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ABSTRACT OF THE DISSERTATION 

 

Laboratory and field-based instrumentation developments and noble gas-stable 

isotope systematics of Rungwe Volcanic Province, Iceland and the Central Indian Ridge 

 

by 

 

Peter Hagan Barry 

Doctor of Philosophy in Earth Sciences 

University of California, San Diego, 2012 

Professor David R. Hilton, Chair 

 

Volatile studies in various tectonic settings have revealed important information about 

interactions between different mantle reservoirs and the Earth’s surface. By employing a 

combined noble gas and stable isotope approach, we are able to discern surficial processes 

from intrinsic mantle characteristics. This dissertation discusses laboratory and field based 

instrumentation developments, which enable high precision measurements of volatile species 

in the laboratory and improved sampling techniques of volatiles in the field. In addition, the 

origin(s), transport and behavior of volatiles are discussed in three plume-rift related 

geological settings: a) Rungwe Volcanic Province (RVP), b) Iceland, and c) the Central Indian 

Ridge (CIR). 
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Following a short introduction to the utility of noble gas and stable isotopes as 

geochemical tracers in plume-rift systems in Chapter I, we discuss the main objectives of the 

various studies that comprise this dissertation.  

Chapter II is a description of syringe pump apparatus for the retrieval and temporal 

analysis of helium (SPARTAH), a recently developed, semi-autonomous instrument, which 

enables continuous collection of fluid samples in the field. Fluids can subsequently be 

sectioned, time-stamped and targeted for volatile characteristics (e.g., He-isotopes), thus 

creating a time-series record of chemical perturbations in the groundwater system.  

Chapter III describes a N2 extraction and purification system recently constructed in 

the Fluids and Volatiles Laboratory at SIO. We describe the configuration of the system as 

well as initial test results that demonstrate the utility of our technique. 

Chapter IV examines He-CO2 and abundance systematics of RVP geothermal fluids 

and gases. We evaluate the origin of cold CO2 mazuku-like features, estimate CO2 fluxes, and 

address the apparent He-isotope disparity observed between gas, fluid, rock and mineral 

phases in the region. 

Chapter V focuses on the CO2 isotope and abundance systematics of Iceland 

geothermal fluids, gases and basalts. We consider various processes such as hydrothermal 

phase separation, calcite precipitation and degassing which may act to alter intrinsic mantle-

source features and attempt to reconstruct source characteristics of the Icelandic mantle prior 

to modification. In addition, CO2 fluxes are estimated for Iceland and compared with previous 

estimates from Iceland and analogous geological settings. 

Chapter VI investigates the combined Ne-N-Ar-CO2 systematics of the CIR as well as 

Ne-Ar systematics of Réunion xenoliths. We demonstrate that a Réunion-like plume 
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component is evident in the coupled Ne-N-Ar systematics and that both solar and recycled 

crustal components are detectable in the Réunion-plume source. Finally, we adopt a coupled 

assimilation and fractional equilibrium degassing model to explain and reconstruct initial 

volatile ratios and CO2 source characteristics. 
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CHAPTER I: Introduction 
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The combined study of noble gas (e.g., He, Ne, Ar) and major volatile (e.g., CO2, N2) 

isotopes as well as various elemental ratios, in subaerial and submarine settings enables 

assessment of the chemical evolution of Earth’s mantle and its subsequent degassing history. 

Mantle-derived volatiles are transferred to the Earth’s surface in volcanically- and seismically-

active regions through gas manifestations (e.g., fumaroles, bubbling gas springs) and in gases 

dissolved in groundwater systems. In addition, volatiles are transferred directly to the surface 

through magmatic eruptions, and can subsequently be sampled in basaltic glasses, phenocrysts 

and xenoliths at Earth’s surface. By using a combined volatile isotope and relative abundance 

approach, we are able to identify intrinsic mantle characteristics and understand processes 

occurring during volatile transfer, including interactions between the mantle-crust-atmosphere 

system.  

Noble gases are valuable geochemical tools for determining magma sources and 

understanding interactions between Earth’s mantle and the surface, particularly in seismogenic 

and/or volcanically active regions (e.g., Tedesco et al., 1998; Italiano and Martinelli, 2001; 

Hilton et al., 2002). They have been used to place constraints on the structure and evolution of 

the Earth, including the degassing history of the mantle (Allègre et al., 1983; Marty et al., 

1989). Their utility is based on their (a) chemical inertness, (b) highly mobile and 

incompatible nature in melts, (c) relatively low abundances in the solid Earth, and (d) large 

isotopic contrasts between different terrestrial reservoirs (e.g., mantle, crust, and atmosphere; 

Hilton and Porcelli, 2003). Helium and neon are particularly useful due to their unique ability 

to differentiate between mantle source features and crustal processes. 

Helium has two stable isotopes: 3He (primordial in origin) and 4He (produced from 

radioactive decay of U and Th). The 3He/4He ratio of well-mixed upper mantle, as sampled by 

mid-ocean ridge basalts (MORB) is uniform at 7-9 RA (where RA = the air 3He/4He ratio of 1.4 
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x 10-6). In contrast, some plume-related and ocean island basalts (OIB) samples show a 

marked relative enrichment in 3He, with 3He/4He values extending as high as 50 RA (Stuart et 

al., 2003), indicating a (plume) mantle reservoir with a high time-integrated 3He/(U+Th) has 

remained largely undegassed since Earth’s accretion. In stark contrast, the continents are 

characterized by low 3He/4He ratios - in the range of 0.01 to 0.1 RA – indicating that crustal 

helium is dominated by the radiogenic 4He component. Large variations between mantle and 

crustal reservoirs (> three orders of magnitude) form the basis for the utility of helium 

isotopes as a tracer of mantle-derived volatiles.  

Neon has three stable isotopes: nucleogenic 21Ne and 22Ne and primordial 20Ne. 

Nucleogenic 21Ne is generated by the so-called Wetherill reactions: 18O (α,n)21Ne and 24Mg(n, 

α)21Ne (Wetherill, 1954), with the former reaction being dominant for Earth’s mantle 

(Yatsevich and Honda, 1997). Nucleogenic 22Ne production is relatively minor compared to 

21Ne, resulting in an increase of the 21Ne/22Ne ratio over time. In contrast, primordial 20Ne is 

produced in stellar nucleosynthesis (Burbidge et al., 1957; Dickin, 2005). Like He, the utility 

of Ne is based on the contrast between mantle-derived (e.g., MORB, plume) reservoirs. The 

best estimate of neon in the mantle source can be achieved by considering that all Ne-isotope 

signals from volcanic sources likely represent a binary mixture between air and mantle 

(Moreira et al., 1995) and that Earth’s mantle is characterized by elevated ratios of 20Ne /22Ne 

and 21Ne /22Ne compared to air. However, distinct Ne reservoirs are apparent within the 

mantle. For example, plume-derived samples define a markedly steeper Ne-isotope trajectory 

compared with MORB (Sarda et al., 1988), due to larger solar contributions (e.g., solar wind; 

Ne-B) in the plume-mantle (Graham, 2002). 

Argon isotopes also provide important constraints on the isotopic evolution of various 

mantle reservoirs and the early degassing history of Earth (Matsuda and Marty, 1995; Graham, 
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2002). Argon has three stable isotopes: 40Ar, 38Ar and 36Ar, and like He and Ne, Argon’s 

utility is centered on the different isotopic compositions in various terrestrial reservoirs. For 

example, the 40Ar/36Ar ratio in the depleted mantle, as sampled by MORB, is as high as 

28,000-32,000 (Matsuda and Marty, 1995; Burnard et al., 1997; Trieloff et al, 2003). In 

contrast, the 40Ar/36Ar ratio in plume-related systems is much lower (~6,000-8,000; Valbracht 

et al., 1997; Marty et al., 1998; Trieloff et al., 2003), however this finding has been strongly 

debated (Graham, 2002).  

Characterizing CO2 source features is important because CO2 is the second most 

abundant major volatile species in the mantle, after H2O. Unlike the noble gases, there is no 

clear isotopic distinction between the various mantle reservoirs, suggesting that the mantle 

may be homogenized with respect to CO2. The apparent homogenization of mantle carbon can 

be attributed, in part, to the fact that CO2 is chemically reactive and thus (δ13C) source 

characteristics are highly susceptible to external fractionation processes (e.g., degassing) 

during magma emplacement. In order to circumvent these issues, CO2 is often used in 

conjunction with noble gases to determine elemental ratios (e.g., CO2/3He), which also help 

constrain physiochemical processes in the crust. 

CO2 is highly incompatible in basaltic melts and during melting is strongly partitioned 

into the melt phase (Jambon et al., 1986). Due to the low solubility of CO2 versus H2O in 

basaltic melts a CO2-rich vapor phase exsolves upon decompression, and serves as the primary 

carrier gas for all other volatiles – including the noble gases. The magmatic concentration of 

CO2 is controlled by style of eruption and physical properties of the magma. The process of 

degassing results in rapid loss of volatiles from the melt and leads to C-isotopic fractionation, 

so that residual CO2 in magma becomes progressively depleted in 13C as degassing progresses 

(Javoy et al. 1978; Mattey, 1991). The extent and mode of degassing can be determined by 
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considering residual δ13C and CO2 concentrations together. In this way, estimates of pre-

eruptive source characteristics can be determined.  

Characterization of CO2 source features together with knowledge of magma effusion 

rates, allow an estimate of mantle CO2 fluxes at different volcanic settings (arcs, ridges and 

plumes). This provides important contrasts between tectonic settings, thereby facilitating a 

better understanding of the carbon cycle between surface and mantle reservoirs. However, 

CO2 fluxes from plume-related volcanic provinces are relatively poorly constrained, and thus a 

primary goal of this dissertation is to derive estimates of CO2 release rates via both geothermal 

and magmatic systems in various plume-related systems (e.g., Iceland, Rungwe Volcanic 

Province), for comparison with better constrained spreading ridge fluxes (Marty and 

Tolstikhin, 1998).  

Volatiles are efficiently transferred from the solid Earth to the surface during magma 

ascension. For the noble gases, this is mostly a unidirectional process (i.e., they are not 

recycled back into the mantle through the process of subduction; Moreira et al., 2003; 

Ballentine et al., 2005; Mukhopadhyay, 2012). In contrast, chemically reactive species (e.g., 

N2 and CO2) are bound in rocks and sediments at the Earth’s surface and thus can be recycled 

into the (deep) mantle at subduction zones (Javoy et al., 1984; Boyd et al., 1987; Marty and 

Humbert, 1997; Hilton et al., 2002; Marty and Dauphas, 2003; Shaw et al., 2003; de Leeuw, 

2007). For example, estimates suggest that up to ~85% of potentially available CO2 may be 

recycled into the deep mantle at subduction zones (Hilton et al., 2002; Shaw et al., 2003) and 

that nearly all mantle nitrogen may be recycled (Marty and Humbert, 1997; Marty and 

Dauphas, 2003).  

Nitrogen is the primary gas in Earth’s atmosphere (78%), but is found in trace 

concentrations (ppm) only in mantle-derived materials. However, nitrogen in the mantle is 
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considered predominantly recycled on the basis of N/K and N/36Ar ratios (Marty and Dauphas, 

2003). Unlike CO2, distinct nitrogen isotope reservoirs are apparent in the Earth’s mantle; the 

MORB mantle is estimated to be ~ -4 to -5‰ (Javoy et al., 1986; Marty and Zimmerman, 

1999) (air is the standard at 0‰), although this range could extend to values as low as –12‰ 

(Mohapatra and Murty, 2004). In contrast, the deep (plume) mantle, as sampled in the Kola 

magmatic province, Iceland, Loihi Seamount, Hawaii and the Society Islands is enriched in 

15N by up to +8‰, with a mean value of +3 ± 2‰  (Marty and Dauphas, 2003). Various types 

of diamonds display δ15N values ranging from -25 up to +15 ‰, with a mode of 

approximately -5 ‰ (Cartigny et al., 1997, 1998, 1998b, 2001b; Marty and Dauphas, 2003). 

Modern ocean floor sediments are enriched in 15N with δ15N values from +5 to +7 ‰ (Peters 

et al., 1978; Kienast, 2000). As a result, isotopically high δ15N may be preferentially recycled 

into the mantle by modern subduction processes. Due to large concentration and isotopic 

contrasts between surface and mantle reservoirs, N2 is considered a highly sensitive tracer of 

interactions between the exosphere and solid Earth. 

In this dissertation, we describe field and laboratory based instrumentation 

developments, which enable us to improve sampling and measurement techniques. In addition, 

we set out to further constrain the origin, transport and behavior of volatiles (He-Ne-Ar, N2 

and CO2) at three different geologic settings: a) the Rungwe Volcanic Province (RVP), 

southern Tanzania, an area of active continental rifting, b) Iceland, a ridge-centered hotspot, 

and c) the Central Indian Ridge, a mid-ocean ridge segment near an off-axis hotspot. 

 Chapter II describes newly developed field-based instrumentation that enables water 

(and dissolved gas) samples to be collected over extended periods. Previous studies (e.g., Sano 

et al., 1998; Areshidze et al., 1992) have shown that helium and other dissolved gases in 

groundwater can be monitored to trace physical changes or perturbations induced by seismic 
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activity in the Earth’s crust. In these studies, the general aim of a monitoring program (i.e., 

repeated sampling at a given location over an extended period of time) was to discover 

changes in a geochemical parameter, such as He-isotopes, which can either forewarn the 

impending occurrence of an earthquake or result from, and hence provide information and 

insight about, a past seismic event. However, geochemical signals are often transient in nature 

and variable in duration. Therefore, unless sampling frequency is extraordinarily high, there is 

a strong likelihood that perturbations to the geochemical record will be missed. To this end, 

we developed a syringe pump apparatus for the retrieval and temporal analysis of helium 

(SPARTAH), a sampling device designed for collecting geothermal fluid and groundwater 

samples (containing helium and other dissolved gases and chemical species). SPARTAH is a 

sampling apparatus that can produce a quasi-continuous temporal record of any selected 

geochemical parameter as water samples are collected and stored in small diameter Cu-tubing 

during deployments of up to 6 months. The parameters (e.g., duration) of the deployment are 

set by the user, and thus all geochemical anomalies, irrespective of duration, can be captured, 

and later matched against the timing of external transients (i.e. earthquake events). In this way, 

we show that SPARTAH has the potential to revolutionize the approach to time-series 

geochemical monitoring. 

 Chapter III describes laboratory-based instrumentation developments and the 

construction of new nitrogen extraction and purification system at SIO. Historically, nitrogen 

isotope ratios (15N/14N) were measured using an isotope ratio mass spectrometer (IRMS) 

operated in dynamic pumping mode (Chang et al., 1974; Thiemens and Clayton, 1983; Javoy 

and Pineau, 1991), with improvements to the precision of δ15N measurements achieved only 

by utilization of ion beam multi-collection (Cartigny et al., 1997; Boyd and Philippot, 1998; 

Cartigny et al., 2001a; Busigny et al., 2005a). However, low nitrogen abundance samples are 

not conducive to this technique, leading to the use of noble gas mass spectrometers in nitrogen 
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isotope studies as they are operated under static vacuum condition during measurement (i.e., 

not dynamically pumping) (Frick and Pepin, 1981; Wright et al., 1988; Boyd et al., 1988; 

Hashizume and Sugiura, 1990; Boyd et al., 1993; Murty and Marti, 1994; Craig et al., 1993; 

Marty et al., 1995; Takahata et al., 1998; Hashizume and Marty, 2004). In this chapter, we 

describe a newly designed extraction system interfaced to a noble gas mass spectrometer (VG 

5440) set up with multiple fixed detectors (two Faraday collectors and one Daly multiplier) for 

the simultaneous triple-collection of nitrogen isotopes (at masses 28, 29) and interfering 

species (at mass 30). In addition, we report new δ15N data on standards and ocean basalts in 

order to assess internal precision and external reproducibility of the new system as well as 

accuracy of sample results. These results demonstrate the ability of the new system to make 

high precision nitrogen isotope measurements on low-N abundance samples (e.g., oceanic 

basalts), while highlighting the advantages provided by simultaneous triple collection.  

Chapter IV discusses He and CO2 isotope systematics and relative abundance features 

of geothermal fluids and gases at Rungwe Volcanic Province (RVP) – and from two locations 

in northern Tanzania. The main objective of this study is to add to the He isotope database 

already established for the RVP and explore the apparent He-isotope disparity between 

hydrothermal fluids and gases, e.g., 3He/4He ratios in fluids are equal to or less than MORB 

(Pik et al., 2006) whereas higher 3He/4He values characterize mafic phenocrysts (Hilton et al., 

2011). This chapter also reports new carbon isotope (CO2) values, which provide valuable 

insight into the mantle characteristics of this major volatile phase. Furthermore, by combining 

He and CO2 measurements of the same gas/fluid samples, we are able to identify a number of 

natural processes (e.g., phase separation, fluid mixing), which occur in the hydrothermal 

systems. A key finding of this study is that cold CO2 (mazuku) vents have He-CO2 

characteristics distinct from hydrothermal samples, and we suggest that they may represent 

storage and release sites located within the volcanic stratigraphy, which are, for the most part, 
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independent of any regional or local hydrothermal system. In addition, we estimate CO2 fluxes 

from the RVP and compare to other areas of active rifting. Finally, using the combined He-

CO2 approach, we are able to offer an explanation for the apparent He-isotope discrepancy 

observed at RVP when hydrothermal fluids and mafic phenocrysts are used independently to 

infer He isotope characteristics of the mantle source region. 

 Chapter V examines the CO2 systematics (isotope and relative abundance 

characteristics) of geothermal fluids and subglacial glasses from Iceland. These new CO2 data 

are combined with previously published noble gas (He-Ne-Ar) constraints on the same sample 

suite (Füri et al., 2010) to discern the underlying processes controlling CO2 abundance, 

isotope variations, and CO2-noble gas relationships. Previous geothermal CO2 studies from 

Iceland are limited, but suggest a mantle source characterized by higher than MORB-like δ13C 

values and CO2/3He ratios in axial rift zone samples (Poreda et al., 1992). Due to extremely 

low CO2 concentration in basalts, the CO2 systematics of Icelandic subglacial basalts are very 

poorly constrained (Höskuldsson et al., 2006; Tuffen et al., 2010), however adjacent ridge 

segments have both been characterized to contain ~400 ppm CO2 in their mantle sources. In 

this study, we estimate initial carbon source characteristics for the various segments of the 

Icelandic mantle and calculate an average mantle source composition of ~531 ± 64 ppm. 

Furthermore, by investigating carbon characteristics of both geothermal fluids/gases and 

subglacially emplaced basalts we are able to effectively identify processes that may act to 

modify initial CO2 compositions. Finally, using both new basalt and geothermal data we are 

able to provide the most comprehensive CO2 flux estimates for Iceland to date.  

 Chapter VI investigates the proposed plume-ridge interaction between the Central 

Indian Ridge (CIR) and the Réunion hotspot, currently located ~1100 km west of the CIR rift 

axis. We measured stable isotope (C-N) and noble gas (Ne-Ar) characteristics in basalts 
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collected on the CIR spreading axis between 17 ºS and 21 ºS, and along the adjacent Gasitao, 

Three Magi, and Rodrigues ridges to the west of the CIR. In addition, Ne and Ar isotope and 

abundance characteristics were determined in Réunion Island xenoliths. All samples were 

previously characterized for He isotopes (Füri et al., 2011). Previous volatile studies of CIR 

basalts are rare, with a single study (Cartigny et al., 2001a) reporting δ15N values (n=3) and 

δ13C values (n=2) for the region. CIR samples have distinct Ne-isotope anomalies and plot 

intermediate between MORB and Réunion on a Ne three-isotope, suggesting a solar-derived 

Ne component in the CIR mantle source. N-isotopes of CIR basalts suggest that 15N enriched 

oceanic sediments are recycled into the CIR mantle source. Combined Ne-N mixing 

relationships indicate CIR basalts can be explained by mixing of a mantle component with 

variable (20-50 %) recycled sedimentary contributions and a relatively small (< 0.2 %) 

proportion of a solar component. Finally, by using an equilibrium degassing model, we 

reconstruct primary CO2 contents prior to degassing by combining constraints imposed by 

CO2–δ13C variations. Primary CO2 concentrations for the CIR mantle source are estimated at 

(CO2 = ~1300 ppm; δ13C = -4.2 ± 0.2 ‰). We conclude that CIR volatiles are derived from a 

heterogeneous mantle source with both recycled and solar contributions – likely derived from 

the Réunion hotspot. 

 Chapter VII is the final chapter of the dissertation. It summarizes the main findings 

and conclusions of each study and addresses some of the possible directions of future research 

in the field of volatile and noble gas studies. 
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A new syringe pump apparatus for the retrieval and temporal
analysis of helium in groundwaters and geothermal fluids

P. H. Barry, D. R. Hilton, M. D. Tryon, and K. M. Brown
Geosciences Research Division, Scripps Institution of Oceanography, UCSD, La Jolla, California 92093-0244, USA
(pbarry@ucsd.edu; kmbrown@ucsd.edu; drhilton@ucsd.edu; mtryon@ucsd.edu)

J. T. Kulongoski
California Water Science Center, U.S. Geological Survey, 4165 Spruance Road, Suite 200, San Diego,
California 92101, USA (kulongos@usgs.gov)

[1] We present details of a newly designed syringe pump apparatus for the retrieval and temporal analysis
of helium (SPARTAH). The device is composed of a commercially available syringe pump connected to
coils of Cu tubing, which interface the syringe and the groundwater or geothermal wellhead. Through test
deployments at geothermal wells in Iceland and California, we show that well fluids are drawn smoothly,
accurately, and continuously into the Cu tubing and can be time-stamped through user-determined
operating parameters. In the laboratory, the tubing is sectioned to reveal helium (He) characteristics of the
fluids at times and for durations of interest. The device is capable of prolonged deployments, up to
6 months or more, with minimal maintenance. It can be used to produce detailed time series records of He,
or any other geochemical parameter, in groundwaters and geothermal fluids. SPARTAH has application in
monitoring projects assessing the relationship between external transient events (e.g., earthquakes) and
geochemical signals in aqueous fluids.
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1. Introduction

[2] Numerous studies of the helium characteristics
of crustal aqueous fluids (groundwater and geo-
thermal fluids) have been carried out in regions
prone to seismic activity. As He is chemically inert,
variations in its concentration or isotopic compo-
sition can be related to physical changes or pertur-
bations occurring within the crust. Studies at Kobe,

Japan [Sano et al., 1998], and the Georgian Cau-
casus [Areshidze et al., 1992] are examples where
monitoring of helium trends in aqueous fluids has
identified stress readjustments in aquifers, resulting
in changes in fluid provenance, mixing and/or flow
histories related to specific seismic events. In these
studies, the general aim of the monitoring program
(i.e., repeated sampling at a given location over an
extended period of time) is to reveal changes in a
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geochemical parameter, such as He, which can
either forewarn the impending occurrence of a
seismic event or result from, and hence provide
information and insight on, a past event.

[3] The relationship between a transient event,
such as an earthquake, and a time-monitored geo-
chemical parameter, such as He isotopes or
concentration, is undoubtedly complex and likely
site-specific. It should be no surprise, therefore,
that monitoring programs in some seismically
active areas (e.g., Long Valley Caldera [Hilton,
1996]; the North Anatolian Fault, Turkey [De
Leeuw et al., 2009]) showed little or no changes
in 3He/4He values, even over extended periods.
Clearly, the magnitude of particular events and
proximity to monitoring sites are key factors in
generating anomalous geochemical signals: how-
ever, the frequency of monitoring used to produce a
time series can be just as critical. Indeed, in the
above-cited Caucasus case, the duration of the
seismically induced He anomaly lasted 5–10 days,
a signal thus identified only because of the daily
sampling regimen. At Long Valley and in Turkey,
sampling frequency was every 3–4 months, so an
anomaly of the duration seen in the Georgian
Caucasus would have been caught only fortuitously.

[4] In this contribution, we describe the syringe
pump apparatus for the retrieval and temporal
analysis of helium (SPARTAH), a new sampling
device for helium (and other chemical species)
which can produce a quasi-continuous record in
groundwaters and geothermal fluids. Samples are
captured and stored in Cu tubing, for periods of
6 months or more in a single deployment, and are
time-stamped by user-defined, setup parameters.
Thus, all geochemical anomalies, irrespective of
duration, can be captured, and later matched against
the timing of external transients. Sampling frequency
is selected following instrument retrieval, i.e., prior to
analysis. This is a key advantage in that it promotes
efficient targeting of specific sections of the time
series. In this way, we argue that SPARTAH has the
potential to revolutionize the approach to time series
geochemical monitoring.

