feeding the neovolcanic zones (Schilling,
1973; Hart et al., 1973; Sun et al., 1975; Thirlwall et al.,
2004; Peate et al., 2010). In terms of helium, high *He/*He
ratios (up to ~34 R,) are found in central Iceland in the
ERZ and the SIVZ (Condomines et al., 1983; Kurz et al.,
1985; Hilton et al., 1990; Breddam et al., 2000; Macpherson
et al., 2005b; Firi et al., 2010), consistent with seismic
investigations, which place the hypothesized center of the
Icelandic hotspot under central Iceland (Tryggvason
et al., 1983; Wolfe et al., 1997). However, even higher
3He/*He values are found off-axis, in Tertiary basalts of
Vestfirdir (Hilton et al., 1999; Ellam and Stuart, 2004). In
addition to mantle source variations, there is evidence for
crustal modification, and several oxygen isotope studies of
Icelandic basalts suggest involvement of near surface crus-
tal assimilation (e.g., Muhlenbachs et al., 1974; Burnard
and Harrison, 2005) and/or recycled oceanic crust in the
enriched mantle source (e.g., Macpherson et al., 2005b;
Thirlwall et al., 2006).

Basaltic CO, abundance and isotope studies of Icelandic
subglacial basalts are relatively few, due to the highly
degassed nature and typically low CO, abundances

(i.e.,<30 ppm; Hoskuldsson et al., 2006; Tuffen et al.,
2010). However, studies of HT geothermal systems in the
axial rift zones indicate that the Icelandic-plume mantle
source is characterized by 6'°C values ~—3.8 & 0.7%,
(Poreda et al., 1992), significantly higher than the observed
range of —169, to —69%, in off-axis regions (e.g., Vestfirdir;
Hilton et al., 1998b). In this respect, axial rift zone 8'>C val-
ues overlap with the high-end of DMM-like 6'>C values
(—=5+19%, Marty and Zimmermann, 1999; Cartigny,
2005). At this point, however, it is worth pointing out that
there is considerable uncertainty regarding the 8'>C value
(and range) of DMM, with various groups using different
estimates. For example, 6'°C values of —6 4 1%, (Des
Marais and Moore, 1984), —5.9 + 1.69, (Mattey et al.,
1984), —5.5+0.5%,, (Deines et al., 1987), —4%, (Javoy
and Pineau, 1991), —5.2 + 0.7%, (Marty and Zimmermann,
1999), —6.5+ 29, (Sano and Marty, 1995), —5=+19%,
(Cartigny et al., 1997, 1998 and Cartigny, 2005), —4.5%,
(Fischer et al., 2009), and —4 + 3%, (Palot et al., 2012) have
all been adopted for DMM. Based on the large dataset
(n =4400) compiled for diamonds by Cartigny (2005),
and the overall agreement with Marty and Zimmermann
(1999), who compiled a global (basalt) dataset, we adopt a
DMM 6"3C value of —5 + 1%, vs. Vienna Pee Dee Belemnite
(VPDB) in further discussions.

The ratio of CO, to *He (CO»/*He) of HT geothermal
systems range from 0.6 to 14 x 10°, with an average value
of ~6 x 10° (Poreda et al., 1992). In contrast, previous
studies of off-axis regions (e.g., Vestfirdir; Hilton et al.,
1998b) reveal CO,/*He values that are generally lower than
HT samples, varying by nearly 4 orders of magnitude from
4 % 10° to 3 x 10'°. Carbon systematics of the adjacent
Reykjanes and Kolbeinsey ridge segments allow pre-
eruptive CO, melt estimates 396 + 48 ppm, and §'°C =
—3.9 +1.0%, for the Reykjanes Ridge (de Leeuw, 2007)



P.H. Barry et al./ Geochimica et Cosmochimica Acta 134 (2014) 74-99 77

and 400 + 100 ppm, and 6'3C = —6.0 + 1.0%, for the Kol-
beinsey Ridge (Macpherson et al., 2005a). Notably, these
estimates are compatible with DMM source CO, estimates
of 44 to 103 ppm Marty (2012), which would result in pre-
eruptive melt CO, contents between 367 and 858 ppm,
assuming 12% partial melting (Marty, 2012) and the highly
incompatible nature of CO,. This range also overlaps with
estimates using olivine-hosted melt inclusions from the Laki
fissure eruption in the ERZ of Iceland (430-510 ppm CO»;
Metrich et al., 1991).

3. SAMPLING AND ANALYTICAL TECHNIQUES
3.1. Geothermal fluids and gases

Geothermal activity is pervasive throughout Iceland
with high-temperature (HT) geothermal systems (>150 °C
at 1 km depth) found in the axial rift zones, and low-
temperature (LT) systems (<150 °C at 1 km depth) restricted
to off-axis volcanic flank zones and older regions of the
Icelandic crust (Bodvarsson, 1961; Fridleifsson, 1979;
Arnodrsson, 1995; Arndrsson et al., 2008). In this study,
both fluid and gas phase samples were collected from
Icelandic neovolcanic zones, including 21 samples from
the WRZ, 9 from the ERZ, 14 from the NRZ, 2 from the
SIVZ and 2 from the SNVZ. In addition, 9 samples were
collected in the SISZ and 14 from the Vestfirdir region of
the NW Peninsula. Samples were collected over three sam-
pling campaigns (summer 2006, 2007, and 2008) from a
variety of sites, including: (a) 10 fumaroles, (b) 15 bubbling
hot pools, (c) 4 water springs, (d) 4 mud pots, and (e) 15
geothermal borehole wells. Forty-eight individual localities
were sampled (Fig. 1 — closed symbols), with duplicate sam-
ples collected at 23 sites, making a total of 71 geothermal
samples. Fluids and gases were collected in evacuated
low-He diffusivity Corning 1720-glass flasks following pro-
cedures aimed at minimizing atmospheric contamination
(see Hilton, 2002 for sampling details).

In the laboratory, an ultra-high vacuum (UHV) extrac-
tion line was used to process all gas and fluid samples (see
Kulongoski and Hilton, 2002 for a description of the
extraction line). Following release into the UHV line, all
fluid samples were acidified with phosphorus pentoxide
to ensure complete release of CO, and, as a result, mea-
sured CO, abundances correspond to the total dissolved
inorganic carbon (DIC) content. A glass trap held at ace-
tone-dry ice temperature was used to isolate water vapor
and a stainless-steel U-tube, held at liquid nitrogen tem-
perature, was used to condense CO, and separate it from
non-condensable volatiles. The light noble gases (He and
Ne) were isolated using a hot (700 °C) Ti-getter and char-
coal finger held at liquid nitrogen temperature, which re-
moved active gases (N,, CO, CH4) and heavy noble
gases (Ar, Kr and Xe), respectively. A calibrated fraction
of the He and Ne gas was captured in an AR-glass break-
seal for transfer to a MAP-215 noble gas mass spectrom-
eter for He isotope analysis (see Fiiri et al., 2010 for
measurement details). The CO, fraction was condensed
into a Pyrex breakseal for transfer to a dedicated CO,
cleanup line.

The CO, gas fraction was further purified on a separate
cleanup and quantification line, constructed from Pyrex
glass, whereby CO, was resolved from any sulfur-bearing
species using a variable temperature trap. Following clean-
up, the total amount of CO, was measured using a capaci-
tance manometer in a calibrated volume, thus enabling the
CO, abundance (and CO,/*He ratios with He data from
Firi et al., 2010) to be calculated. Finally, CO, was re-
frozen into a Pyrex tube for transfer to either a VG Prism
mass spectrometer (2006, 2007 sampling trips) or a Thermo
Finnigan Delta XP,, isotope ratio mass spectrometer
(2008 sampling trip) for carbon isotopic (8'*C) analysis.
Carbon isotope d'>C (CO,) values are reported relative to
the international reference standard, VPDB. Agreement
between the two instruments was determined to be better
than 0.5%,, by running the limestone laboratory standard
(NBS-19; Friedman et al., 1982) on both mass spectrome-
ters. Precision of individual analyses of standards and sam-
ples is better than 0.19,; however, we estimate the accuracy
of our 8'3C determinations (40.5%,) by repeat analyses of
NBS-19, itself calibrated relative to VPDB. Procedural
blanks were processed on the extraction line and comprised
less than 1% of sample abundance releases.

3.2. Subglacial basaltic glasses

We analyzed subglacial basaltic glasses collected from a
total of 47 locations, divided between the WRZ (n = 17),
ERZ (n=10), NRZ (n=16), SIVZ (n=23), and SNVZ
(n=1) (Fig. 1). All subglacial basaltic glasses belong to
the Mdberg formation (e.g., Jakobsson and Gudmundsson,
2008), which is the general term for volcanic rocks formed
during the Brunhes geomagnetic epoch at the end of the
Pleistocene (0.78-0.01 Ma) (Johannesson and Ssemundsson,
1998). We note that most samples are fresh, which suggests
relatively young formation ages (i.e., during the last glacia-
tion). This is consistent with observations in the field, as
well as cosmogenic exposure ages (Licciardi et al., 2007)
that indicate formation during the last deglaciation
(~15ka). Subglacial basalts in Iceland range in composition
from alkalic (off-axis), through transitional, to tholeiitic
along the axial rift zones, and apart from four (off-axis)
samples (i.e., RET-1, TRI-3, BHE-43 and OLAF-1), all
our samples are tholeiitic in composition.

In the laboratory, glasses were ultrasonically cleaned in
dichloromethane to remove any organic contaminants from
the glass surface. Next, approximately 10-20 individual
glass chips (totaling 100-300 mg), free of surficial alter-
ation, phenocrysts, or large vesicles were handpicked using
a binocular microscope. The selected glass was then ultra-
sonically cleaned in a 1:1 acetone-methanol mixture, dried,
and transferred to a quartz-glass sample finger on the
extraction line, evacuated to UHV, and held at 150 °C
overnight.

Samples were analyzed for total CO, abundance and
carbon isotope (8'>C) values.

Carbon was extracted from basaltic glass chips using a
stepped heating method on a dedicated all-glass extraction
line (after Macpherson et al., 1999). For each extraction,
the temperature was incrementally raised in 100 °C steps
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Fig. 2. Carbon content (ppm) release pattern as a function of incremental temperature step for a typical basalt sample (MID-1). CO, released
between 400 and 600 °C is derived from surficial contamination on the glass, CO, released from 700 to 900 °C is derived from vesicle-cited
CO, within the glass, and CO, released between 1000 and 1200 °C represents CO, dissolved in the melt immediately prior to quenching to
form glass. Carbon isotope values are also shown for individual temperature steps. If the CO, yield from an individual step was too low, the
CO, was carried over (c.0.) to the next temperature step. Carbon isotopes were not determined (n.d.) between 400 and 600 °C, as this CO, is

considered to be unrepresentative of magmatic carbon.

from 400 °C to 1200 °C (excluding the 500 °C step), each
lasting 30 min. During the first two heating steps (400 °C
and 600 °C), samples were combusted in pure oxygen, gen-
erated using a CuO furnace, to remove possible C contam-
inants, whereas the 700-1200 °C pyrolysis steps (i.e.,
without oxygen) released magmatic carbon (Fig. 2). After
each heating step, the CO, was separated from other gases
(i.e., H>O, SO;) using a variable temperature trap cooled
with liquid nitrogen. Following purification, total CO,
abundances were measured in a calibrated volume using a
Baratron™ capacitance manometer. Carbon dioxide re-
leased during the (first two) combustion steps was not col-
lected, as this gas is expected to be dominated by secondary
surface contamination acquired by the glass post-eruption
(Des Marais and Moore, 1984; Mattey et al., 1984, 1989;
Exley et al., 1986). However, for the 700-1200 °C steps,
CO, was collected in Pyrex® glass tubes at each successive
temperature step for subsequent isotopic (9'>C) analysis.
Low temperature (700-900 °C) CO, releases are taken to
represent the “vesicle” carbon (CO3) component, whereas
higher temperature (1000-1200 °C) releases represent the
“dissolved” carbon (CO$) component (Fig. 2). Whenever
the CO, yield from a single temperature step was deemed
too small (<3 ppm) for isotopic analysis, the CO, was com-
bined with CO, released during the following step. All
aliquots of CO, (corresponding to each temperature step)
were analyzed for carbon isotopes (6'°C) using the
mass spectrometers described above. Procedural blanks
were run prior to loading samples and blank subtractions,
typically comprising less than 5% of the sample release,

were applied. Precision and accuracy of the basalt 6'>C val-
ues are the same as for geothermal fluids. In order to derive
basalt CO,/*He ratios, vesicle CO, contents were combined
with He data obtained by crushing from Fiiri et al. (2010).