2. Description of SPARTAH

[5] The SPARTAH device consists of a program-
mable syringe pump (model PHD 4400 Hpsi man-
ufactured by Harvard Apparatus; see Figure 1). The
pump is an off-the-shelf single syringe pump unit
equipped with a high-power stepper motor capable
of withdrawal rates between 0.0001 ml/h and

220 ml/min at an accuracy of 0.35%. The stepper
motor can provide an average linear pumping force
of 91 kg (200 lbs), and so is ideally suited for high-
pressure applications. We have equipped the unit
with a 100 ml stainless steel syringe, which can
withstand fluid pressures of 5.17! 106 Pa (750 psi).
We operate the pump in withdrawal mode whereby
fluid is accurately and smoothly drawn into the
syringe at a user-defined rate.

[6] In order to use the device to collect ground-
waters and/or geothermal fluids, the syringe pump
needs a conduit to connect to the wellhead and a
storage device for the fluids of interest. These
requirements are met using standard 15.2 m (500)
coils of Cu tubing (OD = 3.18 mm = 1/800).
Additionally, the coils can be connected in series
to provide the desired storage capacity. Copper is
the preferred material for our application because of
its low permeability to helium [Weiss, 1968]. The
copper tubing is first interfaced to commercially
available brass Swagelok shutoff valves (B-41S2)
and then directly to the syringe and wellhead
(Figure 1).

[7] Prior to connection, the Cu tubing is filled with
deionized (DI) water using the refill mode of the
syringe pump. During operation, the DI water is
drawn into the stainless steel syringe, and is replaced
by water from the wellhead. Water is drawn into the
coils at a constant rate set by the syringe pump, and
is independent of the pumping rate of the well. The
only stipulation is that the well operates continu-
ously so that the water pressure remains constant
throughout the deployment thereby avoiding exso-
lution of dissolved gases or, in the case of well
shutdown, air entrainment into the tubing. At any
time during a deployment, the tubing can be isolated
by closing the Swagelok shutoff valves, and dis-
engaged (for transfer to the laboratory) or replaced
to extend the duration of sampling.

[8] The SPARTAH device is housed in a protective
Pelican case (model 1610), which not only shields
it from the elements (if installed outside) but also
enables the entire apparatus to be secured at the
deployment site to help prevent theft or tampering.
Small inlet ports, drilled into the outer casing, allow
inlet of power cables and the Cu tubing (Figure 1). In
addition, the instrument has been equipped with an
uninterrupted power supply designed to provide
several hours of backup power in the event of power
outage. Cooling fans have also been installed to
ventilate SPARTAH during extended deployments
where temperature extremes are a factor. The weight
of the entire instrument, including three 15.2 m (500)
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Cu tubes, is !30 kg, making transportation man-
ageable. In 2008 prices, the cost of SPARTAH is
approximately USD 7,000 (net).

3. Operation of SPARTAH

[9] The volume of the syringe presently configured
on SPARTAH (100 ml) is the limiting factor gov-
erning the number of Cu coils that can be usefully

connected for a deployment. Given a nominal inter-
nal diameter (ID) of 1.65 mm (0.06500) for 3.18 mm
(1/800) Cu tubing, 100 ml of fluid can be accommo-
dated in a coil length of approximately 46.7 m
(1530300): therefore, it is useful to connect a maxi-
mum of three 15.2 m (500) tubes in series for any
deployment as a fourth tube, nearest the syringe,
would mostly contain DI water at the end of the
deployment. The question that then arises is how to

Figure 1. (top) The Harvard syringe pump apparatus with stainless steel syringe along with sectioned Cu tubing of
12.7 cm (500) length. Note the sectioned Cu coil with two refrigeration clamps and ultratorr fitting attached to one end.
(bottom) Deployment of SPARTAH at the San Bernardino wellhead. The Pelican case houses the syringe pump
apparatus and one Cu coil. One end of the coil is attached to the syringe, and the other leads through a hole in the case
to the wellhead.
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determine the pump withdrawal rate to obtain the
optimum temporal resolution, taking into account
the required volume of fluid necessary for a precise
helium isotope analysis.

[10] To illustrate our approach to this issue, we
note that air-saturated water (ASW) at 10!C con-
tains 4.0 ! 10"8 cm3 STPHe/gH2O [Ozima and
Podosek, 1983]. This concentration most probably
represents a minimum value: groundwaters and
geothermal fluids are likely to be characterized by
He concentrations orders of magnitude higher (as
shown by our test deployments; section 4). Our
laboratory extraction line, interfaced directly to
our 215E noble gas mass spectrometer, can easily
process 1 cm3 of water for a He isotope analysis at a
precision <2%. Indeed, our procedural blanks for
such an extraction are <10"10 cm3 STPHe. We note
that 1 cm3 of water occupies a length of 46.7 cm
(18.3900) of Cu coil. Therefore we could section 97
individual aliquots of length 46.7 cm (18.3900), using
only three 15.2 m (500) Cu tubes in series, with each
aliquot (containing only ASW He) containing more
than sufficient He for a precise analysis.

[11] Upon return to the laboratory, the Cu tubes are
straightened and then sectioned using refrigeration
clamps (Figure 1). Practically speaking, the mini-
mum length of Cu tube that can accommodate two

clamps, while leaving #2.5 cm (100) for inlet into
the UHV extraction system using a Cajon ultratorr
fitting is 12.7 cm (500) (7.6 cm (300) containing
#0.16 cm3 of trapped fluid and 2.5 cm (100) pro-
truding on either side of the clamps). Thus, in
theory, three 15.2 m (500) Cu coils connected in
series could be sectioned to yield 360 individual
aliquots of fluid for He isotopic analysis.

[12] In Figure 2, we show the temporal resolution
that can be achieved for each of those 360 aliquots
as a function of withdrawal flow rate. Clearly, at
extremely low withdrawal rates, SPARTAH could
be deployed for long time periods with the trade-
off that a single 12.7 cm (500) section of coil (i.e.,
7.6 cm (300) of sample plus 2.5 cm (100) of coil
protruding at each end) would represent a relatively
large time interval. For example, at a flow rate of
0.02 cm3/h, SPARTAH could be deployed for
#30 weeks (#7 months) with each 7.6 cm (300)
section representing #8.3 h of fluid sampling. By
increasing the withdrawal rate, the time resolution
would be improved (i.e., the time required for
water to travel 7.6 cm (300) in the coil would be
decreased) but the total deployment time would
be correspondingly reduced. A withdrawal rate of
0.1 cm3/hwould yield a time resolution of#1.7 h per
7.6 cm (300) length of Cu tube but SPARTAH could

Figure 2. Relationship between user-set withdrawal flow rate (cm3/h) and total deployment time (weeks) for three
15.2 m (500) copper coils (OD = 3.18 mm = 1/800) placed in series. The three curves give the sample resolution
(in hours) as a function of flow rate resulting from sectioning the Cu coils into 7.62 cm (300), 12.7 cm (500), and 17.8 cm
(700) lengths (excluding 2.5 cm (100) on either side, see text).
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only be deployed at this rate for a total of!6 weeks
before the coils would have to be replaced. Section-
ing longer lengths of Cu coil would diminish the
sample resolution for a given withdrawal flow rate
(and deployment duration). For example, sectioning
12.7 cm (500) and 17.8 cm (700) lengths of tubing
would diminish the sample resolution to !2.8 and
!3.9 h, respectively, for a withdrawal rate of
0.1 cm3/h. An additional but key factor in determin-
ing the withdrawal rate for a given deployment is the
user-anticipated frequency of coil changes: lower
withdrawal rates would be necessary in the case of
infrequent access to the sampling site.

4. Test Deployments

[13] In order to develop and test the SPARTAH
system, we took advantage of access to two con-

tinuously pumping geothermal wells used to
supply water for space heating purposes. In the
first case (Selfoss, Iceland), a prototype device
utilizing an older model syringe pump employing
two 50 ml plastic syringes was deployed for 1 week
as an initial test of the feasibility of the system.
Success in this deployment (section 4.1) led to
the SPARTAH device described herein, which
was test deployed for 1 month at a well in San
Bernardino, California. The additional refine-
ments of protective case (and backup power supply)
resulted from the fact that the San Bernardino well is
situated outdoors whereas the Selfoss well is located
within a secure hut. In both cases, we processed
sections of the Cu coils for dissolved helium (iso-
topes and concentrations) with results reported in
Table 1.

Table 1. Test Deployments of SPARTAH at Selfoss, Iceland, and San Bernardino, California: He Isotope
and Concentration Results

Sample
Location and ID

Distance to First Clampa

(cm)
Sample Date and Time

(Local Time)

3He/4He
(R/RA) X

Rc/RA
b

(±2s)
[He]c

c

(mcm3 STP/g H2O)

Selfoss, Icelandd

Selfoss-28 1288 30 Jul, 2300–0200 19.5 19.0 20.3 ± 0.72 1.99 ± 0.20
Selfoss-27 1239 31 Jul, 0200–0500 16.8 4.72 20.1 ± 0.46 3.17 ± 0.32
Selfoss-26 1196 31 Jul, 0500–0800 19.9 20.3 20.7 ± 0.73 2.04 ± 0.20
Selfoss-21 955 31 Jul, 2000–2300 19.8 21.0 20.6 ± 0.76 3.15 ± 0.32
Selfoss-5 196 2 Aug, 2000–2300 19.6 19.5 20.4 ± 0.63 2.26 ± 0.23
Selfoss-4 145 2 Aug, 2300–0200 19.8 20.2 20.6 ± 0.32 3.04 ± 0.30
Selfoss-2 53.0 3 Aug, 0500–0800 19.7 20.2 20.5 ± 0.68 2.15 ± 0.22
Selfoss-1 2.00 3 Aug, 0800–1100 19.5 17.9 20.3 ± 0.37 2.56 ± 0.26

San Bernardino, CAe

SB-Coil-9 1806 16 Apr, 0100–0300 0.72 4.87 0.66 ± 0.02 1.87 ± 0.09
SB-Coil-8 1745 17 Apr, 0100–0300 0.68 42.2 0.67 ± 0.02 2.05 ± 0.10
SB-Coil-7 1394 22 Apr, 0800–1000 0.66 57.3 0.65 ± 0.02 4.93 ± 0.25
SB-Coil-5 1334 23 Apr, 0800–1000 0.66 45.2 0.65 ± 0.01 3.49 ± 0.17
SB-Coil-4 1273 24 Apr, 0800–1000 0.65 48.7 0.64 ± 0.02 3.96 ± 0.19
SB-Coil-11 856 1 May, 0400–0600 0.67 40.2 0.66 ± 0.02 2.83 ± 0.14
SB-Coil-12 429 8 May, 0400–0600 0.66 44.6 0.66 ± 0.01 4.25 ± 0.21
SB-Coil-2 66.0 14 May, 0400–0600 0.65 47.1 0.64 ± 0.02 3.72 ± 0.19

a
Distance to first clamp refers to the length of Cu tube from the shutoff value situated at the well head to the first refrigeration clamp used for

sectioning. This is the primary measurement needed to infer the date/time of the fluid (column 3). The second clamp was always placed downstream
(i.e., toward the syringe pump). The distance between the two clamps was 46 cm (Selfoss) and 5 cm (San Bernardino). The uncertainty associated
with measuring the distance between the shutoff valve and first clamp is approximately 1% at the center of each 500 coil (i.e., 250 from either shutoff
value). This corresponds to approximately 7.6 cm (3 inches), maximum: it will be less for samples sectioned closer to the valves. The corresponding
uncertainty on the date/time stamp will vary with the duration of the deployment; that is, it will be greater for longer deployments. We estimate
uncertainty of "7 hours for a 26-week deployment.

b
The 3He/4He ratios (R) are normalized to the atmospheric value (RA), and corrected for air-derived He (Rc/RA) using the correction factor X =

[{(He/Ne)sample/(He/Ne)air} # (bNe/bHe)], where b = Bunsen solubility coefficient. For pure water at 13!C (bNe/bHe) = 1.23. See Hilton [1996] for
details of the correction protocol.

c
The quoted errors on the He concentrations largely reflects the uncertainty on estimating the weight of water processed. Selfoss samples (46 cm

Cu tube length and !1g H2O) were weighted before and after processing using a digital readout balance to 1 decimal place: therefore, uncertainties
are estimated at ±10%. San Bernardino sample weights (5 cm Cu tube length and !0.1g H2O) were calculated from the length of Cu tube processed
and knowledge of the total weight of water (approximately 42 g H2O) taken to fill the entire Cu tube assuming a length of 500. In this case, we
estimate an uncertainty of ±5%.

d
Selfoss well located at N63!5604900, W20!5702100. Deployment was initiated at 1100 local time on 29 July 2007 and terminated at 1100 local

time on 3 August 2007. The syringe pump withdrawal rate was set at 0.3333 cm3/h.
e
San Bernardino Well 66 located at N34!0501000, W117!1702300. Deployment was initiated at 0800 local time on 14 April 2008 and terminated at

1200 local time on 16 May 2008. The syringe pump withdrawal rate was set at 0.0416 cm3/h.
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4.1. Selfoss, Iceland: South Iceland
Seismic Zone

[14] The first deployment of SPARTAH took place
at Selfoss, Iceland in July 2007. The withdrawal
rate on the pump was set at 0.3333 cm3/h, so it
would take !98 h (4 days, 2 h) to completely
displace the DI water from a single 15.2 m (500) Cu
coil. We terminated the experiment after 5 days
anticipating that the Cu tubing would be completely
filled with well water. Upon return to the laboratory,
the coil was sectioned into eight 45.7 cm (1800)
segments using refrigeration clamps at distances
starting at 2.0 cm (!0.800) and extending to
1288 cm (50700) from the shutoff valve closest to
the wellhead. The actual time and duration of
sampling of each segment (column 3 in Table 1)
was calculated using the withdrawal rate, assumed
tubing diameter and measured length of tubing from
the shutoff valve. We calculated that the sample
furthest from the valve (at a distance = 1288 cm)
entered the Cu tubing on 30 July at 2300 local time
whereas our last sample (2.0 cm from the valve)
entered on 3 August at 0800 local time, fully 3 days,
9 h later. At the set withdrawal rate, each 46 cm

segment of tubing contained !0.98 cm3H2O which
corresponded to !3 h of sampling.

[15] We report the He results of the Selfoss de-
ployment in Table 1 with the isotope systematics
and concentrations presented in Figures 3 and 4,
respectively. The principal point to note is that all
8 segments of Cu tubing are enriched in mantle-
derived He. The 3He/4He ratios consistently fall
between 20 and 21 RA (RA = atmospheric 3He/4He
value), remarkably similar to values reported pre-
viously for this area [Poreda et al., 1992]. Addi-
tionally, the He/Ne values are high (4.7 < X < 21;
Table 1), consistent with addition of extraneous He,
as are the He concentrations (2.0–3.2 mcm3STP/
gH2O) relative to anticipated starting values of
!0.04 mcm3 STP/gH2O) for air-equilibrated DI
water. Taken together, this evidence shows that the
SPARTAH device successfully sampled well fluids
for the duration of the experiment. We note, also,
that He isotope values remained constant within 2s
uncertainty over the 3 1/2-day deployment. Al-
though there were more significant variations in
He concentrations, values did not vary beyond 2s
from the mean. This observation suggests that

Figure 3. Helium isotope variations captured in the Cu coils at Selfoss, Iceland (1-week deployment), and San
Bernardino, California (1-month deployment). Note that helium is mainly mantle-derived in Selfoss but is
predominantly crustal in origin at San Bernardino [see Hilton and Porcelli, 2003]. Individual error bars are given at
the 2s level. The mean 3He/4He values for Selfoss (black) and San Bernardino (red) are illustrated by dashed lines.
The standard deviation on the mean values is also at the 2s level.
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helium concentrations may also respond to external
factors, particularly if the He inventory is over-
whelmed by one end-member only (mantle-derived
He in the case of the South Iceland Seismic Zone).

4.2. San Bernardino, California
(San Jacinto Fault)

[16] We continued our development of SPARTAH
by introducing a protective housing equipped with
cooling fans and backup power in response to a test
deployment opportunity at a geothermal well situ-
ated approximately 3 km from the San Jacinto
Fault in San Bernardino, California. We employed
a significantly lower withdrawal rate (0.0416 cm3/h)
to run the experiment for !1 month. Additionally,
we weighed the Cu tubing before and after filling
with DI water. This procedure has three advantages.
First, it allows us to more accurately gauge the
internal volume of the tube, thus enabling selection
of a withdrawal rate that would guarantee complete
displacement of the DI water. Second, assuming that
the internal diameter is constant (although not
necessarily at values specified by the manufacturer),
we can produce more accurate date and time stamp-
ing for aliquots selected for analysis. Finally, we
can reduce the uncertainty on He concentrations,

introduced by weighing, by measuring the length
of tubing sectioned and estimating the amount
of water processed for an analysis based on
this measurement. This is important for the San
Bernardino deployment as we sectioned short
(5 cm) lengths for processing which contained
!0.14 cm3 water.

[17] In Table 1, we report 8 He isotope and
concentration results obtained from a single Cu coil
deployed at San Bernardino in April 2008. The coil
was sectioned to produce aliquots throughout the
deployment with the first and last segments approx-
imately 30 days apart. Again, we can confirm that
the DI water has been displaced from the entire
length of the Cu tube by geothermal well water char-
acterized by a 3He/4He ratio of!0.65RA (Figure 3).
In this case, the 3He/4He ratio is heavily weighted
toward a crustal He input, in agreement with
other studies in the region [Kennedy et al., 1997;
Kulongoski et al., 2003]. Notably, the 3He/4He ratio
is constant within 2s of the mean over the entire
deployment period in spite of a M = 4.1 earthquake
which occurred on 23 April 2008 at 0155 local time
approximately 90 km to the northeast of the well
(N 34!5105700, W 116!2002400). As in the case of
Selfoss, helium concentrations did vary somewhat

Figure 4. Helium concentration variations captured in the Cu coils for Selfoss, Iceland (1-week deployment), and
San Bernardino, California (1-month deployment). Individual errors on He concentration values are estimated at
±10% for Selfoss and ±5% for San Bernardino (see Table 1 footnote). The mean values (dashed lines) for Selfoss
(black) and San Bernardino (red) are given with 2s uncertainties.
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over the deployment period, by approximately a
factor of two.

5. Discussion

[18] The two test deployments of SPARTAH dem-
onstrate its ability to produce time series records of
He isotopic and concentration data from groundwa-
ter and/or geothermal wells. In each case, a single
deployment and retrieval visit produced a weeklong
(Selfoss) and monthlong (San Bernardino) He time
series which would have involved a total of 8 visits
to each locality if we had adopted conventional
means of sampling the wells periodically. Cost
saving considerations aside, the question that then
arises is whether SPARTAH can retain anomalous
signals, defined as a concentration spike or step in
3He and/or 4He (manifested as an isotopic or con-
centration difference), for the duration of a deploy-
ment? Both diffusion of helium in water and
dispersion of the fluid will act to attenuate helium
anomalies in the Cu tubing.

[19] The characteristic diffusion length (x) for He
in fresh water at 25!C is !33 cm (1300) for a typical
6-month deployment (x =

p
Dt where D = 7 "

10#5 cm2/s [Jahne et al., 1987] and t = time). Thus,
aliquots collected early during a deployment will
experience greater diffusive smearing of a He pulse
compared to later samples. This will impact the
intensity of a He signal: however, the He anomaly
should still be readily discernible against back-
ground values, i.e., defined by aliquots > x away
from the pulse. Processing of the coil in a timely
fashion following retrieval will prevent further loss
of an anomalous He signal. Dispersion of the signal
is a potentially greater problem, however, with dif-
ferential flow between water close to the tubing wall
versus that in the center of the tube acting to smear
out sharp concentration gradients. This effect is
exacerbated by high flow rates and large diameter
tubing; however, diffusion tends to counter this
effect in small diameter tubes at slow flow rates
[Cussler, 1984]. In this respect, we note that Tryon et
al. [2001] found no evidence for dispersion during
a submarine tracer test of 70 days duration using
2.4 mm ID tubing and a flow rate of !1 m/d. The
San Bernardino deployment (this work) was set at a
flow rate of !0.5 m/d, which is likely a factor of 2
greater than envisaged flow rates for future deploy-
ments (e.g., using 3 coils for 6 months). Moreover,
the tube ID on SPARTAH is smaller (1.6 mm) and
the tracer (He) has a higher diffusivity than that
employed for the submarine test. All three factors

act together to mitigate the possibility of signal loss
by dispersion in the coils.

6. Concluding Remarks

[20] The use of SPARTAH has the potential to
revolutionize studies relying on time series records
of dissolved He variations and has the following
advantages over conventional sampling strategies:

[21] 1. The monitoring period can be long: in the
present SPARTAH configuration (1–3 Cu coils and
low withdrawal rate), up to 6 months of sampling
can be accomplished with a single deployment and
retrieval visit. The instrument requires no mainte-
nance. Changing coils can prolong the monitoring
period indefinitely.

[22] 2. Sampling is continuous so no hiatus exists
in the time record. Irrespective of the duration of a
geochemical anomaly, SPARAH will capture any
event, transient or long-term.

[23] 3. The sample resolution can be selected by
two independent factors: these are (1) the with-
drawal rate and/or (2) the length of tubing sec-
tioned. For example, in the case of short
monitoring periods (days to weeks), the sample
withdrawal rate can be increased so that the entire
Cu coil is filled with well water, hence improving
sample resolution. The sample resolution can be
further improved by shortening the length of Cu
tubing selected for analysis. Conversely, with-
drawal rates can be set extremely low, extending
the duration of the deployment (up to 6 months)
at a loss of sample resolution. This (relatively low)
resolution can be improved by sectioning at shorter
intervals of coil.

[24] 4. The constant withdrawal rate of the syringe
pump allows any sectioned sample aliquot to be
related directly to time. Therefore, certain lengths
of the Cu coil can be targeted for sectioning (and
follow-up analytical work) based on knowledge
obtained at the end of a deployment. For example,
in the case of a seismic event occurring sometime
during a deployment, the tubing can be sectioned to
reveal He isotope variations prior to, during and/or
after the event.

[25] 5. SPARTAH reduces analytical effort consid-
erably in that samples representing times of interest
can be targeted for sectioning and analysis. Sam-
ples collected in portions of the coil corresponding
to any other periods can be either archived or
disregarded.
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[26] Finally, we emphasize that use of SPARTAH
is not restricted to He or any other dissolved gas.
The Cu tubing can be sectioned and processed for
certain trace elements, stable isotopes or any other
intrinsic water property of interest. Indeed, through
innovative analytical processing, it should be pos-
sible to produce contemporary records of a variety
of different tracers, enabling assessments of their
relative sensitivities to external perturbations. In this
respect, we argue that deployment of SPARTAH at
strategically placed locations will lead to more
detailed and accurate assessments of the geochem-
ical responses to external forcing factors such as
earthquakes.
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[1] We describe a new system for the simultaneous static triple-collection of nitrogen isotopes at the
<10 mcm3 STP [N2] (<1 ! 10"5 cm3 STP; <0.5 nmol) level using a modified VG-5440 noble gas mass
spectrometer. The system consists of an internal N2-STDwith a d15N value of"0.11# 0.22‰ (1s) calibrated
against an air-standard (Air-STD). The N2-STD was measured repeatedly with an average uncertainty
on an individual d15N measurement being 0.03 ‰ (1s) versus an average single day reproducibility of
0.38 ‰ (1s). Additional refinements include (1) monitoring of interfering CO contributions at mass 30,
allowing a comprehensive CO correction to be applied to all samples, (2) quantification of procedural
N2 blanks (n = 22) in both size (4.2 # 0.5 mcm3 STP) and isotopic composition (d15N = 12.64 # 2.04 ‰),
allowing consistent blank corrections to all samples, and (3) independent measurement of N2/Ar ratios using
a quadrupole mass spectrometer (QMS). The new system was tested by measuring nitrogen isotopes (d15N),
concentrations and N2/Ar ratios on 11 submarine basalt glasses. Results show that the uncertainty on the
d15N data is improved as a consequence of multiple standards being run per day. Reduced analytical
times, afforded by triple collection, also minimize sample depletion and memory effects, thus improving
measurement statistics. Additionally, we show that CO corrections can be accomplished using mass 30 to
monitor CO interferences, leading to substantial improvements in reproducibility and the overall accuracy
of results when the contribution of CO is significant.
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Barry, P. H., D. R. Hilton, S. A. Halldórsson, D. Hahm, and K. Marti (2012), High precision nitrogen isotope measurements in
oceanic basalts using a static triple collection noble gas mass spectrometer, Geochem. Geophys. Geosyst., 13, Q01019,
doi:10.1029/2011GC003878.

1. Introduction

[2] Although nitrogen is the principal gas of
Earth’s atmosphere (78%), it is found in trace
concentrations (ppm) only in materials derived
from the mantle. This large concentration contrast
makes N2 a highly sensitive tracer of interactions
between surficial reservoirs and the solid Earth,
and has led to numerous studies characterizing the
N2 composition – isotopic and abundance – in dif-
ferent terrestrial samples such as mid-ocean ridge
basalts [Sakai et al., 1984; Javoy et al., 1986; Exley
et al., 1987; Javoy and Pineau, 1991; Marty and
Zimmerman, 1999], ocean island basalts and sea-
mounts [Marty and Humbert, 1997; Marty and
Dauphas, 2003], carbonatites [Dauphas and Marty,
1999; Fischer et al., 2009], diamonds [Javoy et al.,
1984; Boyd et al., 1987, 1994a; Cartigny et al.,
2001a], mafic phenocrysts and xenoliths [Fischer
et al., 2005; Yokochi et al., 2009] and ocean floor
sediments and metasediments [Peters et al., 1978;
Kienast, 2000; Pinti et al., 2001; Thomazo et al.,
2009]. These studies have been accompanied by
others exploiting nitrogen in subduction zones
[Sano et al., 1998, 2001; Fischer et al., 2002;Hilton
et al., 2002; Busigny et al., 2011] where information
on volatile recycling can be gained. Additionally,
the large d15N difference (where d15N =
[(15N14N/14N14N)sample/(

15N14N/14N14N)air ! 1] "
1000) between terrestrial and solar abundances
makes nitrogen an important tracer for planetary
evolution [e.g., Marty et al., 2011].

[3] Historically, nitrogen isotope ratios (15N/14N)
were measured using an isotope ratio mass spec-
trometer (IRMS) operated in dynamic pumping
mode [Chang et al., 1974; Thiemens and Clayton,
1983; Javoy and Pineau, 1991], with improvements
to the precision of nitrogen isotope measurements
accomplished by utilization of multiple collection
of ion beams [Cartigny et al., 1997; Boyd and
Philippot, 1998; Cartigny et al., 2001b, Busigny
et al., 2005]. However, low nitrogen abundance
samples are not amenable to this technique, leading
to the exploitation of noble gas mass spectrometers
in nitrogen isotope studies as they are operated
under static vacuum condition during measurement
(i.e., not dynamically pumping) [Frick and Pepin,
1981; Wright et al., 1988; Boyd et al., 1988;

Hashizume and Sugiura, 1990; Boyd et al., 1993;
Murty and Marti, 1994; Craig et al., 1993; Marty
et al., 1995; Takahata et al., 1998; Hashizume and
Marty, 2004]. Here, we describe a newly designed
extraction system interfaced to a noble gas mass
spectrometer (VG 5440) set up with multiple fixed
detectors (two Faraday collectors and one Daly
multiplier) for the simultaneous triple-collection of
nitrogen isotopes (at masses 28, 29) and interfering
species (at mass 30). We report new d15N data on
standard gases (air and an in-house N2 standard)
and select oceanic basalts to assess internal preci-
sion and external reproducibility of the new system
as well as accuracy of sample results. These results
demonstrate the ability of the new system to make
high precision nitrogen isotope measurements while
highlighting the advantages provided by simulta-
neous triple collection. We show that this new
approach greatly reduces analytical times, which
(1) minimizes sample depletion and memory effects
in the flight tube, improving both measurement
statistics and accuracy, and (2) allows for more
standards to be processed per day, thus improving
accuracy on individual sample measurements. In
addition, by quantifying interfering (12C18O) spe-
cies at mass 30, we are able to apply a comprehen-
sive CO correction (12C16O, 13C16O, and 12C17O) to
all nitrogen data, again improving sample accuracy.
Taken together, our experimental approach and tri-
ple collection instrumentation lead to high quality
nitrogen isotope data on low-N abundance samples
such as oceanic basalts.

2. Analytical Methods

2.1. Mass Spectrometer – Modified
VG-5440
[4] The VG-5440 is a modified sector-type noble
gas mass spectrometer equipped with a wide-angle
2.17-L flight-tube, five fixed Faraday collectors, one
Daly collector and an electron bombardment source
[Craig et al., 1993]. The system is designed to per-
form static triple-collection for nitrogen isotopes
using off-axis Faraday collectors (L3 and L1) for
masses 28 and 29 and a single axial Daly collector
positioned in front of a Faraday cage (Ax Faraday)
for mass 30 (Figure 1). The system can also be used
for triple neon isotope collection - utilizing collectors
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L2, Ax and H1. The Faraday-cup sensitivity is
2.5 ! 10"4 amps/Torr for m/z = 28 (14N14N).
All Faraday-cups are equipped with resistors of
1011 W with the exception of L3 which has a
resistor of 1.19 ! 1010 W due to the larger signal
at m/z = 28 (14N14N). The flight-tube magnet is
shimmed such that the focal plane is rotated to lie in
a plane normal to the optic axis for all collector
defining slits. The Daly multiplier system consists
of a polished Al knob ("15 kV) which collects
nitrogen ions and ejects secondary electrons which
are measured on a CaF2 scintillator and photo-
multiplier. In contrast to other multicollection
configurations [e.g., Cartigny et al., 2001b], this
novel setup enables precise measurement of the
mass 30 beam, allowing a comprehensive CO cor-
rection to be applied to masses 28 and 29 (see
section 3.3 for details). The Daly deflects the (m/z =
30) beam in the ion optical axis whereas Faraday

collectors L3 (m/z = 28) and L1 (m/z = 29) are offset
by fixed amounts (37.94 mm and 18.54 mm,
respectively) for simultaneous collection (Figure 1).
At a multiplier voltage of 850 V, the gain on the
Daly multiplier system is #1180. Operating condi-
tions of the source use a trap current of 220 mA and
an electron voltage of 78 eV. The mass resolving
power for the axial (Daly) collector is #620, which
is adequate to resolve 15N15N + 12C18O + 13C17O
from C2H6.

2.2. Purification Line
[5] The nitrogen extraction and purification vacuum
line (Figure 2) is constructed of stainless steel, with
the exception of three Pyrex glass cold fingers (CF)
which are used to prevent any potential nitrogen
gas adsorption at liquid nitrogen temperature
("196°C). The line is divided into five distinct

Figure 1. Schematic of triple collection configuration designed for simultaneous collection of nitrogen isotopes
[after Craig et al., 1993]. In addition to nitrogen, the system can also be configured for simultaneous neon isotope
collection (lightly shaded collectors). The axial collector slit is #0.7 mm yielding a mass resolution of approximately
620 on the Daly multiplier and axial Faraday cup. Off-axis slits are spaced at #2 mm, giving a resolving power of 200.
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sections (Volumes A-E): Volume A is the dedicated
inlet section of the line where the sample inlet
apparatus (e.g., hydraulic crusher) is interfaced. A
Stanford Research Systems RGA 200 Quadrupole
Mass Spectrometer (QMS), held at high vacuum
by a dedicated ion pump, and a standard 1-L res-
ervoir of Air-Standard (Air-STD) connected via a
calibrated pipette volume, are also interfaced to
Volume A. Volume B contains a 0.05 Torr (full-
scale) capacitance gauge manometer (CM), enabling
a manometric measurement of gas pressure and first-
order evaluation of gas load. Volume C is the dedi-
cated clean-up (oxidation) section of the line where
oxygen is generated using a copper-oxide furnace
(CuO) in the presence of a platinum-foil catalyst (Pt).
Double-walled quartz glass tubes are used to house
both the CuO and Pt fingers to accommodate oper-
ating temperatures of nearly 1000°C. The vacuum
between the outer and the inner walls of the quartz
glass tubes is continuously pumped using a rotary

pump. Volume D serves as an expansion volume
which enables sample gases to be split to an appro-
priate size via valve 13 prior to inlet into the mass
spectrometer. Volume E is the dedicated clean sec-
tion of the line where the ultra-pure nitrogen standard
reservoir (N2-STD) is housed: aliquots of this stan-
dard are inlet via a pneumatically actuated pipette.
Volume E is held at high vacuum by a dedicated ion
pump.

2.3. Sample Preparation
[6] Visually fresh oceanic basalt glasses are hand-
picked and ultrasonically cleaned in a methanol
bath for one hour, then dried and loaded into one of
two crushers (Figure 2), which are baked at 100°C
overnight in an attempt to remove any adsorbed
atmospheric nitrogen. Simultaneously, the whole
extraction and purification line is baked at 120°C.

Figure 2. Schematic diagram of the nitrogen extraction and purification vacuum line. The line is constructed of
stainless steel with the exception of Pyrex glass tubes, used for cold fingers (CF). Double walled quartz glass tubes
(held at vacuum by a rotary pump) are used for both the copper-oxide furnace (CuO) and platinum-foil catalyst (Pt)
fingers. The line is separated into five distinct volumes (A–E): volume A is the dedicated inlet section of the line
where gas is first introduced after crushing and prior to cleanup. Additionally, gas in this section is characterized
for N2/Ar using the quadrupole mass spectrometer (QMS). The QMS is continuously pumped when not in use by
Ion Pump #1. Volume B is where the pressure of gas released during crushing is measured using a capacitance
manometer (CM). Volume C is where the oxidation-cleanup procedure occurs. Oxygen is generated using a CuO
furnace in the presence of a Pt-catalyst. Volume D is equipped with an expansion volume which enables sample
pressure reduction prior to inlet into the mass spectrometer. Volumes A+B+C+D are held at vacuum by a rotary
pump backed turbo molecular pump. Volume E is the clean part of the line where the N2-STD is housed and inlet
via a pneumatically actuated volume. Volume E is pumped using Ion Pump #2.
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2.4. Sample Crushing
[7] Before crushing commences, the crusher and
vacuum lines are cooled to room temperature. In
order to isolate the sample from the vacuum line,
valve 3 (Figure 2) is closed and the sample is
crushed using a hydraulically operated crushing
press at 5000 psi, effectively releasing trapped
vesicle-sited gas. We typically crush between 1 and
3 g of fresh basaltic glass, free of visible alteration.
Crushing is the favored bulk nitrogen extraction
method over conventional online stepped heating
[Exley et al., 1987; Murty and Marti, 1994; Marty
and Zimmerman, 1999] as well as sealed tube
extraction methods [Boyd et al., 1994b; Busigny
et al., 2005] in order to minimize blanks and, in
the former case, avoid any potential nitrogen losses
or fractionation effects associated with hot molyb-
denum furnaces [Yokochi and Marty, 2006].

2.5. Gas Purification Protocol
[8] As crushing commences, released CO2, H2O
and other condensable gases are separated from
nitrogen gas by use of a cold finger (CF1) held at
liquid-nitrogen temperature. After 5 min of freezing,
all remaining non-condensable gases are expanded
into volumes A+B+C+D by opening valve 3, with
valves 4, 7 and 11 already open and 8 and 10 closed
(i.e., the furnaces are isolated) (Figure 2). Five
min are allowed for gas expansion and equili-
bration before gas in Volume A is again isolated by
closing valve 4. The fraction of gas remaining in
Volume A is then inlet into the QMS section where
the N2/Ar ratio is measured. Importantly, gas inlet
into the QMS section of the line is not utilized for
N2-isotope measurement as it may be affected by
ionization in the QMS source [Takahata et al.,
1998]. Calibration of the QMS for the N2/Ar ratio
was achieved by repeatedly running air standards
(Air-STD) and subsequently normalizing to an
assumed air ratio of 83.6.

[9] The pressure of the remaining gas fraction in
volumes B+C+D (!50% of total gas) is then mea-
sured manometrically using the CM. The gas is
then reacted for 10 min with pure O2, produced by
heating a copper oxide (CuO) finger to 850°C. This
procedure is carried out in the presence of a platinum
foil (Pt) catalyst, held at 1000°C, to promote the
oxidation of carbonaceous (CO, C2H4) and nitro-
genous (NO) species to CO2 and NO2, respectively.
Additionally, any residual hydrogen and sulfur are
oxidized to H2O and SO2. After 10 min, excess
oxygen is reabsorbed back onto the CuO finger, first

at 600°C for 15 min and then at 450°C for 15 min.
During this period, the condensable gases (CO2,
SO2 and H2O) are adsorbed onto cold finger (CF2)
held at liquid nitrogen temperature.

[10] The oxidized gas can then be split using the
expansion volume via valve 13 in order to reduce
the pressure prior to mass spectrometer inlet. In
this respect, the CM is used semiquantitatively to
determine if reducing the gas load is necessary.
While the expansion volume is rarely used for rel-
atively gas-poor rock and mineral samples, it pro-
vides the option and capability to effectively split
larger N2 gas loads (e.g., N2 in geothermal samples).
Any remaining gas is then further expanded into
volume E, where it is exposed to yet another cold
finger (CF3) for 5 min prior to inlet into the mass
spectrometer.

2.6. Analytical Protocol
[11] We simultaneously measure m/z = 28, 29 and
30 (CO correction) using fixed triple collection
mass spectrometry. IonVantage software is used to
interface and communicate with the mass spec-
trometer. Immediately after inlet, we manually scan
over mass 30 to ensure that all peaks are positioned
correctly prior to running the data acquisition
protocol. In total, twenty-four data collection cycles
are run per sample, using an integration time of
10 s per cycle. Background levels are monitored
between sample measurements at mass 29.5 in order
to apply a background subtraction to all data. The
nitrogen isotope ratio is calculated using the mean
value of the 24 cycles. Mean values are in good
agreement with values determined by extrapolating
data to time zero (i.e., time of inlet) using a liner
regression method: however, average values are
preferred due to smaller statistical errors (Table 1).

3. Standards, Blanks and Corrections

[12] Precise characterization of standards, blanks
and correction factors are critical when making
high precision N-isotope measurements. Here, we
describe the analytical methods adopted and show
results for standards, blanks and corrections. Triple-
collection takes less than 5 min to complete
allowing a significant number of standards to be
measured (8–10 per day on average), thus enabling
precise characterization of the N2-STD (see
Table B1). Furthermore, reduced analytical times
help minimize any potential sample depletion
(<2%) and/or memory effects in the flight tube.
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3.1. N2 Standards
[13] The N2-STD is an ultra high purity (>99.99%)
N2-gas housed in a 3.8-L internally electro-polished
stainless steel cylinder. N2-STD gas is introduced
into volume E (Figure 2) using a pneumatically
actuated pipette valve, with an internal volume of
0.100 ! 0.002 cm3. The N2-STD gas is held at
a reduced pressure such that an aliquot delivers
7.29 ! 0.15 [N2] mcm3 STP. The automated
pipette helps insure peak height reproducibility
for all monitored masses by inletting a consistent
amount of N2-STD gas per aliquot, thus removing
any potential operator-induced inconsistency or
bias. Before inlet into the mass spectrometer, the
N2-STD gas is purified for 2 min using cold finger
(CF3) held at liquid nitrogen temperature. The
15N/14N ratio is determined by the CO-corrected
28/29 ratio. The N2-STD is typically measured
8–10 times per day—several times before and after
each sample analysis, with the daily mean value used
to normalize unknowns. The rapidity of the analysis

allows each (unknown) sample to be bracketed by
several standards, which in turn contributes to
improving overall accuracy.

[14] As part of the initial testing of the system, we
measured the isotopic ratio of the N2-STD repeat-
edly (n = 215) and determined its uncorrected 28/29
ratio to be 11.407 ! 0.022 (1s) (Figure 3). Impor-
tantly, this uncorrected ratio varies systematically
from the canonical 28N/29N ratio of air (136.5) by
the ratio of resistors L1 to L3 (11.9). Notably, the
CO-corrected (section 3.3) N2-STDs are consider-
ably more reproducible at 11.470! 0.006 (1s). The
improved reproducibility of CO-corrected N2-STDs
demonstrates the necessity of CO interference cor-
rections when making high precision nitrogen iso-
tope measurements. To test for mass discrimination
effects, several different sized aliquots of the N2-STD
were inlet and measured. The mean 28/29 values
of the different sized aliquots show good agreement
(Figure 4, top), indicating any pressure-induced
discrimination effects in the mass spectrometer were

Figure 3. Overall reproducibility of the internal N2-STD between 13 October 2010 and 24 November 2010. Open
green circles indicate uncorrected (raw-measured) mass 28/29 ratios and green filled circles indicate CO-corrected
28/29 ratios. The average analytical uncertainty on an individual 28/29 measurement is 0.03‰ and is thus encompassed
by the size of the symbol. The mean uncorrected 28/29 ratio is 11.407 ! 0.022 (1s). The uncorrected N2-STD repro-
ducibility during a single day, expressed as the standard deviation from the mean, was 1.75 ‰ (1s) compared to an
overall reproducibility, over the 43-day run-period, of 2.06 ‰ (1s). The mean CO-corrected 28/29 ratio is 11.470 !
0.006 (1s). The CO-corrected N2-STD reproducibility during a single day was 0.38 ‰ (1s) compared to an overall
reproducibility, over the same 43-day run-period, of 0.56 ‰ (1s).
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negligible over the range of N2 pressures under
consideration.

[15] The reproducibility of standards before and
after a sample run (e.g., during a single day) is the
most important factor controlling the uncertainty of
sample nitrogen isotope measurements. The average

measurement uncertainty associated with a single
N2-STD d15N measurement was 0.03 ‰ (1s).
However, the average reproducibility of the N2-STD,
taken as the standard deviation from the mean of all
N2-STDs run during a single day, was 0.38 ‰ (1s)
(see Table B1) which compares well with quoted

Figure 4. (top) N2-STD 28/29 ratio as a function of L3 (m/z = 28) signal (in volts). One aliquot of N2-STD is
!7.29 " 0.15 [N2] mcm3 STP. Note: we measure 28/29 for single, double and quadruple aliquots, thereby spanning
the concentration range for samples in this study. Overall reproducibility of the N2-STD is 11.470 " 0.006 (1s). The
mean of each group of STDs is also listed. Overall, there is no evidence for mass discrimination or any pressure
effects within the size range of samples. The blank correction on an N2-STD is less than 1%. (bottom) Air-STD mass
28/29 as a function of of L3 (m/z = 28) signal (in volts). Overall reproducibility of the SIO Air-STD is 11.469 "
0.018 (n = 8). Open blue triangles are CO-corrected whereas filled blue triangles are blank and CO-corrected.
The dotted blue line represents the mean blank and CO-corrected value. We calculate a d15N value of #0.11 ‰ "
0.22 (1s) for the N2-STD by normalizing to Air-STDs (0 ‰ by definition).
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precisions of 0.5 ‰ from the Atmosphere and
Ocean Research Institute (AORI) at the University
of Tokyo [Sano et al., 2001] and the Institut de
Physique du Globe at the University of Paris (IPGP)
[Busigny et al., 2005]. Notably, over longer time
intervals the reproducibility of the N2-STD was
slightly worse: for example, the reproducibility
was 0.56 ‰ (1s) over a period of 43 days.
Quantification of these highly precise and repro-
ducible daily variations in standard d15N values
demonstrates one of the principal advantages pro-
vided by short analytical times associated with static
triple collection methods.

3.2. Air Standards
[16] Throughout the 43-day calibration period,
we ran a total of 8 Air-STDs (Figure 4, bottom)
at approximately one-week intervals. The mean
d15N value of the running N2-STD was !0.11 "
0.22 ‰ (1s) versus the Air-STD (by definition =
0 ‰). As a consequent of the ease of preparation
and measurement, sample (i.e., unknown) d15N
values were calculated versus the running N2-STD
and subsequently corrected for the difference
between the N2-STD and the Air-STD (taken as
the mean of the 8 Air-STDs throughout the run
period). Notably, the reproducibility of the Air-STD
(0.22 ‰) compares favorably to literature reports
(0.3 ‰ and 2.6 ‰, Takahata et al. [1998] and
Mohapatra et al. [2009], respectively). Our ability
to produce a reproducible external standard d15N
value again derives from our use of simultaneous
triple collection protocols.

3.3. CO Interference and Correction
[17] Carbon monoxide (CO) and hydrocarbons
(e.g., C2H6) are released during sample crushing
and subsequently oxidized and removed prior to inlet
into the mass spectrometer. During the oxidation
process, sample gas is reacted with hot (1000°C)
platinum catalyst [Boyd et al., 1988] in order to
dissociate NO (14N16O) molecules, which interfere
at mass 30. Any residual CO (12C18O + 13C17O) and
C2H6 species remaining after cleanup are combined
with small amounts of background CO produced
in the ion source and measured at m/z 30. The
mass resolution of #620 on the axial detector is
adequate to effectively resolve 15N15N + 12C18O +
13C17O from C2H6, leaving only the 15N15N and
CO species (12C18O + 13C17O) where the mass
30 peak is measured. The 15N15N contribution (typ-
ically <2% of peak height) at mass 30 is calculated
based upon the measured 14N14N ratio, assuming

terrestrial air-like proportions of 15N15N:14N14N.
This value is subtracted from the intensity at
mass 30, leaving only CO (12C18O + 13C17O).
This CO value at mass 30 is then used to apply a
correction to account for corresponding CO con-
tributions at masses 28 (12C16O) and 29 (12C17O +
13C16O), again based on the assumption that inter-
fering species are present in air-like proportions
(Appendix A). In addition, 12C2H6 is closely moni-
tored due to potential hydrocarbon (12C2H4,
12C2H5) interferences at masses 28 and 29, respec-
tively. If the 12C2H6 peak increases by #30%
over typical baseline values then we consider the
measurement precision to be compromised and the
preparation line is extensively baked and pumped
in order to remove the interfering hydrocarbon
species.

[18] Applying a comprehensive CO correction
and monitoring C2H6 greatly improves precision
and therefore provides better overall standard and
sample reproducibility (Figure 3), which improves
the accuracy of the measurements. For example, the
reproducibility, given as the standard deviation
from the mean, of all N2-STDs over a 43-day run
period (n = 215) improved from a raw (non-CO-
corrected) value of 2.06 ‰ to 0.56 ‰ when a CO
correction was applied to the data (Figure 3). Simi-
larly, the reproducibility of Air-STDs (n = 8)
improved from 0.86‰ to 0.22‰, thus significantly
improving the overall accuracy of the measurement.
It is important to note that due to variable con-
tributions of CO for individual sample and standard
runs, the CO correction factor was non-systematic
necessitating an individualized correction for every
analysis. These new results illustrate that the CO
correction is critical when making high precision
nitrogen isotope measurements.

3.4. Blank Contribution and Correction
[19] Due to the anticipated range of N2 concentra-
tions in oceanic basalts (e.g., #1 to 500 mcm3 STP/g
[e.g., Marty and Dauphas, 2003]), procedural
blanks can potentially represent a significant con-
tribution to nitrogen-poor samples: thus, it is critical
to characterize blanks as accurately as possible. To
this end, our analytical protocol includes a proce-
dural crushing blank run prior to each individual
sample run. To gain an appreciation of the likely
characteristics of the blank, a total of 22 procedural
crusher blanks were run during the 43-day test
period following the identical procedure adopted for
samples (Figure 5). Procedural crusher N2 blanks
averaged 4.2 " 0.5 mcm3 STP (1s). This blank
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compares favorably with values reported from
other groups performing triple collection (e.g.,
7.2–14.6 mcm3 STP [Boyd et al., 1995; Busigny
et al., 2005]). In addition, the isotopic composition
of each blank was measured and used for blank-
correction purposes. The blank was reproducible in
d15N (12.64 ! 2.04 ‰) (1s) (Figure 5). A simple
isotopic mass balance in the form

d15NC ¼
d15NS # d15NB $ N2½ &B

N2½ &S

! "h i

1# N2½ &B
N2½ &S

! "h i

is used to determine the corrected isotopic compo-
sition of a given sample, where C = corrected,
B = blank and S = sample.

4. Ocean Basalt Results

[20] To assess potential advantages of triple collec-
tion and gauge the accuracy of results obtained
with our new system, we report data obtained on a
suite of oceanic glasses from the Reykjanes Ridge
(RR) and a gas-rich sample (D22–1) from the
Central Indian Ridge (CIR). Specifically, we
analyzed 11 samples for nitrogen isotopes (d15N),

N2 concentrations and N2/Ar ratios (Table 1);
samples were processed using vacuum crushing
following protocols described in section 2.4.