4. RESULTS
4.1. Geothermal fluids

We report 8'3C values (vs. VPDB), CO, abundances (for
fluid phase samples) and CO,/*He ratios for a suite of 48
geothermal samples (Table 1). Sample locations are given
in Fig. 1 (closed symbols). CO,/*He and 6'*C variations
as a function of latitude are plotted (together with glass
data) in Fig. 3A and B, respectively.

4.1.1. Geothermal carbon isotopes (8'°C)

Geothermal fluids and gases display carbon isotope val-
ues ranging from —18.8%, to +4.6%, (Fig. 3B). Axial rift
zone samples span a narrower range of 8'°C values com-
pared to Iceland as a whole, with WRZ values ranging from
—5.1%, to +0.5%,, ERZ from —3.7%, to +1.6%, and NRZ
from —5.3%, to +2.9%,. Only two &'°C values were ob-
tained in SIVZ (Seljavellir) samples, both ~—3.49 . Like-
wise, just two &'°C values were determined in SNVZ
(Lysuhdll), ranging from —6.6%, to —6.1%,. In contrast,
off-axis samples extend over a much greater range, with
SISZ values varying from —18.8%,to —2.9%,, and Vestfirdir
values ranging from —8.89%,, to +4.7%, (Fig. 3B). These find-
ings extend the previously observed range in 8"*C (—16%, to
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Table 1
Carbon characteristics of Icelandic geothermal fluids and gases.
Location Latitude = Longitude Sample Sample Temp. CO,/*He* o3¢y, vs. mmolCO,/kg
(N) (W) 1D* Type (°C)  (x10% VPDB H,0
Western Rift Zone (WRZ)
Nesjavellir 64°05'45.6” 021°16'48.0" 1ICE-1 B 240 - 0.40 -
ICE-3 B 240  1.46 0.50 -
Nesjavellir 64°05'36.6” 021°16'28.3” 1CE08-11 G 89.0 8.62 —4.69 -
ICE08-12 G 89.0 5.59 -2.59 -
Svartsengi 63°52/32.8” 022°26'06.6” 1CE-5 B 240  1.54 —4.23 -
ICE-6 B 240 1.6l —3.28 -
Reykjanes 63°49'06.7" 022°41'04.7" PBICE-1 G 100 1.67 —3.40 -
PBICE-2 G 100 1.31 -2.99 -
Krisuvik 63°53'43.17 022°03'19.2” PBICE-3 G 99.6 4.25 —3.43 -
PBICE-4" G 99.6 1.32 -3.93 -
Krisuvik 63°53'43.17 022°03'19.3” 1ICE08-14 G 77.5 10.70 —4.23 -
ICE08-15 G 77.5 4.79 -3.59 -
Hengill 64°01'12.17 021°23'41.6” PBICE-9 G 728 4.17 —3.96 -
PBICE-12 G 72.8 8.24 —4.45 -
Hengill 64°00'25.0” 021°20'30.4” 1CE08-22 G 77.5  6.27 -3.10 -
Little Geysir 64°18'38.4” 020°18'08.8” PBICE-13 G 82.6 0.63 -2.73 -
PBICE-14 G 82.6 0.60 —2.66 -
Kerlingafjoll 64°38'37.0” 019°17'17.1" PBICE-10 G 94.7 3.72 —4.06 -
Hveravellir 64°51'55.6” 019°33'29.7” PBICE-11 G 89.6 0.84 -5.05 -
Hveragerdi 64°01'20.1” 021°11'38.5" PBICE-16 G 100.7 1.00 —2.36 -
PBICE-8 G 100.7 1.97 -2.32 -
Eastern Rift Zone (ERZ)
Landmannalaugar 63°58/52.2" 019°05'21.3” PBICE-5" G 98.6 291 -3.04 -
Landmannalaugar 63°59'32.7" 019°06'01.7" I1CE08-26" W 99.5 1328 —2.21 1.95
Landmannalaugar 63°59'21.2" 019°06'42.1” 1CE08-29" G 99.1 287 - -
Landmannalaugar 63°59'26.8” 019°03'46.4” 1CE08-30" W 649 165 - 0.19
Koldukvislabotnar 64°34'15.2" 018°06'39.9” ICE08-17" B - 1760 -3.74 2.81
ICE08-18" B - 1684 —2.54 2.87
Vonarskard 64°41'32.3” 017°53'47.5" 1CE08-16 G 97.7 14.1 1.62 -
ICE08-21 G 97.7 1781 1.42 -
Vonarskard 64°41'26.8” 017°52'53.9” 1CE08-13 W 64.5 27.5 —2.48 5.52
Northern Rift Zone (NRZ)
Krafla 65°42'16.3" 016°44'42.4" 1CE-11 B - 4.92 —4.31 -
ICE-12 B - 3.98 —5.26 -
Krafla 65°42'31.4" 016°45'38.7" 1ICE-10 B - 3.8 -1.7 -
1CE-17 B - 6.11 —1.39 -
Krafla 65°43'18.2” 016°47'15.5” PBICE-20 G 76.5 293 —4.37 -
Krafla 65°43'18.0” 016°47'15.5" ICE08-06 G 96.7 4.58 —4.78 -
Krafla 65°43'09.9” 016°47'17.4" 1CE08-10 G 96.7 18.4 —2.44 -
Namafjall 65°38'26.9” 016°48'34.7" 1CE08-03 G - 15.6 -5.29 -
Némafjall 65°38'26.8” 016°48'30.4” 1CE08-02 G - 8.78 -5.09 -
beystareykir 65°52/23.0” 016°58'12.7" 1CE08-09 G 89.9 0.04 2.86 -
Askja, Viti crater 65°02'40.4” 016°43'31.4" PBICE-18 G 26.8 9.12 —3.58 -
Askja, Viti crater 65°02/48.0” 016°43'29.2” ICE08-05 G 30.5 943 —4.19 -
Kverkfjoll 64°40'30.1” 016°41'33.6” 1CE08-19 G - 7.75 —2.43 -
64°40'30.1” 016°41'33.6” 1CE08-20 G - 34.21 —1.98 -
South Iceland Volcanic Zone (SIVZ)
Seljavellir 63°33'56.1” 019°36'31.1” 1CE-8 B 50.0 0.491 -3.37 3.53
ICE-9 B 50.0 0.648 —3.44 3.45
Snefellsnes Volcanic Zone (SNVZ)
Lysuholl 64°50'40.7” 023°13'10.6” ICE-18 B - 2.42 —6.61 -
ICE-7 B - 2.41 —6.07 -
South Iceland Seismic Zone (SISZ)
Haedarendi 64°04'31.8” 020°51'36.3” ICE-21 B - - -3.47 -
1ICE-22 B - 0.974 —4.52 -

(continued on next page)
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Table 1 (continued)

Selfoss 63°56'46.3” 020°57'38.3” PBICE-17 B
PBICE-19 B
bjorsardalslaug 64°09'41.7" 019°48'41.4" 1CE08-27 G
ICE08-28 G
Fladir 64°07'45.3" 020°19'25.0” ICE08-23 B
Ormsstadir 64°02'29.9” 020°39'46.3” ICE08-25 B
Eyvik 64°02'48.4" 020°41'59.4" 1CE08-24 B
Vestfirdir (NW Peninsula)
Hveravik 65°41'54.1” 021°33'35.2” 1ICE-23 w
ICE-24 w
Laugarhdll 65°46'51.5" 021°31'13.2" ICE-ZS* G
ICE-26" G
Goddalur 65°49'39.8” 021°35'30.2” ICE-28 w
Gjogur 66°00'01.7” 021°19'12.5” ICE-29 G
ICE-30 W
Krossnes 66°03'01.7" 021°30'22.5” 1ICE-31 G
ICE-33 G
Laugaland 66°01'11.7" 022°23'43.8” 1ICE-34" G
Heyardalur 65°50'23.0” 022° 40'39.9” ICE-36 w
Laugar, Orkubu 66°06'40.6"” 023°27'17.4" 1CE-37 B
Vestfjarda
Laugardalsa 65°3923.0” 023°54'36.7” 1CE-38 w
Reykhdlar 65°27'15.8” 022°11'52.7" ICE-39 B

70.0  0.025 —18.8 -
70.0  0.021 -17.9 -
70.0  0.00001 —-10.5 -
70.0  0.00002 —11 -
- 1.17 —6.13 1.02
86.9 0.08 —5.89 0.35
73.5 0.025 —2.88 3.02
76.7  0.405 -3.79 0.81
76.7  0.226 - 0.53
40.2  0.001 - -
40.2  0.002 - -
559 1.84 - 0.38
28.6  0.0002 - -
71.6  0.59 4.57 0.28
60.0  0.00008 - -
60.0  0.00002 - -
48.8  0.0007 - -
444 0981 —8.81 0.35
66.0 0.041 —3.84 0.29
- 0.157 -5.11 0.33
95.0 278 —5.49 0.42

Samples denoted with a (*) are considered to be air-contaminated based on “He/*’Ne and *He/*He values (see Fiiri et al., 2010 for details).
% Samples labeled ICE-X, PBICE-X, and ICE08-X were collected in 2006, 2007, or 2008, respectively.
® Samples are designated: G = gas, W = water, and B = collected from a borehole.
© Calculated using the total CO,, He and *He/*He (from Fiiri et al., 2010).

—6%,; Hilton et al., 1998b) to higher values for the Vest-
firdir region. The lowest 6'3C value of the present study is
from the Selfoss region of the SISZ (—18.8%,), and the
highest value is from a bubbling pool in Gjégur, Vestfirdir
(+4.6%,) (Fig. 3B). The observation that off-axis samples
display a significantly greater range in 6'C values suggests
that they are more susceptible to modification than axial
rift zone samples (see Section 5.1). The mean §'°C value
for all geothermal samples is —4.0 + 3.79,; however, if only
axial rift zone (i.e., WRZ, ERZ, NRZ) samples are consid-
ered then the average value increases to —3.1+1.99%,.
These values are in good agreement with previous results
(Poreda et al., 1992), who reported an average 6'°C value
of —3.8 +£0.7%, for a more limited dataset of HT samples
(n=2_8) from the axial rift zones (i.e., WRZ, ERZ, and
NRZ).

4.1.2. Geothermal abundance characteristics and CO-F° He

Abundances of CO, were calculated for all 18 fluid
phase samples, with concentrations ranging between 0.28
and 5.52 mmolCO,/kg H,O (Table 1 and Fig. 4B and D).
Generally, neovolcanic samples displayed higher CO,
abundances, ranging from 1.95 to 5.52 mmolCO,/kg H,O
compared to off-axis samples, which range from 0.28 to
3.02 mmolCO-,/kg H,O (see Fig. 4B and D). The present
samples span a greater range in [CO,] than previously
reported (e.g., 0.06-1.24 mmolCO,/kg H,O; Poreda et al.,
1992).

The ratio of CO, to He (reported as CO,/*He) for
geothermal fluids and gases is obtained by combining previ-
ously reported *He/*He values and total helium contents of
the present sample suite (Fiiri et al., 2010) with carbon con-

centrations (this work). For Iceland as a whole, CO,/*He
values vary over 8 orders of magnitude, from 1 x 10* to
2 x 10'? (Fig. 3A). Geothermal samples from the neovolca-
nic zones are less variable, ranging from 4 x 107 to 2 x 10'2
(Table 1), with WRZ values spanning values from 6 x 108
to 1 x 10'°, ERZ from 3 x 10° to 2 x 10'>, NRZ from
4 x 107 to 3 x 10", SIVZ from 5-6 x 10% and at SNVZ
both values are ~2 x 10° (Fig. 3A — black symbols). In con-
trast, samples from older portions of the crust (i.e., SISZ
and Vestfirdir) extend to significantly lower values, with a
range in the SISZ from 1 x 10% to 1 x 10° and in Vestfirdir
from 2 x 10* to 3 x 10° (Fig. 3A — grey symbols).

4.2. Basalts

Carbon dioxide concentrations and isotopic ratios
(6"*C) were measured for 47 fresh subglacial basalts, which
had been characterized previously for He-Ne-Ar abun-
dances and isotope systematics (Fiiri et al., 2010). Sample
locations are provided in Fig. 1 (open symbols) and
magmatic CO,/*He and §'3C variations are plotted as a
function of latitude (°N), along with geothermal values, in
Fig. 3A and B, respectively.

4.2.1. Basalt carbon isotopes (5°C)

Basalt carbon isotopic data using the stepped heating
technique are given in Table S1 and summarized in Table 2.
Vesicle 6'*CY values range from —26.7%, to —3.3%,, with an
average value of —14.9 & 5.9%,, whereas dissolved §'3C¢
values range from —27.59, to —3.3%,, with an average
value of —12.4 + 6.49,,. Total magmatic carbon (weighted
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average of vesicle and dissolved components) ranges from
—27.2%, to —3.6%,, with an average value of —13.3 +5.8
(Fig. 3B).

4.2.2. Basalt CO5 abundance characteristics and CO-/° He

Carbon dioxide contents of Iceland basalts are shown in
Fig. 5, which plots CO3 vs. CO4, along with CO, contents
of basalts from the Reykjanes and Kolbeinsey ridges
(Macpherson et al., 2005a; de Leeuw, 2007). Approximately
one half of the Iceland samples fall below/above the 1:1
line, indicating that, on average, the total magmatic carbon
(COYY) is distributed evenly between vesicle and glass
phases. However, it is important to point out that CO,
contents in subglacial basalts of Iceland are exceptionally
low (typically <100 ppm; this work) compared to typical
ocean basalts (367-858 ppm; Marty, 2012) and basalts
collected along the adjacent ridges (Macpherson et al.,
2005a; de Leeuw, 2007).

By combining previously published helium isotope
(*He/*He) and abundance data (Fiiri et al., 2010) with ves-
icle CO, contents (this work), we calculate CO»/ 3He values
for the present sample suite. The total range of CO,/*He
values extends from 1 x 10® to 1 x 10'2. WRZ samples vary
from 3 x 10° to 3 x 10'°, ERZ range from 1 x 10® to

4 x 10", NRZ from 8 x 10® to 7 x 10"!, SIVZ from 1-9
(x10%) and at SNVZ the only value is 1 x 10'? (Fig. 3A —
open symbols). The mean CO,/*He value of axial rift zone
basalts is 24 + 99 (x10°). Notably, no basalts were col-
lected in the older portions of the crust (i.e., SISZ and Vest-
firdir) due to the lack of fresh glasses. These results,
together with geothermal data, expand the CO, database
for Iceland and demonstrate that the range in CO, charac-
teristics, including CO,/*He, is much broader than previ-
ously reported (Poreda et al., 1992).

5. DISCUSSION

In this section, we identify geothermal and subglacial
basalt samples that display carbon isotope and abundance
characteristics that are likely representative of the Icelandic
mantle source vs. samples whose carbon characteristics
have been compromised by secondary processes. Geother-
mal and basalt samples are dealt with separately as they
are subject to different modification processes. After identi-
fying unmodified samples, we demonstrate how intrinsic
mantle source carbon characteristics can be determined
and used to estimate carbon fluxes from the Icelandic
mantle.
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5.1. Geothermal sample integrity and modification

There are a number of processes that can modify mag-
matic volatile signatures, both within magmatic systems
and during transport to the surface by aqueous fluids. An
example of the former is magma degassing, which can
modify the CO,/*He characteristics of melts and, conse-
quently, glasses due to solubility differences between CO,
and He in parental melts (Hilton et al., 1998a). In the latter
case, (1) phase-separation and degassing (e.g., vapor/steam
separation and/or gas exsolution) can significantly alter
CO,/*He due to solubility differences between CO, and
He in aqueous fluids (e.g., Weiss, 1971; Dubacq et al.,
2013), and (2) CO, sequestration resulting from calcite pre-
cipitation, can modify CO,/*He values. Furthermore, these
processes can also significantly fractionate the carbon iso-
topes (Ray et al., 2009; Barry et al., 2013). To assess these
various possibilities, we investigate both regional (i.e., lati-
tudinal) variations in 6'*C and CO,/*He (Fig. 3), as well as
relationships between fluid chemistry (i.e., volatile con-
tents), '>C, and CO,/*He (Fig. 4).

5.1.1. Pre-eruptive magma degassing

Degassing of volatiles from a tholeiitic melt can induce
fractionation between various species due to solubility dif-
ferences in the melt phase. For example, the solubility of
He (6.4 x 107 cm® STP/g) and CO, (2.7 x 107* cm?®
STP/g) acts to lower CO»/*He ratios of residual gases in

the melt phase following degassing relative to initial starting
values (Hilton et al., 1998a). In deciding whether observed
CO»/*He ratios in Icelandic geothermal systems could rep-
resent either intrinsic source values or fractionated ratios,
the key consideration is knowledge of the starting CO,/*He
ratio of the Icelandic mantle.

Various tectonic settings, both globally and within Ice-
land, have been well-characterized for their CO,/*He char-
acteristics. For example, (1) the canonical upper mantle
(DMM) CO,/*He value is ~2+1x 10° (Marty and
Jambon, 1987); (2) the Icelandic mantle COz/SHe value
ranges from ~3 to 6 x 10° (Poreda et al., 1992); (3) the
adjacent Kolbeinsey and Reykjanes ridges are marked by
CO»/*He values of 2 x 10° (Macpherson et al., 2005a)
and <1 x10° (de Leeuw, 2007), respectively; (4)
High-*He/*He (mantle) plumes have CO,/*He values gener-
ally higher than DMM (Marty and Tolstikhin, 1998; Shaw
et al., 2004) despite the fact that theoretical estimates of
volatile contents of the lower mantle source region (e.g.,
Porcelli and Wasserburg, 1995; Javoy, 1997) predict a value
of ~2 x 10%, which would be more consistent with CO,/>He
values in some meteorite-types (i.e., E-chondrites; Marty
and Zimmermann, 1999).

CO,/*He ratios were determined for a total of 43 axial
rift zone gas and fluid samples. Assuming DMM-like start-
ing CO,/*He and §'°C compositions of 2+ 1 x 10° and
—5 419, respectively (Marty and Jambon, 1987; Marty
and Zimmermann, 1999; Cartigny, 2005), we note that only
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3 axial rift zone samples have CO,/*He values below this
canonical range: Little Geysir =~6 x 105, Hveravel-
lir = 8 x 10® and Peystareykir =4 x 107 (Fig. 3A). In this
respect, pre-eruptive degassing seems to affect very few axial
rift zone gas and fluid samples. Alternatively, if high
3He/*He oceanic mantle is accompanied by greater than
DMM:-like CO,/*He values (Poreda et al., 1992; Marty
and Tolstikhin, 1998) then secondary modification (i.e.,
lowering CO,/°He values) would have to be pervasive
throughout Iceland. The preponderance of DMM-like
CO,/*He ratios along adjacent ridges suggests that such a
CO,/*He starting composition could be justified for Iceland
and, consequently, that magma degassing has not signifi-
cantly affected measured CO,/*He values of geothermal
fluids.

In contrast to rift axis samples, the majority of off-axis
fluid samples display CO,/*He significantly below the
DMM threshold, suggesting either a much different degas-
sing history involving extensive volatile loss and/or an
extensive secondary modification process (e.g., calcite pre-
cipitation; see Section 5.1.3), which has modified the major-
ity of off-axis geothermal samples. If a DMM-like starting
CO,/*He value is indeed adopted, then the minimum possi-
ble CO,/*He value achievable by closed system degassing is
5.5 x 10% (i.e., 2 x 10°/o; where the fractionation factor (o)
between He and CO, = ~2.35, expressed as the inverse ra-
tio of their solubilities (Hilton et al., 1998a). Similarly, car-
bon isotopes are expected to fractionate according to the
experimentally-derived isotope fractionation of carbon be-
tween CO, and carbon dissolved in a tholeiitic magma
(613C fractionation factor = A = —49,: Javoy et al., 1978;
see Mattey, 1991 compilation), resulting in a corresponding
8'3C value of —10.5%,. Therefore the low CO,/*He values
observed at Little Geysir and Hveravellir could potentially
be explained by closed system degassing; however, addition
of high 8'3C carbon would then be necessary to explain the
correspondingly high (*DMM) carbon isotope values of
other samples. Alternatively, if open system (Rayleigh)
degassing occurred, then extremely low CO,/*He and
813C values could potentially be achieved, depending on
the fraction of volatile loss; however, no geothermal sam-
ples are marked by such low carbon isotope values
(<—20%,) and therefore open system degassing is consid-
ered highly unlikely.

5.1.2. Hydrothermal phase partitioning

In addition to magmatic degassing processes, fraction-
ation between CO, and He can also occur due to solubility
(S) differences in aqueous fluids (e.g., Sco, < Sue) (Ellis and
Golding, 1963; Weiss, 1971; Dubacq et al., 2013). Helium
preferentially partitions into an exsolved vapor phase rela-
tive to CO,, leaving residual fluid-phase CO,/*He values
elevated compared to starting values. The effects of hydro-
thermal phase partitioning on He-CO, characteristics can
be observed by plotting 6'*C and CO,/*He as a function
of volatile content (e.g., [He]; [CO,]; Fig. 4). Fig. 4A plots
carbon isotopes as a function of helium concentration
[He]c (ncm® STP/g H,0) and shows that HT samples have
slightly higher carbon isotope ratios than LT localities. In
Fig. 4C, we plot CO,/*He vs. [Helc, and we note that LT

and HT samples cluster into two distinct groups: (1) LT
samples are relatively He-rich and display CO,/°He values
that extend from the DMM range (2 + 1 x 10%) to lower
values (~107) at high [He], (2) HT neovolcanic zone sam-
ples have overlapping but generally lower He contents
accompanied by considerably higher CO,/°He values,
extending from below the DMM range to values >10'%,
For example, the most He depleted (<20 [He]c nem?
STP/g H,0) samples are from the ERZ and also display
the highest measured CO,/*He values. Overall, there is a
broad inverse correlation for both LT (R*=0.92) and
HT (R? = 0.89) samples (Fig. 4C). Similar observations be-
tween CO,/°He and [He] in geothermal fluids were previ-
ously attributed to the effects of vapor-fluid partitioning,
resulting in high CO,/*He values and corresponding low
He contents in residual (water) phase samples (e.g., van Soest
et al., 1998; Barry et al., 2013). By again assuming a DMM-
like starting value (see Section 5.1.1), we note that only
ERZ fluid samples display CO,/*He values above the
canonical DMM range (2 & 1 x 10°), suggesting hydrother-
mal phase partitioning is the principal modification mecha-
nism in this region, but most likely a relatively minor factor
in LT regions such as the SISZ and Vestfirdir where
CO,/>He values are generally much lower. All ERZ
CO»/*He results plot above both the DMM CO,/*He range
and the average Icelandic plume value (~6 x 10°) measured
previously in the axial rift zones (Poreda et al., 1992). In
contrast, LT off-axis CO»/*He values predominantly fall
below the MORB range (Fig. 4C) — particularly gas
samples, which are relatively CO, depleted compared to
fluid phase samples. These results suggest an additional
process may act to lower CO,/*He values in LT regions.

5.1.3. Calcite precipitation

The loss of CO, due to calcite precipitation has the po-
tential to fractionate both CO,/*He and carbon isotope val-
ues. Basalts have abundant magnesium- and calcium-rich
silicate minerals (e.g., olivine, plagioclase), and therefore
deep circulating fluids within the geothermal system are en-
riched in Na®, Ca®", Mg?>" ions (Gysi and Stefdnsson,
2012). Magmatic degassing creates low-pH, CO,-rich fluids
and gases that react with these ions to precipitate carbonate
minerals according to the following reaction:

(Ca**,Mg*") + CO, + H,0 = (Ca,Mg)CO; + 2H" (1)

During this reaction, calcite forms within the basaltic crust,
which leads to lower CO,/*He ratios in residual fluids com-
pared to initial magmatic values.