4.1. Sample Classification
[21] In order to test the capabilities of the new
system, we targeted ocean basalt samples that
display a wide range in gas (e.g., helium) con-
centrations. To facilitate discussion, we subdivide
samples into three distinct groups using previously
published helium concentrations [Hilton et al.,
2000; Füri et al., 2011] as a metric for N2 gas con-
centration. We refer to RR samples with more than
0.2 [He] mcm3 STP/g as Group A and RR samples
with less than 0.2 [He] mcm3 STP/g as Group B
(Figure 6). In addition to being helium poor,
Group B samples exhibit additional characteristics
of highly degassed samples – in that they display,
low CO2 concentrations (23.3–102.6 ppm), air-
like 40Ar/36Ar (285–390), and high N2/Ar ratios
(142–218). Furthermore, Group B sample 121D3G
has the highest 4He/40Ar* (where 40Ar* = 40Ar,
corrected for air) of 50.4 – indicating extensive
degassing [de Leeuw, 2007]. The 3rd category
is a gas-rich basalt sample (D22–1) from the
CIR that was targeted because of its high helium

Figure 5. d15N (‰) versus Blank contribution [N2] mcm3 STP. The average (n = 22) procedural blank concentration
of 4.2 ! 0.5 [N2] mcm3 STP (1s) is shown with a vertical dashed line whereas the average d15N value for the proce-
dural blank (12.64 ‰ ! 2.04 ‰) (1s) is shown as a horizontal dashed line.
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concentration [Füri et al., 2011]. Sample D22–1
was analyzed a total of three times (Figure 7), thus
providing a useful test of the reproducibility of its
d15N and N2 concentration characteristics.

4.2. N2 Concentration Comparisons
[22] We adopted two independent approaches to
quantify the concentration of N2 released from each
sample: both employed peak height measurement

Figure 6. [N2] mcm3 STP/g versus [He] mcm3 STP/g concentrations, helium results are from Hilton et al. [2000]. We
targeted ocean basalt samples that display a wide range in gas (e.g., helium) concentrations. Note: the R2 correlation
between gas concentrations is 0.72.

Table 1. Nitrogen and Helium Systematics of Reykjanes Ridge (RR) and D22–1 Replicate Samplesa

Sample
ID

[He] mcm3

STP/g (!5%)
[N2] mcm3

STP/g (!2.5%)
Blank Contribution

(%)
d15N
(‰)

N2/Ar
(!10%)

Group A
40D3G 4.90 61.0 4 "0.44 ! 0.60 78.9
66D3G 3.89 41.9 7 "1.87 ! 0.32 53.0
46D5G 2.70 31.5 7 "0.39 ! 0.32 66.1
75D10G 2.77 17.0 13 "1.57 ! 0.40 49.4
96D1G 1.92 7.54 16 0.87 ! 0.45 56.6
131D3G 0.61 11.8 19 "1.69 ! 0.58 70.0

Group B
157D3G 0.15 41.6 6 "0.39 ! 0.52 42.2
13D2G 0.16 1.85 56 5.35 ! 1.29 145.6
121D3G 0.021 0.45 82 9.70 ! 1.74 58.8
173D1G 0.022 1.37 61 4.26 ! 1.46 225

Replicate Sample
D22–1 7.13 74.2 3 1.71 ! 0.45 82.8
D22–1 - 78.7 3 1.80 ! 0.52 127
D22–1 - 92.6 10 1.74 ! 0.48 104

aAll uncertainties on d15N are 1-sigma. Blank subtractions have been applied to all d15N and N2/Ar results and a CO correction has been applied
to d15N results. Helium values from Hilton et al. [2000] (Groups A and B; Reykjanes Ridge) and Füri et al. [2011] (D22–1; Central Indian Ridge).
N2 concentration measurements are accurate within 3% based on the reproducibility STDs. All N2/Ar uncertainties are less than 10%.
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relative to calibrated air aliquots. After dividing the
gas into two aliquots following inlet (section 2.5),
we measured N2 independently on the VG-5440
mass spectrometer and the QMS. The positive
correlation (R2 = 0.98) in N2 concentration between
these two techniques gives us confidence in the
reliability of these data (Figure 8). The uncertainty
on the N2 concentration measured on the VG-5440
mass spectrometer is less than 2.5%, estimated

by combining repeat measurements of mass 28
intensity of the N2-STD with the uncertainty on
the pipette volume.

[23] Nitrogen gas loads are consistent with helium
gas loads, as shown by the positive correlation
(R2 = 0.72) between helium and nitrogen con-
centrations (Figure 6). Group A samples yielded
blank corrected N2 concentrations between 7.54 and

Figure 7. (top) d15N (‰) versus [N2] mcm3 STP for all samples, Air-STDs and blanks. The mean procedural blank
(d15N = 12.64 ! 2.04 ‰) (1s) is plotted as a purple diamond. RR basalts are broken into two sub-groups based on
helium concentration: Group A (>0.2 [He] mcm3 STP/g) denoted by black circles and Group B (<0.2 [He] mcm3

STP/g) denoted by red triangles. Replicate sample D22–1 (green squares) was run repeatedly (three times in total)
because of its relatively high N2 concentration as well as its isotopically high d15N signature. A total of 8 Air-STDs
were run (blue triangles). Note: concentration data are not blank corrected in order to show the relative blank contri-
bution (dashed line = 50% blank contribution). (bottom) d15N (‰) versus [N2] mcm3 STP for samples with less than
50% blank contribution. All samples and STDs fall between +2 and "2 ‰ and, as a result, the y axis has been con-
tracted. At this scale, the natural variation of samples versus Air-STDs is evident.
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61.0 mcm3 STP/g – within the range reported for
other oceanic basalts [Marty and Dauphas, 2003].
Group B samples range from 0.45 to 41.6 [N2] mcm3

STP/g: however, three of the four samples dis-
played extremely low (<2 [N2] mcm3 STP/g) nitrogen
concentrations and, as a result, blank contributions
were relatively large (56–82%).

4.3. Nitrogen Isotope (d15N) Results
[24] Gas-rich (Group A and D22–1) d15N values
varied from !1.87 ‰ to +1.80 ‰, within the range
of previously reported mantle values (!5 to +8 ‰)
[Marty and Dauphas, 2003]. Sample D22–1, run a
total of three times on different days, displayed
highly reproducible results - yielding an average
d15N value of 1.75 " 0.28‰ (1s). On the whole,
gas-rich oceanic basalt samples varied by nearly
4 ‰ whereas Air-STDs (which underwent iden-
tical purification procedures) varied by just 0.6 ‰
with a standard deviation of 0.22 ‰. The highly
reproducible nature of the replicate sample and
Air-STDs indicates that the quoted precision of
0.38 ‰ (determined by the reproducibility of
N2-STDs) may be a conservative estimate. Note
that all d15N uncertainties are calculated combining
measurement uncertainty as well as the uncertainties

associated with the reproducibility of both N2- and
Air-STDs.

[25] In contrast, the low (<2 mcm3 STP/g) nitrogen
concentrations Group B (RR) samples had consis-
tently higher d15N values, relative to Group A
samples, extending from !0.39 ‰ to 9.70 ‰. We
attribute the isotopically high values to either (1)
an inappropriate blank correction when the blank
exceeds #50%, or (2) degassing induced frac-
tionation only evident in extremely low concen-
tration samples. We note that the large blank/high
d15N samples plot close to the average procedural
blank value (12.64 " 2.04 ‰) (Figure 7), sug-
gesting that the former explanation may have
merit. Further experiments targeting highly degas-
sed (low N2) samples are needed to confirm this
possibility.

4.4. Elemental (N2/Ar) Ratio Comparisons
[26] The N2/Ar ratios of samples, Air-STDs and
procedural blanks were determined using the QMS.
Air-STD N2/Ar ratios were reproducible within
10%. The mean N2/Ar ratio of 11 procedural blanks
was determined to be 200 " 80 (1s). Using this
value, a comprehensive blank correction was applied

Figure 8. N2 concentration of samples measured by peak height comparison using the VG5440 and the QMS
(in [N2] cm

3 STP/g). The estimated uncertainties on individual measurements are encompassed by the symbol size.
The two independent measurements show excellent agreement (R2 = 0.98) for the RR samples. Concentration mea-
surements reported in this contribution use the estimate from mass spectrometer voltage.
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to all QMS data by applying a similar mass bal-
ance correction as detailed in section 3.4. Gas-rich
(Group A and D22–1) N2/Ar ratios varied from
!49.4 to !127, within the expected mantle range
[Marty and Dauphas, 2003]. By contrast, low
(<2 [N2] mcm3 STP/g) nitrogen concentration
Group B samples displayed higher N2/Ar ratios in
two of the four samples, relative to Group A,
extending the range from 42.2 to 225 (Figure 9). We
note that the same gas-poor Group B samples that
display high d15N values also have high N2/Ar
ratios (close to blank levels), which we attributed to
an inappropriate blank correction when the blank
exceeds !50%.

5. Concluding Remarks

[27] A newly constructed nitrogen extraction and
purification system has been interfaced to a noble
gas VG-5440 mass spectrometer designed for sim-
ultaneous triple collection of nitrogen isotopes.
Here, we demonstrate the advantages afforded by
our new system coupled to static triple collection. In
particular, triple collection improves overall precision
by enabling shorter analytical times, thus allowing
standards and samples to be better characterized.

Moreover, shorter analytical times help minimize
sample depletion and memory effects in the mass
spectrometer. We also carried out an individual CO
and blank correction to all runs thus improving both
precision on individual measurements and accuracy
of results. We tested the new system with a series
of oceanic basalts analyzed for d15N, N2 concentra-
tion and N2/Ar ratios. Based on these results, we
conclude that static triple collection, utilizing simul-
taneous collection on two Faraday and one Daly
collector, provides clear advantages over peak
jumping methods as is demonstrated by the highly
reproducible nature of both internal and external
standards and unknowns.

Appendix A

[28] The nitrogen isotope ratio is determined by
comparing peak heights at masses 28 and 29.
However, the contribution of interfering species
(CO, C2HX) at masses 28 and 29 can potentially
alter this ratio - particularly at extremely low N
concentrations. Therefore, we simultaneously mea-
sure output voltages at masses = 28, 29 and 30 using
three separate collectors (two Faradays and one
Daly). At mass 30, the C2H6 peak is resolved from

Figure 9. N2/Ar versus [N2] concentration for RR and CIR basalts. Uncertainties on N2/Ar ratios are less than 10%
and concentration uncertainties are less than 2.5%. Notably, the gas-poor Group B samples display a wide range in
N2/Ar – high ratios are likely influenced by inappropriate blank corrections.
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the N2 + CO peak and thus we only quantify the CO
contribution. The amount of CO interfering at
masses 28 and 29 can then be determined by solving
these simple mass balance equations [after Beaumont
et al., 1994; Hashizume and Marty, 2004]:

Mass 28 ¼ 14N14Nþ 12C16O
Mass 29 ¼ 14N15Nþ 13C16O þ 12C17O

! "

Mass 30 ¼ 15N15Nþ 12C18O þ 13C17O
! "

[29] CO species in parenthesis are statistically
negligible compared to the primary interfering CO
species and are therefore ignored here in order to
simplify the equations; however, all contributing
species are fully accounted for in our CO correc-
tion. Assuming isotopic equilibrium between N2
molecules, the abundance ratios between isotopes
are 14N14N: 14N15N: 15N15N = 1: 2r: r2 where r =
15N/14N. Therefore, the mass balance equations are

Mass 28 ¼ 14N14Nþ 12C16O ¼ 14N14Nþ 16O=18O# 12C18O
Mass 29 ¼ 14N14N# 2r þ 13C=12C# 12C16O

¼ 14N14N# 2r þ 13C=12C# 16O=18O# 12C18O
Mass 30 ¼ 14N14N# r2 þ 12C18O

If we assume that the 13C/12C and 18O/16O ratios
of the interfering CO are equal to terrestrial air
values, then the only remaining unknowns are (1)
r = 15N/14N, (2) the amount of 14N14N, and (3) the
amount of 12C18O. Therefore, we obtain a unique
solution by solving the three above equations.

[30] These calculations are applied by processing
raw data using a Python correction code written
specifically for this correction.

Appendix B

[31] Table B1 reports the daily reproducibility of
the N2-STD on individual days that samples were
processed. The standard deviation (s.d.) is given

as an absolute ($) and (‰) variation from the mean
N2-STD value on an individual day.
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We report new helium and carbon isotope (3He/4He and δ13C) and relative abundance (CO2/3He) characteristics
of a suite of 20 gases and fluids (cold mazuku-like CO2 vents, bubbling mud-pots, hot and cold springs) from 11
different localities in Rungwe Volcanic Province (RVP), southern Tanzania and from 3 additional localities in
northern Tanzania (Oldoinyo Lengai Volcano and Lake Natron). At RVP, fluids and gases are characterized by a
large range in He-isotope compositions (3He/4He) from 0.97 RA to 7.18 RA (where RA = air 3He/4He), a narrow
range in δ13C ratios from −2.8 to −6.5‰ (versus VPDB), and a large range in CO2/3He values spanning nearly
four orders ofmagnitude (4×109 to 3.2×1013). Oldoinyo Lengai possesses upper‐mantle-like He–CO2 character-
istics, as reported previously (Fischer et al., 2009), whereas hot springs at Lake Natron have low 3He/4He (~0.6
RA), CO2/3He (~5–15×108) and intermediate δ13C (~−3.7 to −4.9 ‰). At RVP, fluid phase samples have been
modified by the complicating effects of hydrothermal phase-separation, producing CO2/3He and δ13C values
higher than postulated starting compositions. In contrast, gas-phase samples have not been similarly affected
and thus retainmoremantle-like CO2/3He and δ13C values. However, the addition of crustal volatiles, particularly
radiogenic helium from 4He-rich reservoir rocks, has modified 3He/4He values at all but the three cold CO2 gas
vent (i.e., mazuku) localities (Ikama Village, Kibila Cold Vent and Kiejo Cold Vent) which retain pristine
upper-mantle He-isotope (~7 RA) and He–CO2 characteristics. The extent of crustal contamination is controlled
by the degree of interaction within the hydrothermal system, which increases with distance from each major
volcanic center. In contrast, we propose that pristine cold CO2 mazuku gases collected at stratigraphic contacts
on the flanks of RVP volcanoes may potentially tap isolated gas pockets, which formed during previous eruptive
events and have remained decoupled from the local hydrothermal system. Furthermore, by identifying and
utilizing unmodified gas samples, we determine mantle versus crustal provenance of the CO2, which we use
to estimate mantle-derived CO2 fluxes at both Rungwe and Lake Natron. Finally, we investigate the origin of
the apparent discrepancy in He isotopes between fluids/gases and mafic phenocrysts at RVP (from Hilton et
al., 2011), and discuss the tectonic (i.e., rift zone dynamics) and petrogenic conditions that distinguish RVP
from other plume-related subaerial rift zones.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

There is continuing debate on the source of intra-plate volcanism
along the East African Rift System (EARS). Geochemical (Ebinger et al.,
1989a; Furman, 1995; Marty et al., 1996; Scarsi and Craig, 1996;
Furman et al., 2004; Furman, 2007; Hilton et al., 2011) and geophysical
(Burke, 1996; Ebinger et al., 1997; Nyblade et al., 2000; Park and
Nyblade, 2006; Adams et al., 2012) evidence suggests EARS volcanism
is associated with contributions from a single mantle plume, and
that the two broadly uplifted regions of the EARS (i.e., the Ethiopian
and Kenyan domes; Fig. 1A) represent surface expressions of the

African Superplume, which originates at the core–mantle boundary
(e.g., Ebinger and Sleep, 1998; Ritsema et al., 1999). In contrast, multiple
plumes could potentially be supplying magma and volatiles to various
segments of the EARS (e.g., George et al., 1998). Rogers et al. (2000)
presented radiogenic isotope evidence which suggests that two distinct
plumes are present under these two adjacent uplifted provinces. Another
possibility is that volcanism along the EARS may be associated with
several heterogeneous mantle sources, including significant upper-
mantle (e.g., metasomatized subcontinental lithospheric mantle
and/or depleted upper mantle) contributions. In this respect, major
and trace element data (Furman, 1995) and radiogenic (Sr–Nd) isotope
results from the KenyanDome region (e.g., Rogers, 2006; Chakrabarti et
al., 2009) suggest that melts are derived from metasomatic provinces
within the sub-continental lithospheric mantle (SCLM): consequently,
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volcanism in this region has been largely attributed to melting in the
uppermost mantle.

Helium isotopes (3He/4He) serve as sensitive tracers of volatile
provenance and are used to differentiate between various mantle
and crustal sources. The 3He/4He ratio of well-mixed asthenospheric
upper mantle, as sampled by mid ocean ridge basalts (MORB), is uni-
form at 7 to 9 RA (where RA = the atmospheric 3He/4He ratio of
1.4×10−6). Typical SCLM values are slightly lower and range from
5.2 to 7.0 RA (Gautheron and Moreira, 2002). Similarly, continental
intraplate alkaline volcanics (CIAV) range from 5.3 to 6.7 RA (Day et
al., 2005). In contrast, manymantle plume regions (e.g., Iceland, Hawaii,
Samoa — see review by Graham, 2002) show a marked relative enrich-
ment in 3He, with values extending as high as ~50 RA (e.g., Stuart et al.,
2003). Such high values are consistent with a mantle reservoir with a
high time-integrated 3He/(U+Th) ratio, which has remained largely
undegassed since Earth's accretion. In stark contrast, continental crust
is characterized by low 3He/4He ratios of ~0.05 RA (Morrison and Pine,
1955) due to production of radiogenic He. Large variations in 3He/4He
ratios between mantle and continental reservoirs (>three orders of
magnitude) form the basis for the utility of helium isotopes as a tracer
of mantle-derived volatiles.

Helium isotopes have been extensively studied throughout the
EARS: the Ethiopian Dome is marked by a large range in He-isotopes
with the highest 3He/4He values in the EARS (up to 19.6 RA) suggesting
significant plume-like contributions (Marty et al., 1996; Scarsi and
Craig, 1996), whereas 3He/4He ratios throughout the Kenyan Dome
were, until recently, consistently MORB-like (8±1 RA) or lower, indi-
cating an asthenospheric upper mantle or SCLM source, with crustal as-
similation resulting in 3He/4He values well below 8 RA (Darling et al.,
1995; Pik et al., 2006; Hopp et al., 2007; Fischer et al., 2009; Tedesco
et al., 2010). However, Hilton et al. (2011) reported high He-isotope ra-
tios (up to ~15RA) at RVP at the southernmost extent of the EARS. These
new He-isotope data imply that mantle source(s) of volatiles at RVP,
and by inference the Kenyan Dome region as a whole, are no longer
constrained to the upper mantle alone.

In this contribution, we target fluids and gases at RVP – and from two
locations in northern Tanzania – to characterize the regional He isotope
systematics as well as C-isotope (CO2) and relative abundance features.
In part, our motivation is to add to the He isotope database already
established for the region (Pik et al., 2006) whereby the hydrothermal
fluids and gases appeared to only sample 3He/4He ratios equal to or
less than MORB — in contrast to higher values recently measured in
mafic phenocrysts at RVP (Hilton et al., 2011). In addition, we report
new C-isotope (CO2) values in order to ascertain the characteristics and
provenance of this major volatile phase. Furthermore, by combining He
and CO2 measurements of the same gas/fluid samples, we are able to
identify potentially complicating factors (e.g., phase separation, fluid
mixing) related to utilizing hydrothermal systems versus cold CO2

(mazuku-like) vents which are also found at RVP. As these cold CO2

vents have He–CO2 characteristics distinct from hydrothermal samples,
we suggest that they may represent storage and release sites located
within the volcanic stratigraphy, which are, for the most part, indepen-
dent of any regional or local hydrothermal system. Finally, using the
combined He–CO2 approach, we are able to offer an explanation for the
apparent He-isotope discrepancy observed at RVP when hydrothermal
fluids and mafic phenocrysts are used independently to infer He isotope
characteristics of the mantle source region.

2. Geological background

The EARS is the classic example of modern continental rifting, with
extension accommodated by faulting, crustal thinning, and volcanism
(e.g., Dawson, 2008). The rift stretches from the Afar Depression in
northern Ethiopia/Eritrea to RVP in southern Tanzania (Fig. 1A). It
crosses the Ethiopian Dome before splitting into two main branches
(Western and Kenyan rifts), encircling the Tanzanian craton located
on the Kenyan Dome and forming a triple junction at RVP (Delvaux
and Hanon, 1993; Mnjokava, 2007). Rift initiation began in southern
Ethiopia at approximately 45 Ma (George et al, 1998) andwas followed
by volcanism in northern Ethiopia and Yemen at approximately 30 Ma

Fig. 1. A — Left: the location of the EARS (after Hilton et al., 2011). The highest reported 3He/4He ratios are plotted for various segments of the EARS, using circles (lavas), squares
(hydrothermal fluids) and triangles (xenoliths). In the Western Rift of the Kenyan Dome region, 3He/4He ratios do not exceed canonical MORB values (8±1 RA) with the exception
of high 3He/4He phenocryst values from RVP (Hilton et al., 2011). In addition, high He-isotopes (3He/4He>MORB) are observed in the Ethiopia Dome, nearly 2000 km north of RVP
(Scarsi and Craig, 1996) and extend throughout the Afar region to the Gulf of Aden, Red Sea and Yemen (Marty et al., 1996). B — Right: enlarged map of RVP with sample locations,
fault systems, lava outcrops, major volcanoes and the main hydrothermal systems (e.g., Ngozi-Songwe in the north, Kiejo-Mbaka in the south). Open red circles denote gas samples
and blue inverted triangles represent fluids samples. For reference, the highest measured 3He/4He values (Hilton et al., 2011) at RVP are shown inside circles for each of the three
main volcanic centers.
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(Schilling et al, 1992; Pik et al, 1999). Present-daymagmatic activity oc-
curs intermittently along the ~2000 km rift, which spans pre-rift,
syn-rift, and post-rift periods. Volcanic activity at RVP dates from
8.6 Ma to the present (Ebinger et al., 1989b, 1993; Ebinger and
Furman, 2003).

The geology of Tanzania is dominated by the Precambrian Tanzania
Craton (>2 Ga) bounded by Proterozoic metamorphic and intrusive
rocks marking the intersection of three distinct Proterozoic mobile
belts: the Ubendian, Irumide, andMozambique belts (Harkin, 1960). In-
land Tanzanian basins are filled with Cenozoic sediments and volcanic
rocks associated with rifting of the EARS. RVP is located directly south
of the Tanzanian Craton (Fig. 1B) and covers an area of ~1500 km2. It
is located at the intersection of the Karonga, Songwe, andUsangu basins
(Fig. 1) (Harkin, 1960; Delvaux and Hanon, 1993). The Karonga basin is
the northernmost sub-basin of theMalawi rift (Ebinger et al., 1987), and
is comprised of Precambrian basement rocks overlain by basalt, tra-
chyte, and phonolite from the northern volcanic highlands, and by
both Permian–Triassic and younger (Neogene) sediments of the Kyela
lowlands. RVP consists of asymmetric half grabenswhich accommodate
the overall WSW–ENE extension (Ebinger et al., 1989b; Iranga, 1992;
Delalande et al., 2011) and NW–SE trending normal faults which are
manifested in three main rift-bounding fault segments: Kyela, Mbaka
and Livingstone faults (Hochstein et al., 2000) (Fig. 1B).

LateMiocene to Quaternary volcanism and associated hydrothermal
activity characterize recent magmatism at RVP (Ebinger et al., 1989b).
RVP is comprised of three main volcanic centers: Ngozi, which last
erupted b1 ka before present (trachytic tuff); Rungwe volcano, which
last erupted b1.2 ka before present (trachytic tephra); and Kiejo,
which last erupted a tephrite lava flow b0.2 ka before present (tephrite
lava flow) (Harkin, 1955; Ebinger et al., 1989b; Fontijn et al., 2010a,
2010b, 2011). In addition, the region hosts abundant smallermonogenic
volcanoes and cinder cones located along the Mbaka fault, which were
constructed during the last 0.5 Ma (Ebinger et al., 1989b; Williams et
al., 1993; Fontijn et al., 2010b).

Hydrothermal activity occurs throughout RVP and is marked by
abundant bubbling springs, located along streambeds and riverbanks
believed to be connected to groundwater aquifers by an extensive
fault network (Delalande et al., 2011). Fluids are characterized as
Na–HCO3 waters, with variable Ca–Mg and Cl contributions (Harkin,
1960; Hochstein et al., 2000; Branchu et al., 2005; Kraml et al., 2010;
Delalande et al., 2011), and all show evidence for the degassing of CO2

(Ebinger et al., 1993). Based on sample location and field observations
(i.e., temperature, salinity and pH), RVP hydrothermal activity is divid-
ed into two main groups (Delalande et al., 2011):

(1) A group of cold gas-rich bubbling springs which is located at
high elevations (1500–1700 m). These freshwater, Na (Ca–Mg)–
HCO3 type, springs display low temperatures (15 to 23 °C), are
slightly acidic (pH between 5.2 and 6.7) and show intense gas
bubbling. In addition, vigorously degassing cold CO2 vents have
also been reported on the flanks of Ngozi, Rungwe and Kiejo vol-
canoes (Delalande et al., 2011).