Off-axis LT samples generally display CO,/*He values
below the DMM and/or plume-mantle range (see Sec-
tion 5.1.1), extending to values as low as 1 x 10*, while
most axial rift zone samples fall within or slightly above
the DMM range (Fig. 3A). Lower CO,/°He values in off-
axis samples vs. on-axis samples suggest preferential CO,
loss due to calcite precipitation in older, LT portions of
the crust. Fig. 4 demonstrates the fractionation effect of
CO, loss by plotting '3C (Fig. 4B) and CO,/*He
(Fig. 4D) vs. [CO,] content of fluid samples. Notably, the
most CO, depleted samples occur in off-axis regions of
the Icelandic crust (e.g., SISZ and Vestfirdir) and display
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the lowest CO,/>He and 6'2C values in Iceland. Thus, based
on extremely low absolute CO, concentration data and low
CO,/*He values relative to assumed starting compositions,
we conclude that calcite precipitation is likely the control-
ling process in older, LT off-axis portions of the crust.
These findings are consistent with those of Hilton et al.
(1998b) who showed previously that the CO, inventory in
Vestfirdir is primarily controlled by reactions that form cal-
cite. In this respect, we suggest that carbon removal due to
calcite precipitation may be a widespread process occurring
throughout the off-axis portions of Iceland.

Carbon isotope fractionation associated with calcite pre-
cipitation is highly temperature-dependent: at relatively low
temperatures (<192 °C), calcite is enriched in '*C relative to
residual dissolved CO, in geothermal fluids whereas at
higher temperatures (>192 °C) the fractionation is in the
opposite sense (Bottinga, 1969; Hoefs, 2010). Fig. 3B shows
that off-axis gas samples from SISZ display the lowest 6'*C
values (—18.8%,). These extremely fractionated samples can
be explained by calcite precipitation at calculated tempera-
tures between 120 °C (Selfoss) and 180 °C (Pjérsardalslaug)
(Bottinga, 1969; Hoefs, 2010). In the same way, samples
with low CO,/*He and high 6'°C (e.g., beystareykir;
NRZ) can be explained by calcite precipitation at
~260 °C. Notably, Selfoss and Pjorsardalslaug samples
were collected at discharge temperatures of ~70 °C,
whereas beystareykir was sampled at ~90 °C. However, re-
ported discharge temperatures represent minimum esti-
mates only of reservoir temperatures. For example,
borehole values of 120 °C were measured at a depth of
~1400 m in Selfoss (Arnérsson, 1995) and geothermome-
ters suggest an average reservoir temperature of 240—
300 °C in the Peystareykir area (Armannsson et al., 1986) —
both estimates are in agreement with predicted reservoir
temperatures based on temperature dependent calcite
precipitation (this study).

The average geothermal carbon isotope composition for
all (HT and LT) fluid/gas samples (—4.04=3.79%,; this
study) is in good agreement with previously reported esti-
mates of —3.8 +0.7%, (Poreda et al., 1992) for CO,-rich
HT fluids of the Icelandic axial rift zones. For comparison,
some hotspots (e.g., Kilauea and Society Islands) display
8'3C values between —3%, and —4%, (Gerlach and Taylor,
1990; Hilton et al., 1997, Aubaud et al., 2005), which are
13C-enriched relative to DMM. In contrast, the 6'C value
of Loihi tholeiites is ~—6%, (Exley et al., 1986), as are ba-
salt estimates from the Pitcairn hotspot (~—6%,; Aubaud
et al., 2000).

Following a systematic evaluation of modification pro-
cesses, extreme values can be identified and removed from
further consideration. For example, if LT off-axis samples
affected by calcite precipitation are removed and only HT
axial rift zone gas samples are considered, then the average
8"3C value increases to —3.1 & 1.9%,. Significantly, this va-
lue overlaps with plume-derived values previously observed
in Kilauea and the Society Islands, as well as the upper limit
of the DMM range (—5 + 19, Marty and Zimmermann,
1999; Cartigny, 2005), suggesting that 6*C is not a sensitive
discriminator between plume and DMM mantle sources, as
is the case with He isotopes.

5.2. CO, evolution of basaltic magmas

Magma hosts CO; in two forms: (1) CO, dissolved in the
melt, and (2) CO, exsolved into a separate vapor phase. By
investigating both the dissolved (glass-matrix) and vapor
(vesicle) phases in lavas, it is possible to constrain the
degassing history of individual Icelandic magma batches,
identify crustal assimilation processes and ultimately esti-
mate intrinsic carbon characteristics (isotope and abun-
dance) of the underlying mantle source (Macpherson and
Mattey, 1994; Macpherson et al., 2010). Measured carbon
signatures result from primary mantle source features and
superimposed secondary features such as degassing and
crustal assimilation. The loss of CO, from a basaltic mag-
ma (i.e., degassing) can potentially lower both CO,/*He
(Hilton et al., 1998a) and 6'3C values (Javoy et al., 1978;
Mattey, 1991) in the residual melt phase. In addition, crus-
tal assimilation and/or contamination can further modify
source features due to mixing with isotopically-distinct
crustal components (Macpherson et al., 2010). Thus, before
primary basalt carbon characteristics can be identified, the
effects of the aforementioned modification processes need
to be evaluated.

5.2.1. Dissolved volatiles: isotopic evolution of dissolved CO,

The solubility of CO, in basaltic melts is pressure-depen-
dent and, as a result, lavas erupted under greater confining
pressures (e.g., thick glacial cover) retain higher propor-
tions of their primary CO, inventory. During magma as-
cent, CO, is degassed from the melt (Bottinga and Javoy,
1990) and, due to the lower solubility of CO, vs. other ma-
jor volatiles (e.g., H,O), forms the principal constituent of
the vapor-phase in melts (Mysen et al., 1975; Moore
et al., 1977; Delaney et al., 1978; Stolper and Holloway,
1988), serving as a carrier gas for other volatile species
(e.g., the noble gases). Such gas loss causes isotopic ex-
change amongst CO, partitioned between the vapor phase
(vesicles = CO3) and residual CO, (dissolved = COS) in
the magma (Pineau et al., 1976; Javoy et al., 1978). Conse-
quently, variations in CO, content and §'>C values can be
used to constrain the extent of degassing within a given
magmatic system.

Degassing of CO, can occur in either open or closed sys-
tem modes (Gerlach and Taylor, 1990; Dixon and Stolper,
1995) or as a combination (two-stage) of both mechanisms
(Gerlach and Taylor, 1990; Macpherson and Mattey, 1994;
Shaw et al., 2004; Macpherson et al., 2005a). In a closed
system, batch equilibrium degassing (BED) occurs, where-
by vesicles form in a rising melt and subsequently stay in
contact with the melt, thereby facilitating continuous isoto-
pic exchange (Macpherson and Mattey, 1994). In contrast,
Rayleigh (open system) distillation or fractional equilib-
rium degassing (FED) takes place when vesicles form in
equilibrium with the surrounding melt but are removed,
as degassing progresses, due to the open nature of the sys-
tem. The extent to which '*CO, fractionates from '2CO5 is
dependent on the fractionation factor (i.e., A-values) be-
tween CO, dissolved as carbonate ions in basaltic melt
(Fine and Stolper, 1986) and free CO, in the vapor phase.
Experimentally determined A-values (=06'>C" — §'3C)
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range from +2.3%, to +4.69, (Javoy et al., 1978; see
Mattey, 1991 compilation) and predict lower 6'>C values
in dissolved CO, relative to the exsolved (vesicle) phase.

In this study, approximately two-thirds of samples (i.e.,
31 of 47; Table 2) have 5'3C% > 6'3C" resulting in negative
A-values, demonstrating that melt and gas phases from the
same glass are not in carbon isotopic equilibrium and that
equilibrium degassing conditions do not prevail. Alterna-
tive explanations include (1) gases being derived from
degassing from elsewhere within the magmatic system
(Shaw et al., 2004; Hahm et al., 2012), (2) 6'*C values being
modified by assimilation with an isotopically-distinct crus-
tal component (e.g., Macpherson et al., 2010), and/or (3)
disequilibrium degassing (Fiiri et al., 2010). However, prior
to considering these more complicated alternative scenar-
ios, we first adopt a basic equilibrium degassing model to
describe gas loss in the simplest of terms. If we assume equi-
librium degassing, then the minimum 6'*C value attainable
in a BED system is equal to [6'*Ciniya1 — the fractionation
factor (Avapor-meit)], Whereas in a FED system any 5"3C va-
lue below the initial 6'C value is possible. Consequently,
dissolved 0'3C values in magmas that experienced FED
degassing are typically more fractionated (i.e., to lower val-
ues) for a given degree of gas loss compared to BED degas-
sing (Macpherson and Mattey, 1994). By considering the
dissolved carbon contents and carbon isotope signatures
of basalts, we can model the degassing evolution of basalts
and estimate initial mantle starting compositions.

5.2.2. Equilibrium degassing modeling

Using an equilibrium degassing model (after Macpher-
son and Mattey, 1994), pre-eruptive carbon characteristics
(e.g., CO, contents and 6'*C values) of Iceland subglacial
basalts can be estimated. Importantly, this type of model
assumes: (1) samples are derived from a distinct parental
melt composition, (2) a common fractionation factor
(Avapor-meit) of ~4.2 (defined by the FED trajectory — see
below) is appropriate for all samples, (3) degassing alone
(FED and/or BED) is solely responsible for all §'*C
variability unless otherwise indicated, and (4) samples
which fall on or within the envelope defined by the FED
and BED trajectories result from BED, FED or a combina-
tion (two stage degassing) of the two processes.

Due to the complicated effects of melt generation and
source heterogeneities in the Icelandic mantle (Slater
et al., 1998; Thirlwall et al., 2004; Stracke and Bourdon,
2009; Furi et al., 2010), the Icelandic source of basalt
CO, may not be characterized by a single source composi-
tion, as was assumed in previous studies which employed
this type of degassing model (Macpherson and Mattey,
1994; Shaw et al., 2004; Macpherson et al., 2005a). In order
to circumvent this potential problem, CO, estimates are
made for individual rift zone segments (i.e., WRZ, ERZ,
NRZ; Fig. 6A-C) as well as for Iceland as a whole
(Fig. 6D and E). In this way, the CO, (isotope and concen-
tration) characteristics of Iceland basalts can be best ex-
plained by degassing of several distinct pre-eruptive melts.

Initial CO, contents and 6'°C values of the magma
source prior to degassing are estimated using the following
equations (after Macpherson and Mattey, 1994):

8.BED = 5, — A(1 — (C,BED/C,)) ()
8,FED = &, + A(In(C,FED/C,)) (3)

where §,BED and 6,FED represent the isotopic composi-
tion (6'*C) of CO, remaining dissolved in the melt follow-
ing BED and FED, C,BED and C.,FED are the residual
concentrations of CO, for BED and FED, C, and §,, repre-
sent pre-eruptive (initial) concentration and isotopic com-
position of CO, dissolved in the melt prior to BED and
FED, and A:513cvap0r— 013 Cpnerr, Which is empirically
calculated for each individual rift zone. Due to the fact that
one J, value corresponds to two residual CO, concentra-
tions (C;BED and C.FED) for the two types of degassing
(BED and FED), the two above equations can be
combined:

InC, + (C,BED/C,) = 1 + In C,FED (4)

and C, can then be calculated using C;BED and C.FED
values corresponding to two different residual isotopic com-
positions (J,1 and 9,2), using:

C, = (C;BED' — C,BED?)/In (C,FED'/C,FED?) (5)

Using this approach, we can assess the possibility of CO,
heterogeneities in pre-eruptive melts (prior to degassing) be-
tween the various neovolcanic rift zones of Iceland.

We begin by considering WRZ samples only, where CO,
characteristics were determined in 17 basaltic glasses, which
display a wide range in 6'>C® and CO$ contents (Table 2).
A fractionation factor of (A=) ~4.3 is determined for the
WRZ by calculating the slope of a best fit regression line
through samples SKARD-1 and MID-3, which are consid-
ered to represent a FED trajectory (see Fig. 6A). We then
selected samples A-9 (Clgep = 42.1 ppm, 8! = —6.9%,)
and MAE-1 (CZgp = 13.3 ppm, 67 = —7.5%,), which fol-
low a BED trajectory, and calculate C,FED' and C,FED?
using the FED regression line (6, =4.30 In(C.rgp)—
27.92) that defines the A-value for both the BED and
FED trajectories. With C,BED' and C,FED! and C,BED?
and C,FED?, we are able to estimate Cf using Eq. (5) and
3,BED', §,BED?, §,FED', and §,FED" using Eqs. (2) and
(3), respectively. The estimated CO, composition of pre-
eruptive melt is (C},) = 206 & 24 ppm, with a corresponding
average o, = —4.2 + 0.99,, (i.e., average and standard devi-
ation of ,BED', §,BED?, §,FED', and §,FED?). The de-
gree of uncertainty associated with the C, estimate is
approximated by considering that the overall precision
associated with individual 6'>C measurements is + 0.5%,,
based on repeat analyses of internal standards. By assuming
that the same uncertainty would apply to the empirically-
derived FED relationship of 6, =4.30 In(C.rgp) —27.92,
and thus the A-value, then the lower extreme of A =4.3—
0.5 =3.89,, and produces a C, value of 182 ppm whereas
the higher estimate of A=4.3+0.5=4.89, yields a C,
estimate of 230 ppm. If our models are correct (i.e., assum-
ing that the samples used to define A did not assimilate any
crustal carbon and that all samples analysed degassed from
the same starting concentration and isotopic compositions),
then the analytical uncertainty on C, for the WRZ
is+24 ppm (i.e., ~12%). If these assumptions hold
true for all rift segments, then the observation that all
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Table 2
Carbon characteristics of Icelandic subglacial basaltic glasses”.
Location Latitude Longitude  Sample Vesicle Vesicle Dissolved Dissolved Total Total CO,/°He CO,/*He
(N) (W) ID CO, CO, CO, CO, CO, CO, (><109) corrected
(ppm)* 6°C" (ppm)” $°C  (ppm)° §'°C (x10%)°
Western Rift Zone (WRZ)
Skardsmyrarfjall 64°02/37.6" 021°21'29.9” SKARD-1 7 —26.5 12.1 —17.2 19.1  —20.6 21.7 -
Vifilsfell 64°02/55.4" 021°32'24.8" VIF-1 1.1 n.d. 18.6 —8.6 196 8.6 0.7 0.6
Midfell 64°10'28.9” 021°02'50.9” MID-1 2421 -3.3 312 —6.3 2733 =36 1.5 1.6
Arnarfell 64°13/02.3” 021°04’12.1” MID-2 16.8 —21 18.1 —222 348 216 11.1 -
Kalfstindar 64°13'06.2" 020°53'08.9" MID-3"" 48.8 —11.6 105.2 -7.9 154 -9.1 14 1.5
Nesjavellir 64°06'01.1” 021°14'50.4” NES-1 328  —135 323 -33 651 -84 54 -
Olfusvatnsfjoll 64°06'57.0"” 021°08'26.4” OLF-1 244  —11.2 135 —8.7 378 —103 24 2.9
brengsli 64°00'04.8” 021°27'45.4" THREN-1"" 234 —-17.2 8.1 —13.4 31.5  —16.2 12.8 15.1
Reykjanesviti 63°48'44.6" 022°42'49.2" REY-1"" 50.7 —182 194 —20.8 70.1 —18.9 2.1 -
Hraunsvik 63°51'06.9” 022°22'07.2" HRA-1"" 16.2 —-22 13.6 —14.2 299 —184 153 -
Meelifell 64°06'42.4" 021°10'51.5" MAE-1"" 179 —152 133 =175 3.2 —-119 1.3 1.5
Longuhlidar 63°58'18.2" 021°56'42.2" LON-1 175 =9.1 40 -7.8 574 -82 16.6 -
Armannsfell 64°19'13.5"” 020°59'43.9” Al 234  —10 209 —8.6 443 -93 33 6.0
borolfsfell 64°26'55.6” 020°31'02.1" A2 213 —16.3 223 -8.5 43.6 —12.3 3.6 4.2
Blafell 64°30/56.3” 019°53'16.2" A6 59.6 —26.7 98.1 -27.5 157.6 —27.2 28.0 29.9
bverbrekknamuli-2 64°43'23.6"” 019°36'52.7" A8 134 —12.5 31 -9.1 444  —10.1 152 -
Arnarbeeli 65°00'50.9” 019°35'20.7" A9 146 —-9.6 421 —6.9 567 —-7.6 0.3 0.4
Eastern Rift Zone (ERZ)
Skerdingar-1 64°34'17.8" 018°04'14.3” A13/ICE08R-09 16.7 —11.9 27.8 =75 445 =92 55 6.5
Kambsfell 64°49'38.5” 017°45'19.8” A20/ICEO8R-15 30.9 —13.3 48 —6.6 788 -93 09 1.0
Gnjotsd near Kambsfell 64°49'36.7" 017°42/08.2" A21/ICE08R-16 7.2 —16.1 27.8 -84 35 —-10 0.1 0.2
North of Valafell 64°43/49.9” 017°42'30.7" A22/ICEO8R-17 349 —6.7 64 -7.1 99 -7 0.6 1.0
Mid-Balkafell 64°40'22.8" 017°45'58.0" A24 58.1 251 524 —-19.2 110.5 -22.3 14.5 19.1
Kirkjuellsvatn 63°58'44.5" 018°53'46.6" A27 282 —6.5 20.1 —11.8 484 8.7 45 8.7
NW of Grenifjallgardur 64°06'20.8” 018°30'55.5” A32 314 —193 165 —16 479 —18.2 438 8.7
Sigalda 64°10'19.8” 019°08'18.7" A35 10 —-17 533 -7.9 633 -94 09 2.1
Heljargja 64°19'19.8” 018°27'37.8” A36/ICE08R-23 11.6 —17.2 7.5 —12.3 19.1 -153 354 -
Blafjall 64°23/22.4" 018°13'45.2” ICEO8R-13 26.6 —204 233 -8.5 50 —14.8 1.0 1.0
Northern Rift Zone (NRZ)
Hvammsfjoll 65°21'38.7" 016°41'11.4" NAL-216 210.5 —-7.2 348 -9.6 2453 -7.6 103 17.8
Herdubreidarfjoll 65°22'10.7" 016°22'29.5” NAL-281 552 —16 44 —133 99.1 —148 1.5 -
Geaesahnjukar 64°46'50.2" 017°30'40.7" NAL-500 827 —12.5 436 —114 126.3 —12.1 8.3 -
Dyngjufjoll 65°09'42.1” 016°55'27.5" NAL-584 49.5 —17.3 31.8 —26.4 81.2 =209 17.2 253
Upptyppingar 65°01'40.7" 016°13'44.4" NAL-585 163 —17.1 204 —16.8 367 —-169 11.6 14.2
Kistufell 64°47'23.8"” 017°10'56.3” NAL-595 544 —14.6 424 —12.3 969 13614 1.9
Kistufell 64°47'54.4" 017°12'01.2” NAL-611 502 —-69 152 —11.0 654 -79 0.8 -
Blafjall 65°25'35.9” 016°48'56.2" HS92-15 489 -8 67.3 —6.5 116.2 -7.1 1.0 1.2
Kvihélafjoll 65°50/24.6" 016°59'10.4" KVIH-1"" 7 —14.1 243 -10.2 31.3  —11.1 20.7 51.4
Kvihélafjoll 65°50'24.6" 016°59'10.4” NAL-837"" 8 —-10  26.7 -5.6 346 —6.6 11.8 18.0
Hruthélsar 65°19'25.7" 016°30'10.0” NAL-828 134 —139 303 =51 437 -7.8 1.0 1.2
Kverkfjoll 64°49'00.0” 016°2900.0” KVK77 41.5 =25 419 —26.4 833 257404 -
Geesahnjukar 64°46' 017°29' NAL-496"" 793 =264 69.7 —24.9 149 —25.7 655 784
Eggert 65°15 016°29’ NAL-688 152 -94 153 -10 305 9.7 49 5.0
Upptyppingar 65°02/ 016°14 NAL-355" 235  —199 123 —13.3 358 —17.6 31.3 31.7
Upptyppingar 65°02 016°14’/ NAL-356" 251 —18.6 17 —16 42.1  —17.6 18.5 -
South Iceland. Volcanic Zone (SIVZ)
Réttarfell (Porsmork) — 63°40'19.5” 019°29'32.4” RET-1 445 -85 137 —10.3 582 -89 94 -
brihyrningur 63°47'33.0 019°55'27.3 TRI-3 18.04 —16.5 22.9 —17.0 409 -16813 -
Hekla Area 64°02'15  019°46'14  BHE-43 40.56 —18.6 26 —22.0 66.6 —-20 22 -
Sneefellsnes Volcanic Zone (SNVZ)
Olafsvikurenni 64°53/39  023°47'48  OLAF-1 1.6 —113 5 —12.7 16.5 —11.7 1330 -

Samples denoted with a double asterisk (#x) are characterized by a late release of CO, during extraction and thus vesicle CO, = 700-1000 °C
temperature steps and dissolved CO, = 1100-1200 °C temperature steps.

#700-900 °C temperature steps.
® 1000-1200 °C temperature steps.
€ 700-1200 °C temperature steps.

4 Degassing-solubility corrected using “He/*°Ar” ratio (See Section 5.3).
* All glasses belong to the tholeiitic series with the exception of SIVZ samples RET-1, TRI-3 and BHE-43, which belong to the transitional

alkalic series and SNVZ sample OLAF-1, which belongs to the alkalic series (classification scheme after Jakobsson et al., 2008).



P.H. Barry et al./ Geochimica et Cosmochimica Acta 134 (2014) 74-99 87

250

O MID-1
WRZ

ERZ

NRZ

sivz

SNVZ

Kobeinsey Ridge
- Reykjanes Ridge

A NAL-216
200 -

i |o<pooO

150

€0," (ppm)

100 1

501

r

200 250
d

CO," (ppm)

Fig. 5. Plot of CO; contained in vesicles (CO3) vs. CO, dissolved in
glass matrix (CO%) measured by stepped heating methods. Mag-
matic CO, (COY) is uniformly divided between COY and COS$ in
Iceland. Also shown are COY vs. CO$ values for the adjacent ridge
segments: the Kolbeinsey (Macpherson et al., 2005a) and Reyk-
janes (de Leeuw, 2007) ridges.

empirically-derived FED trajectories have a slope between
~3.9%, and 4.3%, results in ~12-13% uncertainties on all
C,, estimates.

In addition, we identify three samples (MID-2, REY-1,
A6; circled in Fig. 6A) that fall well below the FED trajec-
tory and therefore cannot be explained by degassing frac-
tionation alone. Notably, all three samples display 8'>C
values lower than —209,, and have higher than expected
CO, contents considering their extreme 6'*C values. Similar
observations are made for the NRZ and ERZ samples (cir-
cled values — Fig. 6B and C) and indicate possible assimila-
tion processes involving an isotopically-low &'*C
component (see Section 5.2.3). In contrast to these low
6'3C samples, one sample (NES-1) stands alone with high
8'3C — plotting above the BED line (Fig. 6A). As a result,
C, cannot be determined analytically for this particular
sample, but can be approximated using a graphical ap-
proach, whereby the BED trajectory is assumed, and then
forced to pass through point NES-1. However, if we assume
that degassing is sufficiently advanced (>80%) so that the
change in 6'>C from the initial value is approximately equal
to A (+4.39%,) then NES-1 (—3.3%,) would require a positive
mantle starting carbon isotope composition, which is highly
unlikely in the context of anticipated mantle values and
other values in this study. Alternatively, high 5'3C values
can result from crustal assimilation of a *C enriched end-
member (i.e., carbonates) in the magma chamber or magma
conduits. Notably, most basalts in this study that fall out-
side of the mixing envelope defined by BED and FED tra-
jectories are affected by addition of carbon with lower
(organic/sedimentary) 8'°C values.

Estimating pre-eruptive CO, source compositions from
the two remaining neovolcanic rift zones is more compli-
cated due to the lack of a clearly defined BED trajectory,
in the case of the NRZ (Fig. 6B), and a FED trajectory
in the case of the ERZ (Fig. 6C). As a result, C, cannot
be determined analytically as described above for the
WRZ so must be approximated using a graphical approach.