(2) A group of hot gaseous springs is located at lower elevations
(500–800 m) in the Kyela plain and lies on or close to major ac-
tive NW–SE faults. Spring temperatures range from 32 to 63 °C
suggesting connection to low enthalpy thermal activity
(Arnórsson, 2000).Waters are saline, Na–HCO3(Cl) type, and dis-
play neutral to slightly basic pH (7.0–7.9) (Delalande et al., 2011).
Significantly, hot springs show weaker gas activity (generally
fewer/smaller bubbles, higher water flows) than the higher ele-
vation cold springs and gas vents.

This second group of hot springs has been further sub-divided into
two distinct hydrothermal systems on the basis of fluid chemistry and
geographic extent (Kraml et al., 2010): (a) Ngozi-Songwe hydrother-
mal system, located in the NW, and (b) Kiejo-Mbaka hydrothermal
system, in the south (Fig. 1B). Each hydrothermal is described in turn:

The Ngozi-Songwe hydrothermal area is located to the NW of Ngozi
volcanic center and 30 km west of Mbeya (Fig. 1A). The Songwe hot
spring area is located ~43 km NW of the Ngozi volcanic center and
is the most thermally-active and best-studied hydrothermal area in
Tanzania: its thermal output is approximately 10 MW (Hochstein et
al., 2000; Kraml et al., 2010). Volcanological investigations suggest
that a trachytic magma chamber of Ngozi volcano provides an ideal
heat source for the region (Kraml et al., 2010). In addition, Songwe is
marked by hot Na-bicarbonate springs, CO2 vents and extensive traver-
tine deposits (~150 million tons) (Kraml et al., 2010). Together, the
chemical composition of the thermal waters, the CO2 discharge of the
springs, and the presence of travertine, indicate that Songwe hot
springs mark the terminus of a concealed outflow of hot water,
channeled by a confined aquifer (Hochstein et al., 2000). Tectonic inves-
tigations show that fluid flow is fault controlled. Furthermore, hydro-
logical investigations have determined that recharge for the Songwe
hydrothermal fluids occurs at elevations between 1800 and 2200 m,
likely near the Ngozi volcanic summit (James, 1967; Delvaux et al.,
2010; Kraml et al., 2010).

The Kiejo-Mbaka hydrothermal system encompasses both the
Kiejo and Rungwe volcanic centers. Kiejo is located ~36 km NW of
Lake Malawi at an elevation of approximately 2200 m (Fig. 1B). The
Rungwe volcanic center is located approximately 20 km to the north-
west of Kiejo and is comprised of mostly alkali-basaltic and trachytic/
phonolitic rocks of Miocene to Quaternary age (Hochstein et al.,
2000). The most prominent structure within the Kiejo-Mbaka hydro-
thermal system is the Mbaka fault, which crosscuts the volcanoes
and serves as a permeable conduit for gas and hydrothermal fluid ac-
tivity (Hochstein et al., 2000). Springs and gases principally emanate
from sites where disconnected or recently reactivated conjugate
faults cross the Mbaka fault system (Kraml et al., 2010). Fluid chem-
istry (i.e., Na and HCO3 contents and Na/K ratios) indicates a homog-
enous fluid at depth (Mnjokava, 2007), with both the relatively high
heat-flow and chemistry of hot springs consistent with the presence
of a significant magmatic intrusion driving the system (Branchu et
al., 2005).

3. Samples and analytical techniques

We sampled a total of 7 localities from the two high temperature
hydrothermal systems (i.e., Ngozi-Songwe and Kiejo-Mbaka) and 4
sites of cold CO2 vents/springs. In total, 20 samples (7 fluid-phase
and 13 gas-phase) were collected, with duplicate (or triplicate) sam-
ples taken at 8 of the 11 localities. In addition, we sampled 3 localities
(4 fluid-phase and 2 gas-phase samples) in the Oldoinyo Lengai/Lake
Natron region of northern Tanzania (Table 1). All samples (n=26)
were collected in evacuated 1720-glass bottles using standard sampling
techniques (e.g., inverted funnel) in order tominimize possible air con-
tamination (see Hilton et al., 2002 for details).

Within the Ngozi-Songwe hydrothermal system, 4 samples were
collected from 3 distinct bubbling hot (54–71 °C) spring sites — both
in and immediately adjacent to a travertine quarry located ~40 km
NW of the Ngozi volcanic center (Songwe Overlook, Mesa and Quarry).
A total of 4 hot (36–70 °C) spring sites were targeted in the
Kiejo-Mbaka hydrothermal system: Kilambo Springs, located ~16 km
S of the Kiejo volcanic center, and three springs in the Mampulo and
Kasimulo springs region located ~50 km SSE of the Rungwe volcanic
center.

Additionally, we collected gases from three vigorously degassing dry
CO2 cold (12–23 °C) vents on the flanks of Kiejo and Rungwe volcanoes,
at the contact between basaltic flows and phonolitic tuff units, and
one cold (20 °C) spring (Kafwira Njuni) from the flank (~9 km W) of
Rungwe volcano (Harkin, 1960). The Kiejo Cold Vent sample was collect-
ed b5 km from the summit of Kiejo, close to the factory where CO2 gas is
commercially extracted from three shallow boreholes (Hochstein et al.,
2000). Two cold CO2 vents near Ikama Village (Kibila and Ikama Village
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samples), located b9 km from the summit of Rungwe volcanic center,
were also sampled. All three cold CO2 vent features show remarkable
similarities to “mazuku”, previously described along parts of the western
branch of the EARS, in the Goma region of the Democratic Republic of
Congo (Smets et al., 2010). Mazuku means “evil-wind” in Swahili and is
used to describe lowland (depressions) where CO2 is released to the at-
mosphere. Being heavier than air, CO2 can accumulate in depressions at
high and often lethal levels (Tuttle et al., 1990; Smets et al., 2010). Nota-
bly, mazuku from the Lake Kivu region (western branch of EARS) display
mantle helium isotope values and have thus been unambiguously linked
to anupper-mantle source (Tedesco et al., 2010). These cold CO2mazuku-
like vents are grouped with Kafwira Njuni cold spring in Table 1 as they
share low temperatures (b23 °C); however, it is not obvious that they
are related to localized hydrothermal systems (see Section 5.3).

Finally, three northern Tanzania sites were sampled (Table 1). The
hyper-saline Lake Natron is located towards the southern end of the
Kenyan Rift, about 45 km north of Oldoinyo Lengai volcano, and dis-
charges numerous warm springs (32–52 °C) along the shoreline
(Hochstein et al., 2000). Two warm springs located along a shoreline
scree slope were sampled. Additionally, we collected moderate tem-
perature gases (~70 °C) from a fumarole on the outer summit crater
wall of Oldoinyo Lengai volcano at an elevation ~2800 m. Details on
sampling locations – latitude, longitude, elevation and distance to
nearest volcanic edifice – are included in Table 1.

Helium, Ne and CO2were extracted from all samples at the Fluids and
Volatiles Laboratory, Scripps Institution of Oceanography (SIO), using a
dedicated UHV purification line (see Kulongoski and Hilton, 2002 for
description). Following sample inlet into the vacuum system, waters
were acidified with phosphorus pentoxide to ensure complete release
of CO2; consequently, CO2 amounts represent the total dissolved inorgan-
ic carbon (TDIC) content. Water vapor was isolated on a water-trap held
at −78 °C (cooled using a slurry of acetone and dry-ice). Subsequently,
CO2 was frozen onto a liquid nitrogen cooled U-tube. The remaining
light noble gases (He and Ne) were then isolated using a hot (700 °C)
Ti-getter and charcoal finger held at liquid nitrogen temperature, which
acted to remove active gases (N2, CO, and 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 breakseal for transfer to a MAP-215 noble
gas mass spectrometer. Finally, the CO2 fraction was transferred to a
Pyrex breakseal for transfer to a dedicated CO2 cleanup line.

The He and Ne gas fraction was released from the breakseal and
prepared for inlet into the MAP-215 mass spectrometer using a com-
bination of charcoal traps held at liquid nitrogen temperature and
active-gas getters. Following this initial clean-up, a helium-cooled
cryogenic trap was used to separate He from Ne, which were inlet se-
quentially into the mass spectrometer. The measured 3He/4He ratio of
the sample was normalized to standard aliquots of air run before and
after each sample analysis.

Table 1
Helium and carbon isotope and relative abundance characteristics of hydrothermal fluids and gases from RVP and northern Tanzania.

Sample
location

Phasea Latitude
(°S)

Longitude
(°E)

Elevation
(m)

Distance to
volcanob (km)

Temp
(°C)

R/RA
c Xd RC/RA

e CO2/3He
(×109)f

δ13C
(‰)g

[CO2]
(mmol/kg)

[He]
(μcm3/gH2O)

Rungwe Volcanic Province (RVP)
Ngozi-Songwe hydrothermal system
Songwe Overlook F 08° 52′ 16.3″ 33° 10′ 52.7″ 1137 43 (N) 71 1.19 2.63 1.28±0.05 2300 −4.37 35.0 0.222
Songwe Mesa G 08° 52′ 23.9″ 33° 10′ 52.6″ 1,137 43 (N) 64 3.61 18.7 3.73±0.12 35.5 −5.36 – –

(Dup) 3.75 527 3.75±0.09 22.7 −6.10 – –

Songwe Quarry G 08° 53′ 21.6″ 33° 12′ 37.9″ 1177 40 (N) 54 1.21 1.88 1.38±0.07 2350 −5.92 – –

Kiejo-Mbaka hydrothermal system
Kilambo Springs F 09° 21′ 43.7″ 33° 49’ 01.3″ 637 16 (K) 57 0.97 3.19 0.97±0.09 32,200 −3.77 48.7 0.032
Kilambo Springs G 09° 21′ 44.0″ 33° 49′ 01.5″ 637 16 (K) 36 3.65 85.6 3.67±0.11 57.9 −5.43 – –

Mampulo Spring #1 F 09° 33′ 01.9″ 33° 47′ 49.6″ 515 50 (R) 60 2.00 19.4 2.05±0.10 2420 −4.81 56.4 0.341
(Dup) 2.05 28.3 2.08±0.09 1680 −5.34 53.8 0.703

Mampulo Spring #2 G 09° 33′ 01.9″ 33° 47′ 43.8″ 523 50 (R) 55 2.20 9480 2.20±0.07 3.05 −6.45 – –

(Dup) 2.13 10,400 2.13±0.07 2.94 −6.01 – –

(Dup) 2.10 4220 2.01±0.06 3.21 −6.41 – –

Kasimulo Spring F 09° 34′ 52.7″ 33° 45′ 42.2″ 520 53 (R) 52 1.04 2.48 1.06±0.05 6660 −2.79 47.5 0.100
(Dup) 1.02 1.96 1.03±0.06 12,200 −3.14 48.8 0.058

Cold CO2 mazuku vents and bubbling springs
Kafwira Njuni F 09° 08′ 12.5″ 33° 35′ 17.5″ 1552 9 (R) 20 4.49 3.63 5.49±0.23 320 −4.12 19.6 0.178
Ikama Village G 09° 12′ 41.6″ 33° 39′ 14.2″ 1505 10 (R) 23 6.31 15.9 6.60±0.12 4.53 −4.56 – –

(Dup) 7.16 269 7.18±0.13 4.46 −5.17 – –

Kibila Cold Vent G 09° 12′ 54.3″ 33° 39′ 28.8″ 1490 11 (R) 12 7.09 4950 7.09±0.20 4.00 −4.24 – –

(Dup) 7.08 298 7.09±0.20 4.53 −3.89 – –

Kiejo Cold Vent G 09° 15′ 03.8″ 33° 45′ 43.2″ 1504 4 (K) 15 6.12 870 6.12±0.17 3.85 −4.43 – –

(Dup) 6.61 2570 6.61±0.11 5.34 −4.96 – –

Northern Tanzania
(Lengai/Lake Natron)

Lake Natron #2 F 02° 23′ 23.2″ 35° 53′ 50.9″ 620 – 50 0.64 5890 0.64±0.02 1.53 −4.02 15.1 300
(Dup) 0.67 12, 800 0.67±0.02 0.48 −4.42 16.2 724

Lake Natron #1 F 02° 22′ 14.2″ 35° 54′ 17.7″ 608 – 51 0.63 7170 0.63±0.02 1.12 −4.92 15.1 209
(Dup) 0.61 5510 0.61±0.02 1.21 −3.70 17.4 331

Lengai North Crater G 02° 45′ 22.6″ 35° 54′ 41.2″ 2827 – 70 6.76 6530 6.77±0.16 2.60 −2.43 – –

(Dup) 70 6.87 1210 6.88±0.20 2.91 −2.77 – –

All reported errors are at the 1sigma level.
a Fluid (F), Gas (G).
b Volcanic center: (N) = Ngozi, (K) = Kiejo, (R) = Rungwe.
c R/RA is measured 3He/4He ratio divided by the 3He/4He in air=1.4×10−6.
d X-value (gas)=(4He/20Ne)measured/(4He/20Ne)air. X-value (fluid)=(4He/20Ne)measured/(4He/20Ne)air×(βNe/βHe)], where β = Bunsen solubility coefficient. For pure water at

15 °C (βNe/βHe)=1.22 (Weiss, 1971). See Hilton (1996) for further details of the correction protocol.
e RC/RA is the air corrected He isotope ratio=[(R/RA×X)−1]/(X−1).
f Accuracy is estimated to be better than 5%.
g Accuracy is ±0.5‰.
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The carbon dioxide (CO2) sample fraction was transferred to a sec-
ondary clean-up and quantification line, constructed from Pyrex
glass, where CO2 and any sulfur-bearing species (if present) were
separated using a variable temperature trap. Following clean-up, the
total amount of CO2 was measured using a capacitance manometer
in a calibrated volume. The manometrically-derived CO2 abundance
was then combined with the mass spectrometer-derived 3He/4He
value and helium abundance to calculate the CO2/3He ratio. Following
manometric measurement, CO2 was again frozen into a Pyrex tube for
transfer to a Thermo Finnigan Delta XPplus isotope ratio mass spectrom-
eter for carbon isotopic (δ13C) analysis. δ13 (CO2) values are reported rel-
ative to the international reference standard Vienna Pee Dee Belemnite
(VPDB) and have a precision of less than 0.1‰. We estimate the accuracy
of our δ13C determinations (±0.5‰) by repeat analyses of aworking lab-
oratory standard, itself calibrated relative to VPDB.

4. Results

4.1. Helium isotopes (3He/4He ratios)

Helium isotope results (3He/4He ratios=R) are reported relative to
air (RA) (where RA=atmospheric 3He/4He=1.4×10−6) and corrected
for the presence of atmospheric He (to RC/RA). By monitoring sample
4He/20Ne ratios, and assuming all sample 20Ne is derived from air or
air saturated water, the atmospheric He contribution can be calculated
and subsequently subtracted from the measured value. The air–He cor-
rection is based on known 4He/20Ne values of air or air saturated water
(adjusted for He and Ne solubility variations in water – assuming a re-
charge temperature of 15 °C – for fluid samples only) (Ozima and
Podosek, 1983; Hilton, 1996). Relative 4He/20Ne enrichments versus
air are expressed as X-values (where X=(He/Ne)S/(He/Ne)A).
X-values vary by over 4 orders of magnitude in RVP and northern Tan-
zania samples (Fig. 2) and aremarkedly higher in gas-phase versusfluid
phase samples. We note the following two general features of the
helium data: (a) duplicate samples (i.e., same phase and locality) are
in excellent agreement and deviate by less than 0.2 RA for all samples
except Ikama Village, where duplicates vary by 0.58 RA, and (b)
fluid-phase samples display lower 3He/4He values than gas-phase sam-
ples from the same site.

At RVP, helium isotope ratios cover a wide range (0.97 RA to 7.18
RA), and are in good agreement with earlier reports of He isotopes
(0.22 RA to 7.76 RA) from the region (Pik et al., 2006) (Fig. 3). For

example, we report a 3He/4He value of 7.2 RA from Ikama Village, in
good agreement with that reported by Pik et al. (2006). In detail,
we point out the following salient features of the air-corrected He iso-
tope results:

1. Cold CO2 mazuku vents range from 6.1 to 7.2 RA with the cold
fluid-phase sample from Kafwira Njuni having a 3He/4He value of
5.5 RA. These ratios are consistently the highest values in this
study.

2. Localities in the Kiejo-Mbaka hydrothermal system range in 3He/4He
from0.97 (fluid phase at Kilambo Springs) to 3.67 RA (corresponding
gas phase at the same locality). Mampulo Spring samples (2 loca-
tions) range from 2.0 to 2.2 RA whereas Kasimulo Spring fluids over-
lap with the atmospheric value (1 RA) within analytical uncertainty.

3. In theNgozi-Songwehydrothermal system, 3He/4He ratios at Songwe
range from 1.3 (fluid phase) to 3.75 RA and display evidence for both
mantle and radiogenic contributions to the total He inventory.

Fig. 2. He-isotopes versus 4He/20Ne data for hydrothermal fluids (blue inverted triangles)
and gases (red open circles) from RVP. Data are shown with previously reported hydro-
thermal fluid data (green X's) from Pik et al. (2006). Calculated binary mixing lines be-
tween air saturated water (ASW), crustal and mantle endmember compositions are
shown. Endmembers are: ASW 3He/4He=1 RA, 4He/20Ne=0.250–0.285; (Ozima and
Podosek, 1983), High 3He/4He=14.9 RA, (Hilton et al., 2011), MORB 3He/4He=8 RA,
(Graham, 2002), SCLM 3He/4He=6.1 RA, (Gautheron and Moreira, 2002) Crustal
3He/4He=0.05 RA (Morrison and Pine, 1955): in the latter 4 cases a 4He/20Ne ratio
~3500 is assumed. (For interpretation of the references to color in this figure legend,
the reader is referred to the web of this article.)

Fig. 3. Helium and carbon isotope (3He/4He — corrected for air and given in RC/RA no-
tation; δ13C) and relative abundances (CO2/3He) plotted versus latitude for all 11 RVP
localities sampled. Open red circles represent gas-phase samples and solid blue trian-
gles represent fluid-phase samples. In addition, hydrothermal fluid He-isotopes (from
Pik et al., 2006) are shown (green X's). Vertical tie-lines connect gas and fluid phase
samples from the same locality. Horizontal dashed lines delineate typical MORB ranges
for carbon and helium isotopes. (For interpretation of the references to color in this fig-
ure legend, the reader is referred to the web of this article.)
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We also note that there is a distinct peak in 3He/4He values at
9.2°S (Fig. 3), which is associated with the location of the cold CO2

mazuku vents (Ikama Village, Kibila and Kiejo Cold Vent samples)
near the termination of the Mbaka fault system in the central region
of the Kiejo-Mbaka hydrothermal system. In summary, the most
prominent characteristic of RVP helium isotope results is that all sam-
ples are characterized by a mantle-derived contribution (Section 5.4).
The highest values fall at the lower end of the range normally associ-
ated with mid-ocean ridge basalt (MORB) helium (8±1 RA) whereas
the lowest ratios, although having a large proportion of radiogenic
helium, are still well above the radiogenic He production ratio (0.05
RA) (Morrison and Pine, 1955).

In addition, we report 3He/4He values for northern Tanzania samples
(Lake Natron and Oldoinyo Lengai). Lake Natron springs cluster tightly
between 0.61 to 0.67 RA, showing a strong radiogenic He signal. In con-
trast, the Oldoinyo Lengai fumarole has a 3He/4He ratio of 6.88 RA, in
good agreement with fumaroles sampled in 2005 (~6.86 RA; Fischer et
al., 2009) prior to the 2007 eruptive events.

4.2. Carbon isotopes (δ13C (CO2))

C-isotopes (δ13C) range from −2.8 to −6.5‰ (versus VPDB) at
RVP and from −2.4 to −4.9‰ (versus VPDB) in northern Tanzania,
with all values falling within or slightly higher than the range normal-
ly associated with MORB (−6.5±2‰) (Sano and Marty, 1995).
Agreement between duplicate samples is at the level of ~1.2‰ or less.

The Ngozi-Songwe hydrothermal system C-isotope compositions
range from −4.4 to −6.1‰, with overlap (within uncertainty) be-
tween the Mesa and Quarry localities. The range of δ13C values is
much greater for the Kiejo-Mbaka hydrothermal system with the
highest δ13C value (−2.8‰) observed at Kasimulo springs, in a fluid
sample with a 3He/4He value overlapping with air, and the lowest
δ13C value (−6.5‰) measured in a gas-phase sample from Mampulo
Springs #2 with a higher 3He/4He ratio (2.2 RA) and negligible air ad-
dition (X=9475).

The cold gas vents range from −3.9 to −5.2‰ with the single
fluid phase sample (Kafwira Njuni) having an intermediate value
(−4.1‰). Three localities at RVP have both fluid and gas-phase sam-
ples with δ13C data (see samples connected by tie-lines in Fig. 3). In
each case, carbon isotope values were significantly higher in the
fluid phase. Unlike He-isotopes, there is no clear latitudinal control
on the range of (δ13C) values (Fig. 2).

At Lake Natron, δ13C values fall between −4.9 and −3.7‰ with
duplicate values in good agreement and overlapping within uncer-
tainty at location #2. The Oldoinyo Lengai fumarole δ13C values are
higher than at Natron (−2.3 to−2.8‰) and again overlap within an-
alytical uncertainty (0.5‰). They fall within the range of values
reported for summit fumaroles collected in 2005 (Fischer et al.,
2009).

4.3. CO2/3He ratios

The elemental CO2/3He ratio varies over 4 orders of magnitude in
RVP samples, from ~3×109 (MORB-like) to higher values (~3×1013)
normally associated with crustal lithologies (O'Nions and Oxburgh,
1988). By comparison, northern Tanzania samples span a more limited
range, extending from 5×108 to 3×109, at the MORB range or lower.

The Ngozi-Songwe hydrothermal system CO2/3He values range
from 22.7 to 2350 (×109), with good agreement of low values, 23
and 36 (×109), at the Mesa locality and between the Overlook and
Quarry sites (2300 and 2350) (×109). Kiejo-Mbaka hydrothermal
system CO2/3He values span a greater range, with values falling be-
tween 2.94 and 32,200 (×109). Several gas samples at Mampulo
Springs have CO2/3He values that fall within the MORB-range (2±
1×109; Marty and Jambon, 1987) whereas all other samples (i.e.,
both fluid and gas phases) are significantly higher.

Cold CO2 mazuku vent CO2/3He values are consistently low, be-
tween 3.85 and 5.34 (×109) whereas the cold fluid-phase sample
(Kafwira Njuni) has a CO2/3He value of 320 (×109). In general, fluid
samples at RVP have significantly higher CO2/3He values, ranging from
3.2×1011 to 3.2×1013, compared with the range in corresponding gas
samples (3×109 to 2×1012). The three localities where both fluid and
a gas samples were collected display much higher CO2/3He ratios in
the fluid-phase samples (see samples with tie-lines in Fig. 3), indicating
that the fluidsmay reflectmodified CO2/3He characteristics (see Section
5.2 for discussion).

At Lake Natron, the CO2/3He values are consistently low, with values
between 4.8×108 and 1.5×109. Whereas there is poor agreement for
site #2 samples, this is not the case for site #1 where values are 1.1
and 1.2 (×109). Such low values are unusual given the low 3He/4He
ratios at these localities indicative of a significant crustal (radiogen-
ic) He input: this observation may reflect loss of CO2 (Section 5.2.2).
The CO2/3He values at Oldoinyo Lengai fall within the MORB range
and are slightly lower than values published previously for summit
fumaroles (Fischer et al., 2009).

5. Discussion

In the following discussion, we investigate processes that could af-
fect regional hydrothermal 3He/4He values (and associated He–CO2

characteristics) and thus lead to the discrepancy in helium isotopes be-
tween fluids and phenocrysts. Our approach is to identify samples that
exhibit 3He/4He, CO2/3He and δ13C values representative of the mantle
source region versus those whose features have beenmodified by other
processes (i.e., magmatic and/or hydrothermal-related). In this way,
volatile signatures can be utilized to understand the nature of mantle
sources. A corollary of this approach allows us to focus on the He–CO2

systematics of the three cold CO2 mazuku-like features in the region
and assess their role in transferring mantle-derived volatiles to the sur-
face. Finally, we address the factors behind the apparent He-isotope dis-
crepancy observed between mafic crystals of RVP lavas and tephra
(Hilton et al., 2011) and geothermal gases/fluids (this work) which is
conspicuously absent at other plume-related localities such as Iceland
(Hilton et al., 1990).

5.1. Observed CO2–
3He–4He characteristics

To evaluate sample integrity (gases versus fluids), particularly re-
garding possible elemental fractionation effects between He and CO2,
we plot all RVP samples (n=20) and the northern Tanzanian samples
(n=6) on a CO2–

3He–4He ternary diagram (Fig. 4; after Giggenbach
et al., 1993). For reference, we include mixing lines showing binary
mixing between mantle 3He/4He endmembers (e.g., SCLM=6.1±0.9
RA (Gautheron and Moreira, 2002); MORB=8±1 RA (Graham, 2002);
high 3He/4He (RVP)=15±1 RA (Hilton et al., 2011), crustal values
(~0.05 RA) (Shaw et al., 2003) and/or pure radiogenic 4He. In the case
of CO2/3He endmembers, we adopt values of 2±1 (×109) for
MORB-mantle (Marty and Jambon, 1987), 4±2 (×109) for SCLM
(Hahm et al., 2008; Fischer et al., 2009), assuming that Oldoinyo Lengai
volcano in northern Tanzania with 3He/4He ratios b7 RA represents this
component, and 1013 for the crustal endmember (O'Nions and
Oxburgh, 1988).

In Fig. 4, we note the following features with respect to the gas
phase samples from RVP:

(1) All six cold gas (mazuku) vents (e.g., duplicate samples from
Kibila Cold Vent, Ikama Village and the Kiejo Cold Vent) plot
within the range of MORB/SCLM 3He/4He values (8±1 RA

and 6.9±0.9, respectively; Graham, 2002; Gautheron and
Moreira, 2002) and SCLM-like CO2/3He (4±2×109) values
(Hahm et al., 2008; Fischer et al., 2009).

(2) three additional gas samples (all fromMampulo Spring #2) fall
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on the mixing line between mantle endmembers and radio-
genic 4He.

(3) the four remaining gas samples, three from the Ngozi-Songwe
(Mesa and Quarry localities) and one from Kiejo-Mbaka
(Kilambo Springs), plot on a trajectory extending from mantle
values of ~6–8 RA towards the CO2 apex (i.e., high CO2/3He).
This relationship is compatible with mixing between crustal
and mantle endmembers.

Therefore, we conclude that there is significant mantle-derived
helium, and by inferencemantle CO2, present in all RVP gas-phase sam-
ples. Notably, the six relatively unmodified (mantle-like) samples are
all cold CO2 mazuku-like vents, and thus plot close to the MORB/SCLM
value in Fig. 4A. However, all additional gas samples can be explained
by a mantle-like source composition, and subsequent mixing with

crustal components. In Section 5.4 we use mixing models to calculate
relative (%) mantle and crustal contributions.

Another feature of the RVP dataset (Fig. 4A) is the marked disparity
in elemental ratios (e.g. CO2/3He) between fluid and gas-phase samples.
Fluid and gas-phase CO2/3He ratios range from ~109 to ~1013; however,
all fluid-phase samples display relatively high CO2/3He ratios (>1011)
consistent with significant elemental fractionation between the two
volatile species — most likely resulting from hydrothermal degassing
and/or solubility controlled phase-separation (see Section 5.2). As a re-
sult, all RVPfluid samples plot in a cluster close to the CO2 apex. In order
to identify and interpretfluid variations, a second ternary diagram,with
a contracted scale, is shown (Fig. 4B). Notably, the majority of
fluid-phase samples displays significantly lower 3He/4He values com-
pared to gas-phase samples, suggesting that fluid samples contain
more radiogenic (crustal) helium. Thus, we conclude that fluids are

Fig. 4. A — Ternary plot of CO2, 3He, and 4He for gas (open red circles) and fluid samples (blue triangles) from RVP and northern Tanzania, illustrating the effects of crustal and
radiogenic contamination of mantle-like volatiles. For reference, we plot “mantle average” (MORB=8±1 RA) with a turquoise star (Marty and Jambon, 1987), sub-continental lith-
ospheric mantle (SCLM=6.1±0.9 RA) with a grey diamond (Gautheron and Moreira, 2002) and “high 3He/4He component” (CO2/3He=3–6×109 after Poreda et al., 1992; Marty
and Tolstikhin, 1998; 3He/4He=14.9 RA after Hilton et al., 2011). All gas samples fall on or are close to a binary mixing trajectory between upper mantle-like (MORB; SCLM) helium
and variable amounts of crustal contamination (calculated from CO2/3He=5–50×1012; 3He/4He=0.05 RA) (Shaw et al., 2003) and/or air. Fluid samples of RVP display much higher
CO2/3He (3.2×1011 to 3.2×1013) and helium isotope values compared with northern Tanzania fluid samples (i.e. Lake Natron) which display both low CO2/3He (b2×109) and
helium isotope values. As a result, RVP fluid samples plot close to the CO2 apex whereas Lake Natron samples plot close to the 4He apex. B — Ternary plot of CO2, 3He, and 4He,
with different scale axes focused on the CO2 apex in order to show fluid-phase samples from RVP. Fluid samples of RVP display much higher CO2/3He (3.2×1011 to 3.2×1013)
and lower helium isotope values compared RVP gas samples. (For interpretation of the references to color in this figure legend, the reader is referred to the web of this article.)
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more susceptible to radiogenic 4He additions, particularly following
volatile depletion induced by phase-separation. These processes are
discussed in detail in Section 5.2.

We also plot the northern Tanzania samples (n=6) in Fig. 4A and
note that Oldoinyo Lengai samples (n=2) overlap, and help define,
the SCLM endmember values, plotting close to themazuku vents. In con-
trast, Lake Natron waters (n=4) display significantly lower CO2/3He
values (b2×109) compared with RVP fluids (>1011), indicating that a
process acting to decrease CO2/3He values has extensively modified
them. In the next section, we investigate the effects of CO2 loss due to
calcite precipitation as a means to lower CO2/3He ratios for these Lake
Natron samples.

5.2. Potential fractionation processes

Phase separationwithin a hydrothermal system can potentially frac-
tionate both elemental (i.e., CO2/3He) and isotope (i.e., δ13C) ratios.
Phase-partitioning can be caused by either vapor/steam separation at
high temperatures (>100 °C) and/or gas exsolution due to supersatu-
ration of a particular gas species. In both cases, elemental fractionation
can occur between CO2 and He due to the greater solubility of CO2 in
aqueous solution relative to helium (Ellis and Golding, 1963; Weiss,
1971). Solubility experiments indicate that CO2 is ~42 times more solu-
ble than He in water at temperatures up to 100 °C (Ellis and Golding,
1963; Stephen and Stephen, 1963; Ozima and Podosek, 1983): there-
fore, helium partitions preferentially into the vapor phase relative to
CO2. As a result, gas-phase CO2/3He ratios will represent aminimum es-
timate of the original (starting) ratio andfluid samples containing resid-
ual volatiles would be expected to have higher CO2/3He values.
Phase-separation can also cause isotopic fractionation as the parti-
tioning of CO2 between water vapor and liquid induces fractionation
between 13CO2 and 12CO2 (Vogel et al., 1970; Mook et al., 1974; van
Soest et al., 1998; Ray et al., 2009) with 13CO2 being relatively depleted
in the vapor phase at temperatures b110 °C.

Notably, the lowest CO2/3He values from RVP are observed in cold
CO2mazuku vents on theflanks of the Rungwe andKiejo volcanoes, fall-
ing within error of the typical MORB CO2/3He range (e.g., 2±1×109)
(Marty and Jambon, 1987), whereas fluid samples extend upwards
over several orders of magnitude. If we assume a mantle-like starting
composition (~2×109) then the absence of lower values at RVP implies
that processes such asmagmadegassing prior to eruption and/or calcite
precipitation – processes that act to lower CO2/3He in residual volatiles
(Ray et al., 2009) – cannot have a marked effect. However, we note that
extensive travertine deposits are found at RVP (particularly the Songwe
region) indicating that, at this locality at least, calcite precipitation may
have an effect on CO2/3He values. To further assess the potential effects
of phase-separation and/or calcite precipitation on RVP fluid samples,
we consider the relationship between volatile (He and CO2) content
and CO2/3He ratios in order to identify possible links between extreme
CO2/3He values and highly degassed, low concentration fluid samples
(following Van Soest et al., 1998) .

5.2.1. Effects of hydrothermal phase-separation: CO2/3He
CO2/3He versus helium concentration [He]C (μcm3 STP/g H2O) for all

fluid samples fromRVP and northern Tanzania is plotted in Fig. 5A. Fluid
samples with b0.1 [He]C μcm3 STP/g H2O clearly display the highest
measured CO2/3He values. Furthermore, all fluid samples display signif-
icantly higher (>1011) CO2/3He compared to corresponding gas-phase
samples. For example, two of the four samples with >0.1 [He]C μcm3

STP/g H2O have corresponding gas-phase samples (collected from the
same locality) with (significantly lower) CO2/3He ratios, which fall
within the MORB range.

5.2.2. Effects of calcite precipitation: CO2/3He
In Fig. 5B we plot CO2/3He versus [CO2] content and note that the

cold Kafwira Njuni (Rungwe) sample displays the lowest [CO2] content

as well as the lowest CO2/3He value at RVP. However, no clear correla-
tion exists between these two parameters for the remaining RVP fluid
samples suggesting that calcite precipitation, which should act to
lower CO2/3He in the residual water phase, is not pervasive throughout
RVP. Importantly, the observation that all fluid CO2/3He values at RVP
are significantly higher than canonical mantle values indicates that
phase partitioning is the likely primary process responsible for the
observed CO2/3He variations. In contrast, northern Tanzania fluid
samples from Lake Natron all display low [CO2] contents together
with low CO2/3He values which lie within or below the canonical
mantle range (2±1×109). The only plausible mechanism to lower
CO2/3He ratios is CO2 loss due to calcite precipitation as any addi-
tions of crustal volatiles – consistent with the low 3He/4He ratios at
Lake Natron – would act to increase values.

5.2.3. Fractionation effects on helium (3He/4He) and carbon isotopes (δ13C)
Here, we consider the effects of phase partitioning and calcite

precipitation on the carbon and helium isotope systematics. We
note that all fluid samples display higher carbon isotope ratios
(−2.79 to −3.77‰) relative to corresponding gas-phase samples

Fig. 5. A— CO2/3He versus [He]C μcm3 STP/g H2O for all RVP and Lake Natron fluid sam-
ples. The three lowest [He] content samples display the highest CO2/3He ratios. Nota-
bly, the three samples with the highest CO2/3He values also display the three highest
δ13C values among RVP samples. As a result, we attribute both elemental and isotope
fractionation processes at RVP to solubility controlled phase-separation within the hy-
drothermal system (see Section 5.2). B — CO2/3He versus CO2 (mmol/kg) for all RVP
and Lake Natron fluid samples. The lowest [CO2] content samples are from Lake Natron
and display the lowest CO2/3He values, suggesting that CO2 loss due to calcite precipi-
tation may be responsible for the low CO2/3He values observed in this region. However,
there is no clear correlation between CO2/3He and [CO2] content with the remaining
RVP samples, indicating that CO2 loss does not significantly affect RVP CO2/3He values.
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(−5.36 to −6.45‰) collected at the same locality (Fig. 3). Moreover,
the three highest measured δ13C values occur in the fluid-phase of the
three most extremely fractionated and helium poor samples (i.e., those
with the highest CO2/3He and lowest [He]C μcm3 STP/g H2O) (Fig. 5A).
These δ13C variations are consistent with experimentally-determined
isotopic (13C/12C) fractionation factors at low (b60 °C) temperatures,
with 13C being relatively depleted in the vapor phase (Vogel et al.,
1970). At temperatures up to ~110 °C, the C isotope fractionation factor
between vapor and liquid is greater than unity (i.e. (α13Cvapor–liquid>1)
(Mook et al., 1974; Zhang et al., 1995; Szaran, 1997): all RVP samples
have discharge temperatures below this temperature-threshold anddis-
play δ13C values consistent with phase separationwithin the hydrother-
mal system.

Finally, we note that fluid-phase samples generally display lower
He-isotope ratios relative to gas-phase samples. For example, at the
three localities where both fluid and gas-phases samples were collect-
ed, two of the three fluid-phase samples (e.g., Songwe and Kilambo
Springs) displayed significantly lower 3He/4He ratios versus the
corresponding gas-phase sample, with the third sample (i.e., Mampulo
Spring) displaying overlapping 3He/4He values between the two
phases. Furthermore, we note that Songwe and Kilambo Springs are
among themost volatile depleted (i.e., He-poor) fluid samples whereas
the Mampulo Spring samples are the most volatile enriched RVP fluid
samples. Therefore, we suggest that lower 3He/4He ratios are observed
in fluid-phase samples because they are more susceptible to record ra-
diogenic (crustal) additions of helium due to lower volatile concentra-
tions following phase-separation. If a significant portion of the
intrinsicmagmatic volatile signature is lost to the vapor phase, small ad-
ditions of radiogenic 4He can drastically reduce the 3He/4He ratio of any
He residual in the water phase.

In summary, the effect of hydrothermal phase-separation has sig-
nificantly altered the He–CO2 characteristics of all fluid-phase sam-
ples, resulting in extremely high CO2/3He values (>3×1011) due to
preferential helium loss from the fluid-phase. Therefore, gas-phase
samples are considered most representative of magmatic sources at
RVP, and are thus able to provide greater insight into primary mantle
source characteristics.

5.3. Crustal-mantle mixing

In this section, we use both gas and fluid phase results to illustrate
the effects of crust–mantle mixing on the He isotope systematics and
to further demonstrate that gas phase samples possess the most rep-
resentative signature of the mantle source. We consider a variety of
factors, such as proximity to volcanic center, elevation and tempera-
ture constraints, which may act individually or together to control
the extent of crust–mantle interaction.

5.3.1. Crustal–mantle mixing: proximity to volcanic center
In Fig. 6 we plot sample temperature and sampling locality eleva-

tion as well as distance from the nearest volcanic edifice versus the
helium isotope (3He/4He) composition. The highest proportions of
magmatic volatiles (i.e., highest 3He/4He ratios) are found at the
cold CO2 mazuku vents (Fig. 6A), on the flanks of Kiejo and Rungwe
volcanoes, with 3He/4He ratios systematically decreasing with in-
creasing distance from the volcanic edifice (R2=0.68) (Fig. 6C). Sim-
ilar spatial patterns of 3He/4He versus distance from volcano summits
have been reported previously for hydrothermal fluids at volcanoes
worldwide (e.g., Sano et al., 1984; Marty et al., 1989; Hilton et al.,
1993; Van Soest et al., 1998). These results suggest that high elevation
cold mazuku vents (Fig. 6B), collected relatively close to the summits
(b11 km), derive their volatiles from a MORB-like or SCLM source
and that they have remained unmodified by extraneous volatile addi-
tions. In contrast, more distally-located hydrothermal samples from
both Ngozi-Songwe and Kiejo-Mbaka hydrothermal systems have
been affected by additions of radiogenic He (Fig. 4A), likely due to

more extensive interaction with 4He-rich basement rock during
deep circulation of fluids in the hydrothermal system.

5.3.2. Crustal–mantle mixing: temperature-helium isotope relationships
The most pristine, mantle-like, 3He/4He values at RVP occur in the

low temperature CO2mazuku gas vents (Fig. 6A) found in close proxim-
ity to topographic highs on the flanks of Rungwe and Kiejo volcanoes
(Fig. 6B). Indeed, the coldest gas sample of this study (Kibila Cold
Vent; T=12 °C) has the second highest 3He/4He value (7.09 RA). This
observation can be contrasted with the Songwe Overlook sample
which is the hottest fluid sampled (T=71 °C) yet possess one of the
lowest 3He/4He values measured in this study. Surprisingly, therefore,
the highest 3He/4He samples are associated with the lowest sample
temperatures (12–23 °C) — in some cases, lower than ambient air
temperatures.

Fig. 6. He-isotopes versus distance from volcanic edifice (km) (6A), elevation (m) (6B),
and temperature (°C) (6C) for fluid (blue triangles) and gas (red open circles) samples
of RVP. Both fluid and gas phase samples are considered as He-isotopes are not affected
by modification processes such as phase separation. Notably the highest measured
(MORB-like) 3He/4He ratios are from the highest elevation and lowest temperature
CO2 mazuku vent samples found in close proximity to volcanic centers. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the web
of this article.)
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In general, the occurrence of magmatic helium in high enthalpy
hydrothermal samples implies a direct transfer of heat and helium
between magmatic and hydrothermal systems (e.g., Torgersen and
Jenkins, 1982). In the case of RVP, however, the temperature-helium
relationships indicate that heat and (magmatic) volatile transfer are
apparently inversely related and potentially decoupled. Indeed, the
lowest temperature (mazuku) samples have the highest 3He/4He
values. We suggest two hypotheses to explain this observation:

(1) Low temperatures in gas-phase samples result from a combi-
nation of geothermal gradient cooling at higher elevations
(~18.3 °C/km) (Tiab and Donaldson, 2011), conductive cooling
associated with colder meteoric-water recharge temperatures
at higher elevations (Delalande et al., 2011; de Moor et al.,
this volume), and possibly adiabatic expansion and rapid
cooling of gases during release to the surface. Adiabatic cooling
is supported by our field observation that the coldest (~12 °C)
mazuku gases (Kibila Cold Vent) display the most vigorous
degassing rates. A combination of these three processes near
volcanic centers could act to transfer relatively unmodified
magmatic volatiles to surface manifestations while effectively
dampening corresponding heat transfer.

(2) Alternatively, low temperature gas-phase (mazuku) vents are
completely decoupled from the hydrothermal systems at RVP
and thus are immune from modifications associated with vola-
tiles derived from the hydrothermal system. Mazuku form as
gases accumulate in cavities or partially-drained lava flow tun-
nels following eruptive events (Smets et al., 2010). As a result,
pristine mantle-derived volatiles could accumulate in large
cavities during prior eruptive events, only to be subsequently
released at lava flow contacts or by recent faulting. All mazuku
ventswere collected at stratigraphic contacts between phonolitic
tuff units and basalts (Harkin, 1960; see also Tedesco et al.,
2010). This volatile storage and releasemechanismcould explain
(a) low discharge temperatures (as isolated gases would have
ample time to cool), (b) the rarity of mazuku, (c) their restricted
occurrence — only along volcanic flanks and at lava flow con-
tacts, and (d) the pristine nature of these gases.

In contrast, we propose that higher temperatures (50–70 °C) and
associated low He-isotope ratios are related to conductive heat

transfer associated with faulting and (deep) infiltration and circula-
tion of hydrothermal fluids (de Moor et al., this volume) during trans-
port through 4He-rich country rocks (Section 5.3.1). The negative
correlation between temperature and 3He/4He (Fig. 6A) indicates that
high temperaturesmay promote leaching and facilitate release of radio-
genic 4He from water-bearing reservoir rocks (Porcelli and Ballentine,
2002). Mantle volatiles are ubiquitous throughout RVP, so increased
travel times with increasing distance from volcanic centers would act
to mask magmatic 3He/4He ratios with greater contributions of radio-
genic He (Fig. 6C).

5.4. RVP volatile provenance (% mantle and crust)

In this section,we calculate relativemantle and crustal contributions
to the volatile inventory using He and combined He–CO2 systematics.

5.4.1. Helium isotope mixing model
Utilizing only representative non-fractionated gas-phase samples

(see Section 5.2), we first calculatemantle He contributions by assuming
He-isotope distributions at RVP are controlled by simple two-component
mixing between radiogenic helium (derived from 4He-rich country
rocks) and mantle-derived helium. We consider three mixing scenarios,
each with different mantle endmembers (e.g., High 3He/4He, MORB,
SCLM). In the ‘High 3He/4He endmember’ case, samples are divided
according to hydrothermal system (Fig. 1B), and assigned a He
endmember value based on the highest measured phenocryst 3He/4He
value from the nearest volcanic center (e.g., Ngozi-Songwe=14.9 RA,
Rungwe=12.2 RA, Kiejo=10.3 RA; Hilton et al., 2011) associated
with a particular hydrothermal system. In Table 2, we compare these
results to endmember scenarios calculated with upper-mantle He
endmembers: MORB=8 RA and SCLM=6.1 RA (Graham, 2002;
Gautheron and Moreira, 2002). If a ‘High 3He/4He’ endmember is used
then the He-isotope distributions of the most pristine gases (e.g., Kiejo
Cold Vent, Kibila Cold Vent and Ikama Village samples) can be explained
by 54–64% mantle contributions. In contrast, when a MORB-like
He-isotope endmember is evoked, these same samples involve 76–90%
mantle contributions versus 100% mantle contribution if a SCLM-like
He-isotope endmember is selected. Importantly, if an upper‐mantle
(MORB, SCLM) He-isotope endmember is adopted, these data suggest
that virtually pristine unmodified mantle gases are vigorously degassing

Table 2
Proportions of mantle versus crustal helium and mantle versus limestone versus sediment derived carbon contribution to each sample.

Sample location Phasea Proportion of High 3He/4He He
(%) b

Proportion of MORB He
(%) c

Proportion of SCLM He
(%) d

(CO2 %) e

mantle
(CO2 %) e

limestone
(CO2 %) e

sediments

Rungwe Volcanic Province (RVP)
Ngozi-Songwe hydrothermal system
Songwe Mesa G 24.8 46.3 60.8 5.6 77.7 16.7

(Dup) G 24.9 46.5 61.2 8.8 72.8 18.4
Songwe Quarry G 9.0 16.7 22.0 0.1 80.2 19.7

Kiejo-Mbaka hydrothermal system
Kilambo Springs G 35.3 45.5 59.8 3.4 79.2 17.4
Mampulo Spring #2 G 17.7 27.0 35.5 65.6 27.1 7.3

(Dup) G 17.1 26.2 34.4 68.0 26.7 5.3
(Dup) G 16.1 24.7 32.4 62.3 29.8 7.9

Cold CO2 mazuku vents
Ikama Village G 53.9 82.4 100 44.1 50.2 5.6

(Dup) G 58.7 89.7 100 44.8 47.7 7.5
Kibila Cold Vent G 57.9 88.6 100 50.0 46.7 3.3

(Dup) G 57.9 88.6 100 44.1 52.5 3.4
Kiejo Cold Vent G 59.2 76.4 100 51.9 44.6 3.5

(Dup) G 64.0 82.5 100 37.4 54.1 8.4
a Sample phase: G = gas.
b Considering a simple binary mixture between “High 3He/4He” (Ngozi-Songwe=14.9 RA, Rungwe=12.2 RA, Kiejo=10.3 RA) and crustal helium (0.05 RA).
c Considering a simple binary mixture between MORB (8 RA) and crustal helium (0.05 RA).
d Considering a simple binary mixture between SCLM (6.1 RA) and crustal helium (0.05 RA).
e Assuming δ13C values of −6.5‰, 0‰ and −30‰ (relative to VPDB) with corresponding CO2/3He ratios of 2×109, 1×1013 and 1×1013 for mantle, limestone and sediments.
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from low temperature mazuku gas vents at the Kiejo Cold Vent, Kibila
Cold Vent and Ikama Village.

5.4.2. CO2/3He–δ13C mixing model
In order to determine relative CO2 contributions from potential

endmembers at RVP, we plot CO2/3He ratios versus δ13C for the gas
phase samples (Fig. 7). Potential endmembers contributing to the
CO2 inventory are mantle (M), limestone (L) and sediment (S), and
assumed endmember compositions are: δ13C=−6.5‰ for (M), 0‰
for (L), −30‰ for (S) (relative to VPDB), and CO2/3He=2×109 for
(M), 1013 for (L) and (S) (Sano and Marty, 1995). Superimposed on
the diagram are the trajectories for binary mixing between (1) M
and L, (2) M and S, and (3) L and S. The most important feature of
Fig. 7 is that all samples plot within the area bounded by the three
mixing trajectories, indicating that gas samples require a contribution
from all three endmembers to explain their combined CO2/3He–δ13C
characteristics.

In Table 2 we provide a quantitative estimation of the various con-
tributions of the three endmembers to the total carbon inventory at
RVP. In the Kiejo-Mbaka system, mantle and limestone-derived car-
bon are the principal contributors to the carbon budget in all cases,
typically representing >90% of the total. The highest mantle CO2 con-
tributions (62–68%) were measured in Mampulo Spring in an area
marked by relatively low 3He/4He values (2.01–2.20 RA). Sedimentary
organic carbon is a minor contributor to all but one sample (Kilambo
Springs; 17%). Thefinding that limestone contributions aremore signif-
icant than organic contributions is consistent with widespread traver-
tine deposition throughout the region (Hochstein et al., 2000). In
contrast, the Ngozi-Songwe system displays the highest limestone con-
tributions, where samples were collected at or adjacent to a travertine
quarry. Notably this area is also marked by the highest organic carbon
contributions and the lowest (b10%) mantle contributions. The cold
CO2 mazuku vents are characterized by 37–51% mantle-derived CO2,
with mantle and limestone-derived carbon comprising >90% of the
total for all samples. Note, however, if a SCLM CO2/3He endmember
value of 4×109 is adopted (see Section 5.1), the proportion of
mantle-derived CO2 of themazuku increases to>90%. In effect, virtually
the entire He and CO2 inventory is derived from the mantle.