In the NRZ, the FED trend can be defined by the slope of a
best fit regression through samples NAL-356, NAL-281,
NAL-500 and NAL-595, resulting in a slope of (A=)
~3.9%.. However, no clear BED trend exists and therefore
we estimate starting values by forcing the BED trajectory
through just one sample — NAL-828 (C.ggp = 30.3 ppm,
o =—5.1%,). Again, if our assumptions hold true and
degassing is sufficiently advanced (>80%), as with the
majority of Iceland basalts, the change in 6'*C from the ini-
tial value is ~39, and therefore NRZ samples would re-
quire starting compositions of C, =550+ 66 ppm and
0p = —2.0 + 1.0%,, respectively (Fig. 6B). As in the WRZ,
three samples plot well below the FED trajectory and re-
quire crustal assimilation to explain their extreme values.

In the ERZ, there is no clearly defined FED trajectory,
so we use an average A-value (from WRZ and NRZ) of
+4.1%,. We then select ERZ samples A22 (C,BED' = 64.0
ppm, o) =—7.1%,) and Al3 (C,BED?=27.8 ppm, 57 =
—7.5%,), which follow a BED trajectory and calculate
GFED' and GFED’. With C,BED' and C,FED' and
C,BED? and C,FED?, we estimate C, using Eq. (5) and
3,BED', §,BED?, §,FED', and §,FED” using Egs. (2)
and (3), respectively. The estimated CO, composition of
pre-eruptive melt is (Cp) =371 =45 ppm, with a corre-
sponding average J,= —3.7 £ 1.09%,, (Fig. 6C). Notably,
one ERZ sample (A24) falls well below the FED trajectory.
We also note that source estimates for NRZ and ERZ
samples are obtained using a graphical approach, and are
therefore highly model and assumption dependent.

By combining carbon data (n =47) from all three neo-
volcanic rift zones as well as from the SNVZ and SIVZ,
we can estimate pre-eruptive CO, source estimates for
Iceland as a whole (Fig. 6D). Seven samples were selected
to define the FED trajectory: SKARD-1 and MID-3 from
the WRZ, NAL-356, NAL-281, NAL-500 and NAL-595
from the NRZ and A32 from the ERZ. A fractionation fac-
tor of (A=) ~4.29, was determined by calculating the slope
of a best-fit regression line (5, =4.19 In(C,FED) - 27.87)
(see Fig. 6D) through these (n = 8) samples. We then se-
lected ERZ sample A-22 (C,BED'=64.0ppm, ! =
—7.1%,) and WRZ sample MAE-1 (C,BED? = 13.3 ppm,
82 = —7.5%,), which follow a BED trajectory and calculate
C.FED! and C,FED? using the FED regression line. The
resultant estimated CO, composition of the pre-eruptive
melt taking all of the neovolcanic zone samples together
is (Cp) =531 4 64 ppm, with a corresponding average
o,=-25+1.1%, (i.e., average of §,BED', §,BED’,
3,FED', and 6,FED?) (Table 3).

Pre-eruptive carbon estimates of Icelandic basalts reveal
several interesting features: (1) CO, source estimates
increase from the WRZ (206 £24 ppm) to the ERZ
(371 £45ppm) and reach a maximum in the NRZ
(550 £ 66 ppm), (2) average source estimates (C,=
531 £ 64 ppm) are in good agreement with previous
estimates for DMM primary melts of 367-858 ppm CO,
assuming 12% partial melting (Marty, 2012) and, olivine-
hosted melt inclusions (430-510 ppm CO,) from the Laki
eruption (Metrich et al., 1991), and overlap with estimates
of ~400 £+ 100 ppm from the adjacent Reykjanes and Kol-
beinsey ridges, (3) the J, (=—2.5 & 1.19,,) estimate using all
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Fig. 6. (A—E) Carbon-isotopes (5'C) as a function of dissolved CO, content (ppm) in basalts of the various volcanic zones of Iceland: (A)
WRZ; (B) NRZ; (C) ERZ; (D and E) All Iceland data. Solid lines: calculated BED and FED mixing trajectories. Circled dashed lines: samples
effected by CAFED. Panel E considers assimilation of isotopically light carbon in concert with FED. Dashed lines: calculated CAFED mixing

trajectories.

of the neovolcanic zone samples together is similar to the
average geothermal value of —3.14+1.99  reported in
section 4.1.1 — suggesting that geothermal fluid carbon
isotope signal closely resembles the primary mantle compo-
sition of Iceland obtained using the basalt approach. We
note that this is not a unique solution and that subglacial
basalt carbon data could also be explained using a
A value =2.39, (lowest experimentally-derived value;
Mattey, 1991) and pre-eruptive melt compositions of

~400 ppm and —39,. However, if a A-value of 2.3%, is
adopted then a significantly larger (>50%) fraction of the
data would require crustal addition (CAFED mixing — see
Section 5.2.3) to explain their carbon systematics. We note
also that pre-eruptive CO, estimates of ~531 ppm are lower
than some estimates for primitive MORB (Cartigny et al.,
2001; Saal et al., 2002) and plume-derived settings (Aubaud
et al., 2005, 2006), suggesting that the Iceland mantle source
may be relatively carbon poor. Alternatively, degassing
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Table 3
Calculations of CO, in pre-eruptive melts.
C,BED! C.BED? Cp Op
(MAE-1) (A-22)
3¢ (%) -75 7.1 531¢ —3.4¢
C.BED (ppm) 13.3 64.0 —3.4¢
C,FED (ppm) 128.9° 141.8° —1.6'
,1_6\1

 Calculated from 6} and the regression line (FED trajectory).
® Calculated from 62 and the regression line (FED trajectory).
¢ Calculated from Eq. (5).

4 Calculated from Eq. (2) using 6} and C,BED'.

¢ Calculated from Eq. (2) using 62 and C,BED?.

! Calculated from Eq. (3) using 8! and C,FED".

& Calculated from Eq. (3) using 62 and C,FED>

may have occurred prior to equilibration beneath Iceland
and as a result, pre-eruptive CO, estimates should be
regarded as minimum values.

5.2.3. Coupled assimilation and fractional equilibrium
degassing (CAFED)

Fig. 6A-D demonstrate that most (>80%) samples can
be bracketed between BED and FED degassing trajectories
and, as a result, the majority of Iceland CO, data can be
adequately described by the above two-stage degassing
model. However, several (n = 8) clear outliers plot below
the well-defined FED trajectory and are marked by sub-
stantially lower 6'*C values compared to samples with sim-
ilar CO, contents (circled values Fig. 6D). While it is
possible that the low §'3C represents post-eruptive contam-
ination on glass surfaces, every precaution was taken in
cleaning these glasses prior to stepped-heating analysis
(Section 3.2). Notably, the low §'°C contaminant is ob-
served in the dissolved phase (i.e., 900-1200 °C heating
step) and, therefore, this possibility is unlikely. Alterna-
tively, these glasses may be derived from magma with a
distinctively lower initial 6'*C value than the remainder of
the Icelandic suite. However, no other geochemical features
of these samples suggests that they were derived from a
source different from other Icelandic basalts (Fiiri et al.,
2010) and, furthermore, low 513C values are observed in
all three axial rift zones. Therefore, the most likely explana-
tion for these data is that they were derived from similar
pre-eruptive magma as other Icelandic samples but acquired
low 8'°C during interaction with the crust. Assimilation
processes have been suggested for the adjacent Kolbeinsey
Ridge (Macpherson et al., 2005a). Notably, the relatively
rare occurrence of extremely low 3'°C suggests that most
magma batches avoided interaction with low §'*C (organ-
ic/sedimentary-derived) crust. Alternatively, the carbon
isotopic composition of the wall rock may have been
predominantly magma-like, and thus modification to the
8"3C of the magma was negligible.

In order to investigate the concurrent processes of degas-
sing and wall rock assimilation, we adopt the approach of
Macpherson et al. (2010) and construct a coupled assimila-
tion and fractional equilibrium degassing (CAFED) model
in which FED occurs in increments of 1%, followed by
assimilation with contaminant CO, between 50 and
500 ppm and 6'3C = —30%,. FED was selected due to the

longer storage and eruption times associated with open sys-
tem degassing which should promote interaction between
melts and contaminants. This model assumes that the thick
Icelandic crust is heterogeneous and likely stratified with re-
spect to carbon speciation and isotope signatures. Average
CO, contents of ~500 ppm, measured in altered basalts
from IRPD drill cores in eastern Iceland (Flower et al.,
1982) and in oceanic drill cores (Shilobreeva et al., 2011),
are used as a potential CAFED crustal endmember in the
model. We postulate that low 8'°C organic signatures in
crustal wall rocks result from either hydrothermal circula-
tion of organic material (Lang et al., 2006) and/or biological
activity during mineralization (Thorseth et al., 1992; Fisk
et al., 2003). Carbonates associated with microbially-altered
volcanic glasses have shown large 6'C variations, ranging
from —16%, up to +5%, (Furnes et al., 2001) and 6'>C values
of total organic carbon (TOC) from serpentinized perido-
tites and gabbroic rocks from the Lost City Hydrothermal
System range from —28.99, to —21.5%, (Delacour et al.,
2008). Alternatively, this depleted component might repre-
sent highly degassed material (lavas) that comprise the bulk
of the Icelandic crust. Fig. 6E plots '3CY vs. CO$ for all Ice-
landic subglacial basalt data and illustrates that samples
(n = 8) with extremely low 8'>C, which fall below the FED
trajectory, can be explained by CAFED (dashed lines) with
the contaminant marked by CO, = 50-500 ppm and
8'*C = —309,. This figure illustrates that by adopting a
CAFED-type model, which incorporates crustal interaction
with the melt, we can effectively generate extremely low
813C values at relatively high COY contents that cannot
otherwise be resolved by traditional fractional equilibrium
models.

5.2.4. Vesicle CO, and noble gas elemental fractionation

In addition to the new CO, concentration and isotope
data presented here, a subset (n = 30) of Icelandic glasses
were previously characterized for vesicle-sited He, Ne,
and Ar concentrations and isotopes (Fiiri et al., 2010). By
combining these two data sets, we calculate volatile ratios
(i.e., CO,/*He and CO,/Ar*), which, when combined with
previously reported *He/*°Ar* ratios (Fiiri et al., 2010), re-
veal important additional information about the degassing
histories of the magmas.

The extent of degassing can be gauged by the *He/*°Ar*
ratio (Marty and Tolstikhin, 1998), assuming a *He/*°Ar*
mantle production ratio of ~2 (Jambon et al., 1986). Fiiri
et al. (2010) showed that low *He/*He ratios are not cou-
pled with low helium concentrations, suggesting that crustal
contamination has a negligible effect on He-isotopes
(Hilton et al., 1993, 1995; Macpherson et al., 1998, 2005a;
Fiiri et al., 2010) so that *He/*’Ar* should reflect the effects
of degassing only. Furthermore, “He/*°Ar* values plot near,
or above the mantle production ratio in nearly all Icelandic
basalts, due to preferential loss of Ar during degassing
(Fiiri et al., 2010).