5.4.3. He–CO2 crustal–mantle endmember contributions
In addition to quantifying the relative proportions of mantle and

crustal contributions to the He–CO2 volatile inventory, we can also as-
certain the relative roles of the crustal and mantle endmembers in

supplying the CO2. In Fig. 8, we plot 3He/4He versus CO2/3Hewith bina-
ry mixing trajectories between a MORB like starting composition and
various crustal CO2/3He endmembers (1×109–1×1015). We note
that: (1) all but one gas-phase sample (Songwe Quarry) can be
explained by binary mixing between a mantle (MORB-like)
endmember and a crustal-CO2/3He endmember in the range between
~1×1011 and 5×1013, and (2) nine of thirteen gas-phase samples fall
on a mixing trajectory between MORB and a crustal CO2/3He
endmember of ~1013. By adopting these endmembers, all six mazuku
samples plot in a cluster close to the mantle endmember, indicating a
minimal (5–10%) contribution of the crustal endmember (CO2/3He=
1013) in supplying the CO2. The three remaining samples (e.g., Kilambo
Springs and duplicate samples from Songwe Mesa) display higher
CO2/3He and are characterized by larger contributions (42–68%) of the
crustal endmember (CO2/3He=1013). The observation that 9 of 13
gas phase CO2/3He values can be explained by mixing between MORB
(CO2/3He=2×109) and a crustal endmember with CO2/3He=1013

confirms that assumed (L) and (S) CO2/3He values used to calculate
CO2 provenance (above) are justified (see Table 2; Fig. 7). However,
four RVP samples (i.e.,Mampulo#2 and duplicates and SongweQuarry)
require different crustal CO2/3He endmember values to explain their
combined 3He/4He and CO2/3He characteristics. This indicates that the
RVP crust is heterogeneous with respect to CO2/3He, likely resulting
from variable crustal compositions. For example, if present, old basaltic
lithologies would impart mantle-like CO2/3He values (~2×109) where-
as sediments (organic and/or limestone) would typically display much
higher CO2/3He values (~1013) — see Fig. 8.

5.5. CO2 flux calculations

By combining measured fluid CO2 contents (TDIC) with estimated
regional fluid discharge rates (Hochstein et al., 2000), a first order es-
timate of the CO2 and 3He fluxes from the two hydrothermal systems
of RVP and the Lake Natron region of northern Tanzania can be esti-
mated. Using these results, and previously published heat loss esti-
mates from the respective regions (Hochstein et al., 2000), we also
estimate the 3He/enthalpy relationships for comparison with other
hydrothermal systems worldwide (see Table 3).

The fluid discharge rate for the Ngozi-Songwe hydrothermal system
is estimated to be between 50 and 70 l/s (Hochstein et al., 2000), with a
median temperature of 60 °C, this leads to a total heat transfer of
10 MW (Hochstein et al., 2000). Assuming that our measured CO2

Fig. 7. Plot of CO2/3He versus δ13C for RVP gas samples. The endmember compositions
for sedimentary organic carbon (S), mantle carbon (M) and limestone (L) are δ13C=−
30, −6.5 and 0 ‰; and CO2/3He=1×1013, 2×109 and 1×1013, respectively (Sano and
Marty, 1995). In addition, mixing trajectories between the various components are
shown with fractions of the mantle contribution. Note: all data can be explained by a
3-component mixing model between M–L–S.

Fig. 8. CO2/3He versus He-isotopes with mixing trajectories between a MORB-like
starting composition and various crustal CO2/3He endmembers (1×109–1×1015).
Note: all data can be explained by mixing relationships between a mantle endmember
and a crustal endmember between 1×1011 and 5×1013 with the exception of one
(Ngozi-Songwe) sample that indicates a mixing trajectory between a mantle
endmember and a CO2/3He value of ~5×1015.
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concentration of 35 mmol/kg (Songwe Overlook) is representative of
the system then the total CO2 flux from Songwe is ~6–8×107 mol/yr.
In the Kiejo-Mbaka hydrothermal system, discharge rates (20–40 l/s;
Hochstein et al., 2000) have been estimated for Kilambo Springs so
that the CO2 flux from this area is ~3–6×107 mol/yr assuming a CO2

concentration of 49 mmol/kg (Table 1). In the Mampulo and Kasimulo
Springs area, near Lake Malawi in the south, the fluid discharge rate is
estimated to be significantly lower (5–10 l/s; Hochstein et al., 2000)
and as a result the CO2 flux from this area is just ~1–2×107 mol/yr for
an assumed CO2 concentration of ~50 mmol/kg. Given that these local-
ities dominate the fluid flux at RVP (Hochstein et al., 2000) then our
best estimate of the total flux of CO2 transferred to the surface dissolved
in hydrothermal fluids for RVP is 9–16 (×107 mol/yr). Using the esti-
mated contributions of themantle endmembers to the total CO2 invento-
ry allows an estimate of themantle-derived flux of CO2 to the surface. At
Ngozi-Songwe,we estimate themantle CO2 contribution to be ~7% using
the SongweMesa locality: at Kiejo-Mbaka,we estimatemantle contribu-
tions to be ~3% (Kilambo Springs locality) and ~65% at the Mampulo
Spring locality. Combining these percentage contributions (Table 2)
with the total CO2 fluxes from each area (Table 3), we estimate a total
mantle-derived CO2 flux of 1.0–1.9 (×107 mol/yr) for RVP. Furthermore,
we note that this estimate does not include gas phase emissions nor CO2

released via mazuku vents (see de Moor et al., this volume) and conse-
quently represents a minimum estimate only.

In contrast, the Lake Natron region in northern Tanzania has a much
higher fluid discharge rate of ~1000 l/s (Hochstein et al., 2000)
resulting in a higher total CO2 flux of ~50×107 mol/yr. However, the
mantle-derived CO2 component most likely represents only a minor
proportion of the total CO2 given the low 3He/4He ratios at this locality.
Furthermore, a substantial fraction of the total CO2 has been seques-
tered (Section 5.2.2) resulting in low measured CO2/3He ratios. There-
fore, the mantle CO2 flux is unknown at Natron but likely represents a
small fraction of the estimated total CO2 flux. Notably, taken together,
the mantle CO2 fluxes at Lake Natron and RVP represent a negligible
fraction of the global ridge CO2 flux (~2.2×1012 mol/yr) (Marty and
Tolstikhin, 1998).

By combining CO2 flux estimateswithmeasured CO2/3He values, 3He
fluxes of 2–4×10−5 mol/yr, 0.1–0.2×10−5 mol/yr, 0.1–0.3×10−5

mol/yr and 46,000×10−5 mol/yr are calculated for Songwe, Kilambo,
Mampulo and Kasimulo and Lake Natron, respectively (Table 3). These
fluxes are combined with heat loss estimates (Hochstein et al., 2000)
to calculate 3He/enthalpy ratios — which are believed to be controlled
by the maturity of the magmatic system (Poreda and Arnórsson,
1992). 3He/enthalpy estimates are orders of magnitude higher in the
Lake Natron (6600) region compared to RVP (~5), suggesting a signifi-
cantlymore active system. For comparison, we provide 3He/enthalpy
estimates from other regions, including recently-active (Krafla) and
cooling magmatic systems (Hveragaerdi) of Iceland (Table 3). We
note that RVP 3He/enthalpy values are similar to cooling magma sys-
tems at Hveragaerdi whereas Lake Natron values are much closer to ra-
tios expected at active volcanic centers. These results are not surprising
considering the dormant nature of RVP volcanic centers and the highly
active nature of Oldoinyo Lengai volcano, found in close proximity to
Lake Natron.

5.6. Gas and fluid phase versus lava 3He/4He: apparent He-isotope
discrepancy

In subaerial plume-driven rift zones, such as Afar and Iceland,
there is generally good correspondence between 3He/4He values in
hydrothermal fluids and mafic mineral phases such as olivine and py-
roxene suggesting that these various sample media are capturing He
from the same mantle source(s) (Hilton et al., 1990; Scarsi and
Craig, 1996; Marty et al., 1996; Füri et al., 2010). However, Hilton et
al. (2011) made the observation that RVP hydrothermal fluid 3He/
4He values (~1–7 RA) (Pik et al., 2006) do not significantly overlap
with 3He/4He values (~7–15 RA) in mineral separate samples. The re-
sults of this study (Table 1) confirm this apparent He-isotope discrep-
ancy with the most pristine gas-phase (mazuku) samples from RVP
lying in the SCLM to MORB range, suggesting no involvement of
(plume-like) mantle in supplying He to the region. This observation
is illustrated in Fig. 9A which plots 3He/4He ratios in fluids/gases ver-
sus mafic crystals (olivine and clinopyroxene). In this section, we in-
vestigate factors that could potentially control this apparent
He-isotope discrepancy by addressing the following queries: (1) Is
this He-isotope discrepancy real, or simply the result of restricted/

Table 3
Helium and carbon fluxes of fluids from RVP and northern Tanzania.

Sample location Discharge
temp. (°C)

Heat Output
(MW)a

3He/4He
(RC/RA)

CO2/3He
(×109)

[CO2]
(mmol/kg)

Fluid
discharge (l/s)a

Total CO2 flux
(×107mol/yr)

Total 3He flux
(×10−5 mol/yr)

3He/enthalpy
(×10−15 mol/J)

Rungwe Volcanic Province (RVP)
Ngozi-Songwe hydrothermal system
Songwe Overlook 71 10 1.28 2300 35.0 50–70 6–8 2–4 2–3
Kiejo-Mbaka hydrothermal system
Kilambo Springs 57 3.5–7.0 0.97 32,200 48.7 20–40 3–6 0.1–0.2 0.2
Mampulo & Kasimulo Springs 56* 1.0 1.56* 5740* 51.6* 5–10 1–2 0.1–0.3 1–2

Northern Tanzania
(Lengai/Lake Natron)

Lake Natron 51* 50 0.64* 1.09* 15.9* ~1000 50 46,000 6600

Reference values
Lower Mantleb – – – – – – – – 24,000
Upper Mantleb – – – – – – – – 500
Hydrothermal Vent (Mid Atlantic Ridge)c – – – – – – – – 130
Hydrothermal Vent (Galapagos Rift)d – – – – – – – – 120
Hydrothermal Vent (Juan de Fuca Ridge)d – – – – – – – – 120
Young Volcanoes (Krafla, Iceland)e – – – – – – – – 14,000
Cooling Lavas (Hveragaerdi, Iceland)e 15
Western Anatolia (Turkey)f – – – – – – – – 190

*Average value — calculated as mean of all samples at the locality.
a Values taken from Hochstein et al. (2000).
b Values taken from Elderfield and Schultz (1996).
c Values taken from Rudnicki and Elderfield (1992).
d Values taken from Lupton et al. (1989).
e Values taken from Poreda and Arnórsson (1992).
f Values taken from Mutlu et al. (2008).
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limited hydrothermal sampling opportunities at RVP? (2) Could this
discrepancy be the result of temporal He-isotope variations? (3) Are
variations in rift dynamics, such as extent of lithospheric extension,
crustal thickness and crustal age, influencing the degree of crustal
modification and hence preferentially lowering 3He/4He in some
sample types?

The primary finding of this study is that pristine SCLM to
MORB-like mantle 3He/4He values (~7 RA) are found at three distinct
sites (Kiejo Cold Vent, Kibila Cold Vent and Ikama Village), and that
these localities are characterized by vigorously degassing cold CO2

(mazuku-like) vents in close proximity to volcanic edifices. In contrast,
predominantly mantle-like 3He/4He ratios (i.e. 3He/4He>7 RA; n=30)
were measured in mafic phenocrysts throughout RVP (Hilton et al.,
2011), with 14 values falling in the MORB range (8±1 RA), (b) 9 lying
between 9 and 10 RA and (c) 7 falling above 10 RA. Notably, phenocryst
samples closest to Ikama Village (i.e., within 1 km; samples RNG-8, 9,
11, 12) have an average 3He/4He value of 8.7 RA, with the closest
(~8 km) sample to Kiejo Cold Vent (TAZ09-12) also yielding a 3He/4He
value of 8.7 RA (Hilton et al., 2011). On a spatial basis, therefore, there
is not a 3He/4He disparity between phenocrysts and geothermal fluids/
gases as both capture MORB-like He. In this respect, we could argue

that the absence of hydrothermal samples and/or mazuku in close prox-
imity to high (plume-like) 3He/4He phenocryst localities could explain
why plume-like 3He/4He ratios (>10 RA) are not found in fluid and gas
samples. A more comprehensive sampling strategy would enable us to
test this suggestion further.

Regarding the possibility that there is a temporal control on the
presence of (plume-like) 3He/4He ratios at RVP, we note the observa-
tion that high 3He/4He values are found in both Younger and Older Ex-
trusive rocks (Hilton et al., 2011) suggesting that the high 3He/4He
component is a long-term, as opposed to transient or ephemeral, fea-
ture of the underlying mantle source. As a result, plume-like He should
potentially be detectable in present-day hydrothermal activity. Its ab-
sence, therefore, points to another factor— in addition to the proximity
issue discussed above, as the reason why high 3He/4He ratios are not
found in fluids and gases.

We suggest that the likeliest scenario to explain lower 3He/4He
values in hydrothermal fluids involves large-scale tectonic factors
such as plume–craton interaction and the introduction of radiogenic
He into the gas/fluid phases. This case is made based upon a compar-
ison between three different subaerial plume-driven rift zones: RVP,
Afar, and Iceland, all at various stages of development and character-
ized by different crustal thicknesses. In the first case, RVP is a nascent
continental rift zone located at the southern terminus of the EARS,
within Precambrian orogenic belts, on the margin of the Tanzanian
Craton — itself comprised of Archean (3.0–2.6 Ga) amalgamated ter-
rains (Maboko, 2000; Manya et al., 2006; Yirgu et al., 2006; Furman,
2007). Furthermore, geophysical and xenolith evidence suggest that
the Tanzanian craton has a deep (200–350 km) lithospheric keel that
has not been extensively disrupted by Cenozoic tectonic and/ormagmat-
ic activity (Chesley et al., 1999; Lee and Rudnick, 1999; Ritsema et al.,
1999; Belluci et al., 2011). As a result, RVP marks the intersection of
old/thick cratonic crust with contemporary plume-influenced volcanism
and recent rifting. Second, the Afar region marks the northern terminus
of EARS rifting and is characterized by intermediate crustal thicknesses
— from ~45 km in the highlands to as thin as ~16 km in the incipient
ocean spreading centers of northernAfar (Yirgu et al., 2006). Voluminous
igneous crust is actively being generated andbasaltic rocks are character-
ized by high 3He/(U–Th) contents (Marty et al., 1996). Finally, Iceland is
a plume-driven oceanic spreading center, marked by extremely young
crust (0–17 Ma) (McDougall et al., 1984; Einarsson, 2008). Crustal thick-
nesses vary between 20 and 100 km, with an average rift zone age of
(b2 Ma) and thickness of 20–40 km (Bjarnason et al., 1993; Bjarnason
and Schmeling, 2009; Staples et al., 1997).

In Fig. 9 we plot 3He/4He values measured in hydrothermal gases
and fluids, basalts, and mafic phenocryst phases (olivine and
clinopyroxene) for the three different plume-driven rift zones: RVP,
Afar and Iceland. We note the readily apparent He-isotope discrepan-
cy between hydrothermal fluids and gases and mazuku versus miner-
al phases at RVP, compared with the considerable overlap between
the various sample phases at both Afar and Iceland. Thus, we suggest
that rift dynamics may control 3He/4He ratios in fluids/gases through
increased interaction with 4He derived from the crust. For example,
volatiles emanating from the magmatic source at depth at RVP are ex-
posed to old (Archean) bedrock and 4He-rich sediments en route to
the surface. Due to the relative thickness of the crust, magmatic vola-
tiles likely undergo longer storage times, with increased potential to
acquire a more radiogenic signature during ascent. In contrast, Afar
crust is significantly thinner (e.g., no plume–craton interaction) so
that residence times of He in various hydrothermal systems are likely
reduced, along with the potential for extensive radiogenic-He addi-
tions. Similarly, radiogenic He contributions also occur in parts of the
Icelandic crust (Condomines et al., 1983); however, they are generally
less pervasive and typically have little effect on either hydrothermal
and basalt phases (Hilton et al., 1990). Thus, it is the combination of
old Archean/Proterozoic basement rocks and their derivatives that
make up the fluid reservoir host rocks that imparts such a strong

Fig. 9. Helium isotopes measured in different sample phases (gas, fluid, basalt, olivine
and clinopyroxene) from three distinct plume-related subaerial rift systems. Fig. 9A il-
lustrates the apparent He-isotope disparity between hydrothermal fluids and gases
(this study) and phenocrysts (Hilton et al., 2011) values at RVP. In contrast, at interme-
diate rift zones (e.g., Afar; Main Ethiopian Rift — Fig. 9B) (Scarsi and Craig, 1996; Marty
et al., 1996) and oceanic spreading centers (e.g., Iceland — Fig. 9C) (Füri et al., 2010)
there is significant overlap between hydrothermal and rock derived samples.
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radiogenic 4He signal at RVPwhich is difficult to by-pass bymost hydro-
thermal samples except in relatively rare cases, such as when mazuku
are present.

6. Concluding remarks

This study has shown that RVP fluids and gases are characterized
by a wide range of 3He/4He and CO2/3He vales, and a narrow range
in δ13C (CO2) values, reflecting variable mantle and crustal contribu-
tions. We show that phase-separation within the hydrothermal sys-
tem has a clear influence on fluid-phase samples and is likely the
principal controls on their CO2/3He ratios and δ13C values. Additional-
ly, fluid samples are especially susceptible to radiogenic helium addi-
tions following gas (helium) loss and subsequent 4He addition due to
prolonged interaction with the crust during fluid transport.

Several cold CO2 mazuku gas vents display He–CO2 characteristics
typical of either MORB or SCLM. Additionally, their low temperatures,
rarity, and occurrence at stratigraphic contacts, together suggest that
they may be derived from an isolated source that is decoupled from
the modern hydrothermal system. Using He-isotope compositions, we
calculate the percentage of mantle contribution to each gas-phase RVP
sample for three different endmember 3He/4He scenarios (SCLM,
MORB and ‘High-3He/4He’). In addition, we use a CO2/3He–δ13C model
to quantitatively assess mantle and crustal CO2 budgets and calculate
CO2 fluxes for fluid samples. We suggest that the extent of crustal con-
tamination in samples is regionally controlled by proximity to volcanic
edifices and extent of hydrothermal interaction; however, rift zone evo-
lution (e.g., stage of rifting) also heavily influences observed regional
trends as it acts to control the extent of 4He addition from old, He-rich
reservoir rocks.We conclude that the apparent He-isotope disparity be-
tween mafic phenocrysts and hydrothermal fluids does not exist on
small spatial scales and that the absence of hydrothermal manifesta-
tions and/or mazuku-like features in close proximity to high 3He/4He
phenocryst localities can explain this apparent He-isotope disparity at
RVP.
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V.1 ABSTRACT 

New carbon dioxide (CO2) data are presented for 71 geothermal gases and fluids from 

the high-temperature (HT > 200 ºC) Icelandic neovolcanic zones and older low-temperature 

(LT < 200 ºC) parts of the Icelandic crust as well as 47 subglacial basaltic glasses collected 

from the rift zones of Iceland. This suite of samples has previously been well characterized for 

He-Ne (geothermal) and He-Ne-Ar (basalt) systematics (Füri et al., 2010), allowing elemental 

ratios (e.g., CO2/3He) to be calculated for individual samples. Geothermal fluids are 

characterized by a wide range in carbon isotope ratios (δ13C) from -18.8 to +4.6 ‰ and 

CO2/3He values that span eight orders of magnitude, from 1 × 104 to 2 × 1012. Extreme 

geothermal values suggest that original source compositions have been extensively modified 

by hydrothermal processes such as calcite precipitation and/or hydrothermal degassing. The 

fractionation effects of calcite precipitation are most pronounced in LT off-axis portions of the 

Icelandic crust. In contrast, basaltic glasses are characterized by a wider range in δ13C values, 

from -27.2 to -3.6 ‰ and CO2/3He values which span a narrower range, from 1 × 108 to 1 × 

1012. The combination of both low δ13C values and low CO2 contents in basalts indicates that 

magmas are extensively and variably degassed. Using an equilibrium degassing model, we 

estimate that pre-eruptive melts in the Icelandic mantle source contained ∼531 ± 64 ppm 

CO2 with δ13C values of −2.5 ± 1.1 ‰, in good agreement with previous estimates of 519 ppm 

for E-MORB (Marty, 2012). In addition, CO2 source compositions are estimated for the 

individual axial rift zones and show a marked decrease from north to south (Northern Rift 

Zone = 550 ± 66 ppm; Eastern Rift Zone = 371 ± 45 ppm; Western Rift Zone = 206 ± 24 

ppm). Degassing can adequately explain low CO2 contents in basalts, however degassing 

alone is unlikely to generate the entire range of observed δ13C variations in dissolved basalt 

CO2, and we suggest that melt-crust interaction, with an isotopically low δ13C component, also 
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contributes to the observed signatures. To this end, the potential effects of coupled 

assimilation and degassing are investigated by modeling expected elemental ratio co-

variations in vesicle-sited gases. Finally, we calculate the CO2 flux from Iceland using three 

independent methods: 1) combining measured CO2/3He values (in gases and basalts) with 3He 

flux estimates (Hilton et al., 1998), 2) assuming 12% partial melting of a mantle source with 

~531 ± 64 ppm CO2, and 3) combining fluid CO2 contents with estimated regional discharge 

rates. These methods yield CO2 flux estimates from of 2-23 × 1010 mol a-1, which represent ~1 

to 10 % of the estimated global ridge flux (2.2 × 1012 mol a-1). 

 

V.2 INTRODUCTION 

The study of carbon dioxide (CO2) in volcanically-active regions provides insight into 

the sources of volatiles and the nature of the deep carbon cycle (Varekamp et al., 1992; 

Dasgupta and Hirschmann, 2010). Iceland is of particular interest due to its unique geological 

setting: it marks the intersection of plume-related volcanism with the subaerial expression of 

mid ocean ridge (MOR) spreading and allows direct and detailed sampling of both magmatic 

gases released by geothermal activity and Neogene volcanism. To date, however, there are 

relatively few studies which have focused on CO2 characteristics in hydrothermal systems of 

Iceland. Poreda et al. (1992) conducted the most detailed investigation, characterizing He-CO2 

systematics in 17 high-temperature (HT) and 22 low-temperature (LT) geothermal sites 

throughout the various axial rift zones of Iceland, whereas other studies (e.g., Arnórsson and 

Barnes, 1983; Sano et al., 1985; Armannsson, 1998; Hilton et al., 1998b), are generally less 

extensive and/or more provincial in scope. The CO2 systematics of Icelandic subglacial basalts 

are much more limited, as CO2 contents of basalts typically fall below the detection limit 

(<30–40 ppm) for Fourier transform infrared (FTIR) spectroscopy analysis (Höskuldsson et 
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al., 2006; Tuffen et al., 2010). Some carbon data are available for drill core lavas collected in 

eastern Iceland as part of the Icelandic Research Drilling Project (IRDP) (Flowers et al., 

1982). Drill core values range from 300-3000 ppm CO2 with a median value of ~500 ppm; 

however, this value is expected to be skewed (to higher values) due to hydrothermal alteration 

of basalts (Sveinbjörnsdóttir et al., 1995).  

The importance of CO2 as the dominant non-aqueous volatile species lies in the fact 

that it is found in geothermal gases and serves as the principal carrier gas for other volatile 

species (e.g., helium), which are found in trace concentrations (O’Nions and Oxburgh, 1988). 

In basaltic magmas, a gas phase is typically present due to the relative insolubility of CO2 and 

consequent transfer from melt to vapor during magma ascent. Upon subglacial eruption, 

Icelandic lavas are rapidly quenched forming pillow basalts and/or hyaloclastite formations. 

Over the past ~4 Ma, at least 20 distinct glacial periods have affected Iceland (Einarsson and 

Albertsson, 1988), and an ice sheet covered most of Iceland for the past ~2.5 Ma (Geirsdottir 

and Eiriksson, 1994). The most recent glacial period (i.e., Weichselian) lasted from ~100 - 10 

ka BP (Einarsson and Albertsson, 1988; Norddahl, 1990; Ingolfsson, 1991; Tuffen et al., 

2010). Sigvaldason (1968) showed that pillow basalts in Iceland form when glacial confining 

pressures are sufficient to inhibit significant exsolution of dissolved magmatic gases. By 

investigating CO2 partitioning between vapor and dissolved components trapped in glassy 

rims of pillows, a number of intrinsic melt properties, including source volatile concentrations, 

storage depths and transport rates through the crust can be determined (Macpherson and 

Mattey 1994; Macpherson et al., 2005b). 