Having identified samples that have been modified by
both degassing and crustal assimilation processes
(Section 5.2.3), we now plot (Fig. 7A-C) elemental ratios of
vesicle-sited volatiles in order to highlight elemental
fractionation that occurs during vesicle formation due to
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Fig. 7. (A-C) Elemental ratios for vesicle derived gases from Iceland’s neovolcanic axial rift zones. (A) CO,/°He vs. “He/*°Ar™; (B) CO,/Ar"
vs. CO,/*He; (C) *“He/*°Ar" vs. CO,/Ar". Superimposed on each subplot are two equilibrium degassing scenarios (FED-BED & FED-2-BED-
2; solid lines) and coupled assimilation fractional equilibrium degassing (CAFED) scenarios. Starting compositions: MID-3 (*He/*Ar" =2.1;
CO,/*°Ar = 6.0 x 10*; CO,/*He = 1.4 x 10°) and VIF-1 (*He/**’Ar" =1.2, CO»/*°Ar* = 1.5 x 10*, CO,/*He = 6.7 x 10%) correspond to
FED-BED and FED-2 and BED-2 and CAFED processes, respectively. The CAFED assumes 1% degassing increments from a given starting
composition, followed by addition of contaminant. CO,/*He and CO,/Ar" values of the crustal contaminant are assumed to be enriched by a
factor of ~10>-10*, which is consistent with their crustal provenance (e.g., CO,/*He =1 x 10"'-1 x 10"* = CO,/*He of contaminant; O’Nions
and Oxburgh, 1988). Following assimilation, the degassing step is repeated from the new starting composition. Various samples (MID-3, A-9,
MAE-1, NAL-828, A20, ICEO8R-13 and A22), which are used to define BED trajectories in Fig. 6, have been labelled in order to demonstrate
that degassing is affecting carbon and other volatiles similarly, however samples SKARD-1, NAL-281, NAL-356 and NAL-500 are not
plotted due to the fact that *He/*°Ar” values were not determined for these samples.

relative solubility differences between species (i.e., Spe =
6.4 x 10~*cm® STP/g, Sco, =2.7 x 10 *cm® STP/g, and
Sa; = 6.8 x 107° cm® STP/g at 1 bar atm; Jambon et al.,
1986; Lux, 1987; Pan et al., 1991; Dixon and Stolper,
1995; Jendrzejewski et al., 1997; Hilton et al., 1998a;
Cartigny et al., 2001). We begin by assuming that WRZ
sample MID-3 (*He/*°Ar* =2.1; CO,/*’Ar=6.0 x 10%
CO,/*He = 1.4 x 107) can be used to approximate the least
degassed sample, and thus provides a useful starting point
to consider degassing and coupled assimilation in Icelandic
basalts. This assumption is consistent with the dissolved
carbon isotope and abundance systematics of MID-3
(Section 5.2.3), which indicates that this sample has under-
gone little modification. Fiiri et al. (2010) also used nearby
sample (MID-1) from the adjacent Miofell region to approx-
imate the undegassed mantle source using He-Ne-Ar isotope
characteristics. Both BED and FED trajectories are then

plotted using this presumed starting composition. Notably,
labelled samples (e.g., MID-3, A-9, MAE-1, NAL-828,
A20, ICEO8R-13 and A22) that fall along BED trajectories
in Fig. 7C correspond to samples used to empirically define
BED trajectories in Section 5.2.2 (e.g., Fig. 6). Likewise,
samples that display extremely low 6'°C values in Fig. 6
also require CAFED mixing to explain their extreme
values. Relative solubility differences between elements
leads to increases in *He/**Ar*and CO,/*°Ar* and a
decrease in CO,/°He in the residual phase as degassing
progresses. However, in some instances the two models
do not agree; for example, Fig. 6A suggests that A9 and
MID-3 result from degassing of the same magma, yet their
“He/*Ar*—-CO,/*°Ar* compositions cannot be related by
any simple degassing scenario. As seen in all three sub-plots
of Fig. 7, BED and FED degassing trajectories provide a
reasonable fit to a small proportion of samples and thus
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an additional process must be considered. For example,
several samples with distinctly high CO,/*He values are
accompanied by relatively low “He/*°Ar* values (Fig. 7A).
Such high CO,/*He values cannot be produced by
degassing alone: this process would require unrealistically
high starting CO,/*He values or volatile solubilities
that are drastically different than experimentally-derived
values. Alternatively, assimilation of crustal material
(COx/*He =1 x 10""-1 x 10", *He/**Ar*=2) could
provide a mechanism to produce the observed variations.
Such a process would be consistent with assimilation of
13C-depleted wall rock into the melt during transfer to the
surface, and would likely occur concurrently with degas-
sing. Thus, the approach of Macpherson et al. (2010) can
be used to construct a CAFED type model to illustrate this
process.

The majority of samples plot close to CAFED trajecto-
ries, allowing us to conclude that CAFED is necessary to
explain the majority of Iceland samples. In this case, wall
rock assimilation is an important control on the volatile
systematics of Iceland. However, this approach does not
account for several low (vesicle) CO»/*He samples which
cannot result from degassing (assuming MID-3) and/or
through CAFED. Therefore, we suggest heterogeneities in
elemental source characteristics as a potential explanation.
Alternatively, Hahm et al. (2012) suggested that selective
assimilation of pure CO, by the largest vesicles in the
magma could provide the mechanism to produce lower
CO,/*He (and CO,/*°Ar*) values with minimal modifica-
tion to “He/*°Ar ratios.

In summary, the relative abundance characteristics of
vesicle-sited CO, and other volatiles are compatible with
degassing and assimilation of crustal material (in most
cases). We postulate that parent magma is stored in crustal
magma chambers where addition of CO, can occur, most
likely due to wall rock interaction.

5.3. CO, flux estimates

Having identified intrinsic CO, characteristics of Icelandic
fluids/gases (Section 5.1) and subglacial basalts (Section 5.2),
we are now able to estimate the total CO, output from Ice-
landic magmatic systems. CO, fluxes are estimated using
three different approaches: (1) combining *He flux estimates
from Iceland (Hilton et al., 1990, 1998b) with measured
CO,/*He values (this study); (2) estimating pre-eruptive
CO,; contents of basaltic melts (this study) and combining
these data with magma production rates for Iceland (Schil-
ling et al., 1978, Crisp, 1984; White, 1993; Armannsson
et al., 2005), and (3) by combining geothermal fluid flow
rates (Gislason et al., 1992; Agustsdottir and Brantley,
1994; Gislason, 2000; Kristjansson et al., 2004; Armannsson
et al., 2005; Fridriksson et al., 2006) with measured CO,
contents in fluids (this study). These estimates are then
compared to previous estimates of the CO, output from
Iceland, determined by integrating steam flow rates with
CO, concentrations in HT steam fields (Armannsson
et al., 2005; Fridriksson et al., 2006) and fluid flow
rates at individual volcanic centers (Gislason, 1992, 2000;
Agustsdottir and Brantley, 1994). All CO, flux estimates

for Iceland are tabulated and compared to other volcanic/
geothermal areas worldwide and global rift zones in Table 4.

The *He flux at mid ocean ridges (MOR) was first re-
ported by Craig et al. (1975), who measured relative *He
enrichments in seawater around MOR-crests and estimated
a primordial *He flux (~1000 mola~!) from the Earth’s
mantle. By combining *He flux estimates with measured
CO,/*He values from individual rift segments, CO, fluxes
have been quantified in various global rift segments such
as the East Pacific Rise and the Mid-Atlantic Ridge (Marty
and Jambon, 1987; Marty and Tolstikhin, 1998). However,
more recent estimates (Farley et al., 1995; Saal et al., 2002;
Bianchi et al., 2010) suggest that *He fluxes may be overes-
timated by a factor of ~2 and, as a result, previous global
ridge CO, flux estimates (Marty and Tolstikhin, 1998)
would represent upper limits. In this contribution, we
report CO,/*He values from both geothermal manifesta-
tions and subglacial basalts of Iceland, both of which can
be combined with *He fluxes from Iceland to estimate
CO, fluxes. We then compare these results with other
plume-related regions worldwide as well as other subaerial
volcanic regions.

In Section 5.1, we showed that CO,/*He values mea-
sured in fluids and off-axis gas samples were extensively
modified and therefore only on-axis free gas phase samples
(mean CO,/°He =5.9+6.3 x 10°; n= 37) can be consid-
ered appropriate for estimating CO, fluxes. In contrast,
all on-axis basalt (n=43) CO,/*He values (mean
CO,/*He =24 + 99 x 10°) are considered appropriate to
approximate source values: however, some of the CO,/*He
variability must be due to degassing and/or CAFED
(Section 5.2), and thus a similar filter must be applied to
the data. In order to circumvent the effects of degassing
on basalt samples, a simple degassing correction (after
Marty and Tolstikhin, 1998) can be applied to raw data
by assuming that Ar loss follows a Rayleigh distillation
(Marty, 1995). While our modelling results suggest that
degassing is likely a combination of both open and closed
system degassing, we suggest, based on extreme C-isotopes
and *He/*°Ar values, that open system degassing is the
dominant process. In this way, any degassing fractionation
effect between two volatiles can be scaled to the *He/*°Ar*
ratio. Using this approach, we calculate initial CO,/*He
ratios according to:

(COZ/SHe)inilial = (COZ/SHe)obs

X |(He/ Ar) g/ (‘He/ VAT |

A1 = (Sie/Sco2)/1 = (Sue/Sar)]

(6)

As degassing progresses, residual “He/**Ar* values increase
and CO,/>He values decrease (Marty and Tolstikhin, 1998;
Hilton et al., 1998a). Consequently, the average measured
CO,/*He value of Icelandic basalts of 24 + 99 x 10° can be
corrected to a mean starting value of ~354 140 x 10°.
Importantly, by using extreme carbon isotope values as a

metric for extent of crustal modification (Fig. 6E; circled
samples), we can identify and selectively remove (n=7)
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Table 4

CO, flux estimates.

Study CO; flux % of global =~ Method References

area (mol/ ridge flux

year)x 101°

Iceland 7-23° 3-10° He flux and CO,/*He This work®

Iceland 0.2-0.8° 0.1-0.4° Primary melt CO, = 531 ppm  This work®
CO,

Iceland 7 3 TDIC and flow rate Gislason (1992, 2000) and Agustsdottir and
extrapolated Brantley (1994)

Iceland 2-5 1-2 Heat flux and Steam vent and  Arndrsson (1991), Arndrsson and Gislason (1994),
diffuse soil emissions Kristjansson et al. (2004) and Fridriksson et al. (2006)

Global Ridge 220 - He flux and CO,/*He Marty and Tolstikhin (1998)

Plume-related Regions

Kilauea, Hawaii 0.1-3.0 0.1-1 Primary melt estimates Greenland et al. (1985), Gerlach and Graeber (1985),

Dixon and Clague (2001), Hauri (2002) and Crisp (1984)

Reunion 0.1-0.2 0.1 Primary melt estimates Bureau et al. (1998)

Society Islands 0.2 0.1 Primary melt estimates Aubaud et al. (2005)

Pitcairn 0.2 0.1 Primary melt estimates Aubaud et al. (2006)

Yellowstone 23-50 10-23 Basalts and hydrothermal Werner and Brantley (2003)

Subaerial Volcanic Regions

Solfatara, Italy 0.1 0.1 Diffuse soil emissions Chiodini et al. (1998)

Etna, Sicily 100 45 CO,/S0, ratio Allard et al. (1991)

Central 6-7 3 He flux and CO,/*He Hilton (2002) and Shaw et al. (2004)

American Arc

Oldoinyo 0.06 - IR and diffuse soil emissions Brantley and Koepenick (1995)

Lengai,

Tanzania

Mt. Erebus, 1.5 0.7 CO,/SO, ratio Wardell and Kyle (1998)

Antarctica

White Island, 2.2 1 CO,/S0, ratio Wardell and Kyle (1998)

NZ

Aggregate Fluxes

Subaerial 148-550 - - Varekamp et al. (1992), Williams et al. (1992),

(Arc + Plume) Marty and Tolstikhin (1998)

Global Ridge 68-2300 - - Varekamp et al. (1992), Morner and Etiope (2002),

(MOR) Kerrick (2001), Marty and Tolstikhin (1998)

Global Total 295-2300 - - Gerlach (1991), Le Cloarec and Marty (1991),

Varekamp et al. (1992), Sano and Williams (1996),
Morner and Etiope (2002), Kerrick (2001), Delgado et al.
(1998) and Marty and Tolstikhin (1998)

2 3He flux of ~10-36 mola™".

® Using crustal production rate of 0.064-0.22 km® a~! (Hilton et al., 1990, 1998b; White, 1993; Armannsson et al.. 2005).

samples that have been largely affected by crustal assimila-
tion; we thus consider only the remaining on-axis samples
to be representative of the source composition. Using this
approach, an average CO,/*He value of 7.9 + 12 x 10’ can
be calculated for the remaining basalts, which is in good
agreement the average value 5.9 & 6.3 x 10° reported here
for selected (n = 37) gas phase samples, as well as previous
CO,/*He estimates (6 x 10%; Poreda et al., 1992) from HT
fluids from the axial rift zones of Iceland. We caution that
due to the large uncertainties associated with these estimates
they can only be used to place an upper limit on the CO, flux.

Previously, Hilton et al. (1990, 1998b) derived a *He flux
of ~11 mol a~! from Iceland using a measured *He flux of
6 x 10° cm® STP *He a™!, 10% partial melting, a crustal
production rate of 0.064 km? a~!, an estimated He concen-
tration in the mantle source of ~30 x 107> cm® STP/g ba-
salt, based on an assumed >He/*He ratio for Iceland of

30 Rs. Average filtered gas and basalt CO,/°He values
can then be combined with this *He flux in order to estimate
a CO, flux of ~7-9 x 10" mola™". Notably, the *He flux
estimate of Hilton et al. (1998b) assumes a crustal produc-
tion estimate of 0.064 km> a~! (Schilling et al., 1978; Crisp,
1984; Hilton et al., 1990, 1998b); however, estimates of
crustal production in Iceland vary widely. For example, if
we assume basaltic magma is emplaced into the Icelandic
crust along the ~550 km axial rift zone, with a spreading
rate of 2cma~! (Bjornsson, 1985) and an average crustal
thickness of ~20 km (Bjarnason et al., 1993), then we calcu-
late a crustal production rate of ~0.22 km* a~!, which is in
agreement with other estimates (White, 1993; Armannsson
et al., 2005). By adopting higher crustal production rates,
we estimate a significantly larger CO, flux of ~23 x 10'°
mol a~' for Iceland. This latter value represents ~10% of
the global ridge flux (Marty and Tolstikhin, 1998). For
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perspective, Iceland comprises just less than 1% of the
length of the global ridge system. Together, these results
suggest that higher crustal production rates in Iceland cou-
pled with DMM-like CO, contents in the Icelandic mantle
source can potentially result in proportionally large CO,
fluxes relative to global ridge averages.

The second approach to estimating the mantle CO, flux
involves combining pre-eruptive CO, source estimates for
Iceland (400-531 ppm; Section 5.2) with magma production
rates between 0.064 and 0.22 km® a~! (Hilton et al., 1990;
White, 1993; Armannsson et al., 2005), which are consid-
ered a reasonable approximation for olivine-tholeiites
(i.e., the most common magma type generated in rift zones
of Iceland; Slater et al., 1998; Momme et al., 2003; Marty,
2012). This approach assumes that carbon is highly incom-
patible (Bottinga and Javoy, 1990) and thus passes effi-
ciently into the melt phase, and is quantitatively degassed
from basaltic melt during magma ascent. This latter
assumption is supported by empirical observations
(Fig. 6E). Using this approach, we calculate a CO, flux be-
tween 0.2 and 0.8 (x10'°mol a™"), which represents 0.1—
0.4% of the global ridge flux (Marty and Tolstikhin,
1998). Notably, these estimates overlap with previous esti-
mates of other plume-related regions (Table 4). In addition,
by combining CO, source estimates (Section 5.2.2) for
the individual rift segments (WRZ =206 + 24 ppm;
ERZ =371 + 45 ppm; NRZ = 550 4+ 66 ppm) with crustal
production rates (scaled to rift segment length;
WRZ = ~210km, ERZ=~140km, NRZ = ~200km),
we can estimate CO, output from individual rift zones. In
this way, a range of values from 0.1 to 0.3 x 10 mola™!
are calculated for the WRZ, 0.11-0.22 x 10'°mol a™' for
the ERZ and 0.11-0.3 x 10" mola™! for the NRZ (40%,
25% and 35% of the total, respectively).

Finally, measured geothermal fluid CO, contents
(TDIC) can be combined with estimated regional fluid dis-
charge rates (Heng, 2004) to make a first order estimate of
CO, fluxes from Iceland via geothermal discharges. Nota-
bly, the ERZ is the only axial rift segment where fluid phase
samples were collected and thus the only region where we
are able to estimate CO, fluxes. In addition, several fluid
samples were collected in LT off-axis portions of the crust
(i.e., SISZ and Vestfirdir); however, these samples are sub-
stantially modified by calcite precipitation (Section 5.1.3)
and, as a result, have almost certainly lost much of their pri-
mary CO,, as is evident by their low CO, contents (typi-
cally < 1 mmolCO,/kg H,0). Using an average CO,
content of ~2.84 mmolCO,/kg H,O measured at Kéldukvi-
slabotnar (ERZ), and previously published fluid flow esti-
mates of ~1000-20001/s (Heng, 2004) for the
Koldukvislabotnar region, we calculate a CO, flux of 0.9—
1.8 x 108 mola™! for this segment of the ERZ. Unfortu-
nately, published fluid flow estimates are not available for
the remainder of the ERZ and thus CO, flux estimates can-
not be directly determined for the individual localities.
However, if we assume that fluid discharge rates are rela-
tively constant throughout the ERZ, we can calculate
CO, outputs between 0.6-1.2 x 10 mol a~! for Landman-
nalaugar and 1.7-3.5 x 108 mola~' for the Vonarskard
region.

We compare our three estimates with previously pub-
lished CO, flux estimates for Iceland — determined by inte-
grating fluid and steam fluxes with measured CO, contents.
In total, CO, flux estimates have been calculated for just 4
of ~40 volcanic and geothermal systems of Iceland
(Armannsson et al., 2005): Hekla (Gislason et al., 1992),
Grimsvotn (Agustsdottir and Brantley, 1994), Eyjafjallajo-
kull (Gislason, 2000), and Reykjanes (Kristjansson et al.,
2004; Fridriksson et al., 2006). At Grimsvotn and Eyjafjal-
lajokull, [CO,] was measured in subglacial calderas where
magmatic CO, is dissolved in glacial melt-water. During
subsequent catastrophic flooding events (i.e., jokulhlaups)
flow-rates were measured and combined with [CO,]in order
to estimate CO, fluxes. Notably, Grimsvétn is one of the
largest and the most active volcanic system in Iceland,
and thus the CO, flux (~44 x 108 mola™'; Agustsdottir
and Brantley, 1994) is approximately an order of magnitude
larger than other less active regions, such as Eyjafjallajokull
(0.6-6 x 10® mol a~'; Gislason, 2000). Notably, the later
estimates from Eyjafjallajokull are valid during periods of
volcanic dormancy. However, during 5 weeks of activity
in April-May, 2011 the volcano emitted an estimated
1.3 x 10' mol CO, (Allard et al., 2010), an amount compa-
rable to total flux estimates for Iceland over one (dormant)
year (i.e., 0.2-23 x 10'® mol a™!). Using a similar approach,
Gislason et al. (1992) estimated CO, discharge into the lo-
cal groundwater system from the Hekla magma chamber to
be ~16 x 105mola~'. In addition, Kristjansson et al.
(2004) and later Fridriksson et al. (2006) reported a CO,
flux through soils in the Reykjanes geothermal area to be
~6 x 103 mol a~'. The combined CO, flux for these four
volcanic centers is ~0.7 x 10'° mol a~!: however, if this va-
lue is extrapolated to include the remaining ~35-40 geo-
thermal/volcanic systems of Iceland, the resultant flux is
~7 x 10" mol a~! (Guslason et al., 1992; Agustsdottir and
Brantley, 1994; Gislason, 2000), which compares favorably
with estimates from this study.

Using a different approach, Armannsson (1991) esti-
mated the total steam vent CO, flux of Icelandic geother-
mal systems to be ~3 x 10°mola~!, by extrapolating
measured steam emissions rates in the Krafla geothermal
region to other geothermal areas throughout Iceland. In
addition, Arnorsson (1991) and later Arnérsson and Gisla-
son (1994) used heat flux estimates from Icelandic geother-
mal areas (Palmason et al., 1985) to estimate steam
emissions — assuming that convective flow of steam is the
dominant heat transport mode in these areas. As with the
previous approach, steam estimates were then combined
with measured CO, steam contents to estimate a total
CO, flux (2-5 x 10'° mol a™') for Iceland.

These various CO, flux estimates for Iceland — calcu-
lated using different methodologies — are summarized in
Table 4 — and also compared to other plume-related and
subaerial volcanic regions worldwide. We note that CO,
output estimates from this study overlap with previous esti-
mates for Iceland (Arnodrsson, 1991; Gislason, 1992;
Arnorsson and Gislason, 1994; Agustsdottir and Brantley,
1994; Gislason, 2000) as well as estimates from other volca-
nically-active regions. For example, the CO, emissions
from Iceland are bracketed by individual Italian volcanic
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CO, output estimates which span from ~0.1 x 10'° mol a™"
at Solfatara, Italy (Chiodini et al., 1998) to ~100 x 10'°
mola~! at Mt. Etna, Sicily (Allard et al., 1991; Brantley
and Koepenick, 1995), the largest individual volcanic CO,
emitter on Earth. Furthermore, the CO, flux from all of
Iceland is comparable to previous estimates of ~6-—
7x 10 mola™" for the entire Central American Arc
(Hilton, 2002; Shaw et al., 2003). CO, output estimates
from this study also overlap with estimates made for other
hotspot sources such as Réunion, Society Island, Pitcairn
and Hawaii, which yield CO, fluxes between ~0.1 and
3.0 x 10" mol a™! (Greenland et al., 1985; Gerlach and
Graeber, 1985; Bureau et al., 1998; Aubaud et al., 2005,
2006). In contrast, continental hotspot regions (e.g.,
Yellowstone) typically emit more CO,, with estimates by
Werner and Brantley (2003) (23-50 x 10" mol afl) repre-
senting 2-25 times the total estimated for Iceland. In the
context of other well-characterized, volcanically-active
regions on Earth, this study clearly shows that Icelandic
volcanism acts to transfer significant amounts of CO, from
the mantle to Earth’s surface.

6. CONCLUDING REMARKS

We report here a comprehensive survey of CO, charac-
teristics (concentrations — both absolute values and relative
to *He) of geothermal fluids and sub-glacial basalts ob-
tained from on-axis and older off-axis portions of the Ice-
land crust. The principal findings of the study can be
summarized as follows:

(1) LT geothermal samples from off-axis regions of the
Icelandic crust possess more fractionated (i.e., lower
6'3C and CO,/*He) values vs. HT axial rift zone sam-
ples, indicating that calcite precipitation is a domi-
nant process and a sink for CO, in the older and
colder portions of the Icelandic crust.

(2) HT fluid samples of the ERZ display the highest geo-

thermal CO,/>He values measured. At localities

where both fluid and gas phases were collected, fluid
samples displayed up to two orders of magnitude
higher CO,/*He values vs. gas phases, suggesting that

ERZ fluid samples have been affected by hydrother-

mal phase separation processes and that phase sepa-

ration may be a pervasive processes affecting fluids
throughout Iceland.

Using subglacial basalt data, we are able to calculate

pre-eruptive CO, source estimates for individual rift

segments of Iceland, which show a general increase
from the WRZ (206424 ppm) to the ERZ

(371 £ 45 ppm) and reach a maximum in the NRZ

(550 + 66 ppm). Notably, uncertainty estimates

assume no assimilation in samples used to define

the A value and that all samples are derived from a

homogenous starting composition. When all data

for Iceland are compiled, an average pre-eruptive

CO, source concentration of 400-531 ppm is esti-

mated, which is in excellent agreement with previous

estimates for the DMM (367-858 ppm; Marty, 2012)

3

—~

and the adjacently located Reykjanes (396 ppm + 48;
de Leeuw, 2007) and Kolbeinsey (400 4 100 ppm;
Macpherson et al., 2005a) ridges.

(4) Pre-eruptive 6'3C (dp) is estimated to be —2.5 = 1.19,
for all of the neovolcanic zone basalt samples, which
is in good agreement with the average geothermal
value of —3.1 +1.9%,, suggesting that geothermal
carbon isotopes closely resemble the primary mantle
composition of Iceland. Notably, these values over-
lap with DMM 6'3C values as well as those previ-
ously reported from analogous plume-related
magmatic systems in the Society Islands (Aubaud
et al., 2005) and Hawaii (e.g., Loihi Seamount; Exley
et al., 1986; Kilauea; Gerlach and Taylor, 1990;
Hilton et al., 1997), suggesting little difference in
013C between plume-influenced and DMM mantle
sources. Some (n = 8) basalt samples display evidence
for crustal assimilation by a '*C depleted (organic/
sedimentary) component.

(5) Flux estimates of CO, from Iceland were made using
three independent approaches. The first two
approaches produce an estimate between 0.2 and
23 % 10" mol a~! for the whole of Iceland. Notably,
the various approaches are dependent on assump-
tions related to magma production rates and partial
melting. These estimates represent 0.1-10% of the
estimated global ridge flux (2.2 x 10" mol CO,a™!).
The third approach is used to approximate the CO,
output from the Koldukvislabotnar region (ERZ), pro-
ducing a CO, flux of ~0.9-1.8 x 108 mol CO,a™! -
consistent with estimates from other geothermal/
volcanic regions.
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