An important caveat with carbon is that it is highly susceptible to alteration within the 

crust due to its reactive nature. As such, potential modification processes need to be taken into 

account prior to characterizing mantle source features. Recent efforts at sequestering and 
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permanently storing CO2 in the basaltic Icelandic crust (Matter et. al., 2007; Oelkers et al., 

2008) have identified basalt dissolution and reprecipitation of calcite in the Icelandic crust as a 

significant process. In addition, several studies (e.g., Macpherson and Mattey, 1994; 

Macpherson et al., 2005b) have highlighted the effects of pre-eruptive magma degassing. The 

superimposed effects of these various processes need to be determined in order to reveal and 

characterize the carbon abundance and isotopic features of the underlying mantle source. 

By characterizing CO2 source features, mantle CO2 fluxes can be estimated. Flux 

estimates from different volcanic settings – arcs, ridges and plumes – provide important 

contrasts between tectonic settings and facilitate a better understanding of carbon cycling 

involving surface and mantle reservoirs. Total (global) volcanic CO2 fluxes represent the 

aggregate of all subaerial (i.e., arcs and plumes) and submarine volcanic emissions (Marty and 

Tolstikhin, 1998). CO2 fluxes from plume-related volcanic provinces such as Iceland are 

relatively poorly constrained, and thus a primary goal of this study is to derive estimates of 

CO2 release via both geothermal and magmatic systems for comparison with better 

constrained ridge fluxes (Marty and Tolstikhin, 1998). Furthermore, accurate baseline 

volcanic CO2 flux estimates are critical for placing anthropogenic outputs into a meaningful 

context (Gerlach, 2011).  

We present new carbon (isotope and abundance) data for subglacial glasses and 

geothermal fluids of Icelandic neovolcanic and off-axis regions. These new CO2 data are 

combined with previously published noble gas (He-Ne-Ar) constraints on the same sample 

suite (Füri et al., 2010) to discern the underlying processes controlling CO2 abundance, 

isotope variations, and CO2-noble gas relationships. We estimate initial carbon source 

characteristics for the various segments of the Icelandic mantle by investigating carbon 

characteristics of both geothermal fluids/gases and subglacially emplaced basalts. In addition, 
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we identify processes which may act to modify initial CO2 compositions. Based on these data, 

we are able to provide the most comprehensive CO2 flux estimates for Iceland to date.  

 

V.3 GEOLOGICAL SETTING AND BACKGROUND 

Iceland is a ~100,000 km2 subaerial segment of the Mid-Atlantic Ridge, marked by 

enhanced crustal thickness, considered the result of anomalous melting associated with a 

mantle hotspot (White et al., 1995; Bjarnason et al., 1996; Darbyshire et al, 2000). Three-

dimensional seismic tomography studies show a cylindrical-to-tabular shaped zone of low P- 

and S-wave velocities beneath central Iceland, suggesting that the underlying mantle is 

characterized by a hot, narrow conduit of upwelling asthenosphere (Wolfe et al., 1997). 

However, the depth of the conduit is widely debated; with some models indicating that the low 

velocity anomaly is confined to the upper mantle (Ritsema et al., 1999; Foulger et al., 2000; 

Foulger et al., 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, 2001). In this respect, several authors call for a mantle plume in order to explain the 

anomalous mantle. Regardless of the structure or depth of origin, geochemical evidence 

suggests that the hotspot is currently centered under central Iceland. For example, the highest 

3He/4He ratios (up to ~34 RA) within the neovolcanic rift zones are found in central Iceland 

and along the Eastern Rift Zone (ERZ) and in the South Iceland Volcanic Zone (SIVZ) 

(Condomines et al., 1983; Kurz et al., 1985; Hilton et al., 1990; Breddam et al., 2000; 

Macpherson et al., 2005a; Füri et al., 2010), consistent with the hypothesized center of the 

Icelandic hotspot from seismic investigations (Tryggvason et al., 1983). However, helium 

isotope studies both to the N and S of Iceland along the Kolbeinsey and Reykjanes ridges 
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(Macpherson et al., 2005b; de Leeuw, 2007) indicate that plume material is widely dispersed 

over lateral distances > 2000 km2 (Hart et al., 1983; Poreda et al., 1986; Hilton et al., 2000). 

Recent volcanic activity is widespread throughout much of Iceland and occurs in two 

types of neovolcanic zones: axial rift zones and off-rift volcanic flank zones (Sæmundsson, 

1978; Jakobsson, 1979). Individual volcanic systems are typically comprised of a central 

volcano and/or surrounding fissure swarms (Sæmundsson, 1978; Jakobsson, 1979). Subglacial 

basalt compositions range from alkalic (off-axis) through transitional to tholeiitic along the 

axial rift zones. Axial rift zones represent the on-land equivalent of mid-ocean-ridge spreading 

and traverse Iceland connecting the Reykjanes and Kolbeinsey ridges. 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) (Figure V.1). The tholeiitic axial rift zone system extends to the north of the 

Vatnajökull glacier towards the Kolbeinsey Ridge along the Northern Rift Zone (NRZ). The 

off-axis volcanic flank zones consist of the South Iceland Volcanic Zone (SIVZ), the 

Snæfellsnes Volcanic Zone (SNVZ) and the Öræfajökull Volcanic Zone (OVZ) – all located 

on older basement and distinguished by slightly more alkalic volcanism (Oskarsson et al., 

1982). The SIVZ is a direct continuation of the ERZ and represents an area characterized by 

rift  
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Figure V.1: Map of Iceland showing neovolcanic rift zones (light to dark grey), sample 
locations, and the location of current glacial cover. These include tholeiitic axial rift zones, 
i.e., the Western (WRZ), Eastern (ERZ), and Northern rift zones (NRZ), shaded with dark 
grey as well as transitional-alkalic to alkalic off-axis volcanic zones, i.e., the South Iceland 
Volcanic Zone (SIVZ), Snæfellsnes Volcanic Zone (SNVZ), and Öræfajökull Volcanic Zone 
(OVZ), shaded with light grey. Also shown are the South Iceland Seismic Zone (SISZ) and 
Vestfirðir located along the northwest peninsula. Sample locations for geothermal fluids are 
denoted with closed symbols and basalts with open symbols; black symbols refer to samples 
collected within the neovolcanic zones and grey symbols represent samples collected in older 
parts of the Icelandic crust. Subglacial basaltic glasses are shown with open symbols.  

 

propagation to the south (Oskarsson et al., 1982; Einarsson, 2008). The SNVZ is distinct and 

classified as intraplate volcanism due to the fact that the area is not connected to any active rift 

zones and/or plate boundaries (Einarsson, 2008). It may, however, be a dying remnant of an 

earlier rift configuration, prior to the eastward migration of the current rift system (~6 Ma) 

(Oskarsson et al., 1982). In contrast, the OVZ in southeast Iceland likely represents the 

opening of old crust above or in close proximity to the mantle plume (Einarsson, 2008). 

Finally, the Vestfirðir region, located in northwest Iceland, is characterized by tholeiitic lavas 

which range in age from ~16 Myr furthest to the west to about 9 Myr in the southeast 

(McDougall et al., 1984; Hardarson et al., 1997).  
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The geochemical evolution of Iceland is complicated and likely involves mixing of a 

variety of mantle endmember compositions (e.g., plume vs. depleted upper-mantle). A variety 

of geochemical tracers have previously been employed in order to determine relative upper-

mantle vs. plume contributions. For example, He and Ne isotopes – while apparently 

decoupled – are both consistent with contributions from depleted mid ocean ridge basalt 

(MORB)-mantle and a primordial, ‘solar’ mantle component (Trieloff et al., 2000; Dixon et 

al., 2000; Moreira et al., 2001; Dixon et al., 2003; Füri et al., 2010). Trace element and 

radiogenic isotope evidence suggests mantle source heterogeneities exist throughout the 

neovolcanic zones of Iceland (Thirlwall et al., 2004; Peate et al., 2010) with contributions 

from at least five distinct mantle components required to explain combined radiogenic (Pb-Sr-

Nd) isotope ratios. Additional geochemical variations observed in submarine basalts from 

adjoining ridge segments (i.e., Reykjanes and Kolbeinsey ridges) suggest binary mixing 

between depleted asthenospheric mantle and relatively enriched Icelandic mantle plume 

material (Schilling, 1973; Hart et al., 1973; Sun et al., 1975; Hilton et al., 2000; Thirwall et al., 

2004; Macpherson et al., 2005b). For example, 87Sr/86Sr and 3He/4He values increase 

northward along the Reykjanes Ridge as it shoals towards Iceland and reach a maximum near 

central Iceland before systematically decreasing with increasing distance away from Iceland 

along the Kolbeinsey Ridge. In addition to mantle source variations, there is evidence for 

crustal modification and several oxygen isotope studies of Icelandic basalts suggest near 

surface crustal assimilation and/or recycled oceanic crust in the enriched mantle source 

(Muhlenbachs et al., 1974; Burnard and Harrison, 2005; Thirwall et al., 2006). 
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Carbon dioxide (CO2) abundance and isotope studies in Iceland are limited; however, studies 

from the HT axial rift zones suggest a mantle source characterized by higher than MORB-like 

δ13C values (~-3.8 ± 0.7 ‰) with CO2/3He ratios of  ~6 × 109 (Poreda et al., 1992). In contrast, 

previous studies from off-axis regions (e.g., Vestfirðir; Hilton et al., 1998) reveal a lower 

range in δ13C from -6 to -16 ‰ and CO2/3He values that are generally lower than HT samples, 

varying over 4 orders of magnitude from 4 × 106 to 3 × 1010. In addition, CO2 abundance and 

isotope systematics of basalts from the adjacent Reykjanes and Kolbeinsey ridge segments 

suggest enrichments relative to the depleted MORB-mantle (73-194 ppm; Marty, 2012), with 

source estimates of CO2 = 396 ppm and δ13C = -3.9 ‰ for the a Reykjanes Ridge (de Leeuw, 

2007) and CO2 = 400 ± 100 ppm and δ13C = -6 ± 1 ‰ for the Kolbeinsey Ridge (Macpherson 

et al., 2005b).  

 

V.4 SAMPLING AND ANALYTICAL TECHNIQUES 

V.4.1 Geothermal fluids and gases 

Hydrothermal activity is pervasive throughout Iceland with high-temperature (HT) 

geothermal systems (>200 ºC) found in the axial rift zones and low-temperature (LT) systems 

(<200 ºC) in the off-axis volcanic flanks zones (Bodvarsson, 1961; Fridleifsson, 1979; 

Arnórsson et al., 2008). Both fluid and gas phase samples were collected from the Icelandic 

neovolcanic zones, including 21 samples from the Western Rift Zone (WRZ), 9 from the 

Eastern Rift Zone (ERZ), 14 from the Northern Rift Zone (NRZ), 2 from the South Iceland 

Volcanic Zone (SIVZ) and 2 from the Snæfellsnes Volcanic Zone (SNVZ). In addition, 9 

samples were collected in the South Iceland Seismic Zone (SISZ) and 14 from the Vestfirðir 

region of the NW Peninsula (Figure V.1 – closed symbols). All samples were collected during 
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three sampling 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, along with 23 

duplicate samples (e.g., same localities), making a total of 71 geothermal samples (Table V.1). 

Fluids and gases were collected in evacuated low-He diffusivity 1720-glass flasks following 

procedures to minimize atmospheric contamination (see Hilton et al., 2002 for sampling 

details). 

In the laboratory, an ultra high vacuum (UHV) extraction line was used to separate 

light noble gases (He and Ne) from the condensable gas (mainly CO2) fraction (see 

Kulongoski and Hilton, 2002 for a description of the extraction line). Following sample inlet, 

all fluid samples were acidified with phosphorus pentoxide to ensure complete release of CO2 

and, as a result, measured CO2 abundances correspond to the total dissolved inorganic carbon 

(DIC) content. A glass trap held at acetone-dry ice temperature was used to isolate water 

vapor and a stainless-steel U-tube, held at liquid nitrogen temperature, was used to separate 

CO2 from non-condensable volatiles. The remaining light noble gases (He and Ne) were then 

isolated using a hot (700 ºC) Ti-getter and charcoal finger held at liquid nitrogen temperature, 

which effectively removed active gases (N2, 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 

breakseal for transfer to a MAP-215 noble gas mass spectrometer for He isotope analysis (see 

Füri et al., 2010 for measurement details and He results). Finally, the CO2 fraction was 

transferred to a Pyrex breakseal for transfer to a dedicated CO2 cleanup line.
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The condensable carbon dioxide (CO2) sample fraction was further purified on a 

separate cleanup and quantification line, constructed from Pyrex glass, whereby CO2 was 

separated from any sulfur-bearing species using a variable temperature trap. Following 

cleanup, the total amount of CO2 was measured using a capacitance manometer in a calibrated 

volume thus enabling the CO2 abundance to be combined with He content and 3He/4He values 

(Füri et al., 2010) to calculate the CO2/3He ratio. Finally, CO2 was re-frozen into a Pyrex tube 

for transfer to either a VG Prism mass spectrometer (2006, 2007) or a Thermo Finnigan Delta 

XPplus isotope ratio mass spectrometer (2008) for carbon isotopic (δ13C) analysis. Carbon 

isotope δ13C (CO2) values are reported relative to the international reference standard Vienna 

Pee Dee Belemnite (VPDB). Precision of individual analyses of standards and samples is less 

than 0.1 ‰; however, we estimate the accuracy of our δ13C determinations (± 0.5 ‰) by 

repeat analyses of a working laboratory standard, itself calibrated relative to VPDB.   

 

V.4.2 Subglacial basaltic glasses 

For this study, 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 = 3), and 

SNVZ (n = 1) (Table V.2; Figure V.1). Basalts were analyzed for total CO2 abundance and 

carbon isotope δ13C values. Glasses were first ultrasonically cleaned in dichloromethane to 

remove any organic contaminants from the glass surface. Subsequently, approximately 300 

mg of dried fresh glass, free of surficial alteration, phenocrysts, or large vesicles was 

handpicked using a binocular microscope. The selected glass was then ultrasonically cleaned 

in a 1:1 acetone-methanol mixture, dried, and transferred to a quartz-glass sample finger, 

evacuated to UHV and held at 150 ºC overnight.
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Carbon was extracted from basaltic glass chips using a stepped heating method (after 

Macpherson et al., 1999) on a dedicated all-glass extraction line. For each extraction, the 

temperature was incrementally raised in 100 ºC steps from 400 ºC to 1200 ºC (excluding the 

500 ºC step), each lasting 30 minutes. During the first two heating steps (400 ºC and 600 ºC), 

samples were combusted in pure oxygen, generated using a CuO furnace, to remove possible 

C contaminants, whereas the 700 ºC to 1200 ºC pyrolysis steps (i.e., without oxygen) released 

magmatic carbon (Figure V.2). After each heating step, the CO2 was separated from other 

non-condensable gases (i.e., H2O, SO2) using a liquid nitrogen cooled variable temperature 

trap. Following purification, total CO2 abundances were measured in a calibrated volume 

using a Baratron capacitance manometer. CO2 released during the (first two) combustion steps 

was not collected, as this gas is expected to be dominated by secondary surface contamination 

acquired by the glass post-eruption (Des Marais and Moore, 1984; Exley et al., 1986; Mattey 

et al., 1984, 1989). However, for the 700 ºC to 1200 ºC steps, CO2 was collected in Pyrex® 

glass tubes at each successive temperature step for subsequent isotopic δ13C analysis. Low 

temperature (700-900 ºC) CO2 releases are taken to represent the vesicle carbon component 

whereas higher temperature (1000-1200 ºC) releases are combined and represent the 

“dissolved” carbon component (Figure V.2). Whenever the CO2 yield from a single 

temperature step was deemed too small (< 3 ppm) for isotopic analysis, the CO2 was 

combined with CO2 released during the following step. All aliquots of CO2 (corresponding to 

each temperature step) were analyzed for carbon isotopes (δ13C) using a VG Prism mass 

spectrometer (2006, 2007) or a Thermo Finnigan Delta XPplus isotope ratio mass spectrometer 

(2008). Carbon isotope δ13C (CO2) values are reported relative to VPDB, with a precision of 

less than 0.1 ‰ and an accuracy of (± 0.5 ‰) based on reproducibility of laboratory standards 

relative to VPDB.   
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Figure V.2: Carbon content (ppm) release pattern as a function of incremental temperature 
step for a basalt sample (MID-1). CO2 released between 400 – 600 ºC is derived from surficial 
contamination on the glass, CO2 released from 700 – 900 ºC is derived from large vesicle-
cited CO2 within the glass and CO2 released between 1000 – 1200 ºC represents CO2 dissolved 
in the melt immediately prior to glass quenching. Carbon isotope values are also shown for 
individual temperature steps with ample CO2 for a measurement. If the CO2 yield from an 
individual step was too low, the CO2 was carried over (c.o.) to the next temperature step. 
Carbon isotopes were not determined (n.d.) between 400 – 600 ºC, as this CO2 is considered to 
be derived from surficial contamination. 

 

V.5 RESULTS 

V.5.1 Geothermal fluids  

We report δ13C values (vs. VPDB), CO2 abundances (for fluid samples) and CO2/3He 

ratios for a suite of 48 geothermal samples (Table V.1). Sample locations are given in Figure 



 
 

     
 

80 

V.1 (closed symbols). CO2/3He and δ13C variations as a function of latitude are plotted 

(together with glass data) in Figures V.3a and V.3b, respectively. 

 

Figure V.3: CO2/3He values (3a) and C-isotopes δ13C (3b) as a function of latitude for 
geothermal fluids/gases and subglacial basalts of Iceland. Neovolcanic zone gas samples are 
show as black symbols and off-axis gas samples are represented by grey shaded symbols. 
Fluid samples are denoted with crosses. Subglacial basalt samples are represented with open 
symbols. 
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V.5.1.1 Geothermal carbon isotopes (δ13C)  

Geothermal fluids and gases display carbon isotope values ranging from -18.8 to 

+4.57 ‰ (Figure V.3b). Axial rift zone samples display a narrow range of δ13C values 

compared 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 ‰. In contrast, only two δ13C values were obtained 

in SIVZ geothermal samples, both ~ -3.4 ‰. Off-axis samples spanned a much greater range, 

with SISZ values varying from -18.8 to -2.9 ‰, and Vestfirðir values ranging from -8.81 to 

+4.57 ‰ (Figure V.3b). Notably, the lowest δ13C (vs. VPDB) values are measured in the 

Selfoss region of the SISZ and the highest value is from a bubbling pool in Gjögur, Vestfirðir 

(Figure V.3b). The fact that off-axis samples have a much greater range in carbon isotope δ13C 

values suggests that off-axis samples are more susceptible to modification than axial rift zone 

samples (see Section 5.1). The mean carbon isotope value for all geothermal samples is -4.0 ± 

3.7 ‰. However, as will be discussed in section 5.1.3, some LT off-axis samples display 

extensively modified δ13C characteristics, and thus if only axial rift zone (i.e., WRZ, ERZ, 

NRZ) samples are considered then the average value increases to -3.1 ± 1.9 ‰. These values 

are in good agreement with previous results (Poreda et al, 1992) whereby an average δ13C 

value of -3.8 ± 0.7 ‰ was reported for HT CO2-rich samples (n=8) from the axial rift zones 

(i.e., WRZ, ERZ, NRZ) of Iceland. 

 

V.5.1.2 Geothermal Abundance Characteristics and CO2/3He 

Abundances of CO2 were calculated for all 18 fluid phase samples, with 

concentrations ranging between 0.28 and 5.52 [CO2] mmole/kg H2O (Table V.1). Generally, 
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neovolcanic samples displayed higher CO2 abundances, ranging from 1.95 to 5.52 [CO2] 

mmole/kg H2O compared to off-axis samples, which ranged from 0.28 to 3.02 [CO2] 

mmole/kg H2O (see Figures V.4b and V.4d). Our samples are bracketed by previous results 

(Poreda et al., 1992), which range from 0.06 to 2310 [CO2] mmole/kg H2O for water and 

steam samples of Iceland. Notably, Poreda et al. (1992) also estimated gas concentrations in 

the steam phase (mmol of gas/ kg of steam) by dividing the volume of gas by the amount of 

condensate collected in the flask, however similar estimates are not made here due to the large 

error associated with this method of estimating steam [CO2]. Significantly, the previously 

reported (n=4) water phase [CO2] ranged from 0.06 to 1.24 [CO2] mmole/kg H2O (Poreda et 

al., 1992), in agreement with the range in fluid samples reported here.  

In addition, we report CO2/3He variations for geothermal fluids and gases by 

combining previously measured 3He/4He values and total helium on the present sample suite 

(Füri et al., 2010) with carbon concentrations (this work). CO2/3He values vary over 8 orders 

of magnitude, from 1 × 104 to 2 × 1012. Geothermal samples from neovolcanic zones vary 

from 4 × 107 to 2 × 1012, with WRZ values spanning the range from 6 × 108 to 1 × 1010, ERZ 

from 3 × 109 to 2 × 1012, NRZ from 4 × 107 to 3 × 1010, SIVZ from 5-6 × 108, and at SNVZ 

both values are ~2 × 109 (Figure V.3a – black symbols). In contrast, samples from older LT 

portions of the crust (i.e., SISZ and Vestfirðir) extend to significantly lower values, ranging 

from 1 × 104 to 3 × 109 (Figure V.3a – grey symbols) with a range in the SISZ from 1 × 104 to 

1 × 109 and in Vestfirðir from 2 × 104 to 3 × 109. The wide range in observed values indicates 

that geothermal fluids and gases are likely susceptible to elemental fractionation processes – 

particularly in off-axis regions (see section 5.1).  
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Figure V.4: δ13C (a & b) and CO2/3He (c & d) as a function of [He] and [CO2] content for all 
fluid samples from younger neovolcanic zones (black symbols) and older off-axis areas of the 
Iceland crust (grey symbols). In Figure V.4c, we highlight two distinct fields (old vs. young 
crust) defined by their combined CO2/3He and [He] characteristics and sample localities. In 
addition, there is a broad negative correlation (R2 = 0.79) between CO2/3He and [He] content. 
Figure V.4d - Off-axis samples (grey) are marked by low CO2 and low CO2/3He values, 
suggesting CO2 loss due to calcite precipitation in older, lower enthalpy portions of the 
Icelandic crust.  

 

V.5.2 Basalts 

Carbon dioxide concentrations (i.e., [CO2]) and isotopic ratios (δ13C) were measured 

in 47 fresh subglacial basalts from Iceland which were previously characterized for He-Ne-Ar 

characteristics (Füri et al., 2010). Sample locations are provided in Figure V.1 (open symbols) 

and CO2/3He and δ13C variations are plotted as a function of latitude, along with geothermal 

values, in Figures V.3a and V.3b respectively.  
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V.5.2.1 Basalt carbon isotopes (δ13C)  

Carbon was extracted from basalts using the stepped heating technique (Mattey et al., 

1984; Macpherson and Mattey, 1994; Macpherson et al., 1999), with the principal advantage 

being that vesicle-sited CO2 (CO2
v) can be resolved from CO2 dissolved (CO2

d) in the glass 

matrix and therefore carbon isotopic ratios from both components can be determined. In order 

to illustrate typical CO2 release patterns, we plot carbon content (ppm) as a function of 

incremental temperature step for a basalt sample (MID-1). CO2 releases are marked by three 

distinct phases: 1) CO2 released between 400 - 600 ºC, derived from surficial contamination, 

2) vesicle-sited CO2 released at intermediate temperatures (700 - 1000 ºC), and 3) matrix-

dissolved CO2 released at higher temperatures (1100 - 1200 ºC).  

Vesicle CO2
v releases ranged from -26.7 to -3.3 ‰ with an average value of -14.9 ± 

5.9 ‰ whereas dissolved δ13Cd values ranged from -27.5 to -3.3 ‰ and had an average value 

of -12.4 ± 6.4 ‰. Total magmatic carbon (weighted average of the two components) ranged 

from -27.2 to -3.6 ‰ with an average value of -13.3 ± 5.8. Carbon isotopic data from the 

stepped heating technique are given in Table V.3 and summarized in Table V.2. 

WRZ samples have an average δ13Cd of -11.7 ± 6.6 ‰ and range from -27.5 ‰ to -

3.3‰. WRZ vesicle samples display an average δ13Cv of -15.2 ± 6.5 ‰ and range from -26.7 

‰ to -3.3‰. NRZ samples display δ13Cd values between -26.4‰ and -5.1‰, with an average 

δ13Cd value of -11.7 ± 7.6 ‰. NRZ δ13Cv values range from -26.4 ‰ to -6.9‰, with an 

average of -14.5 ± 6.1 ‰. ERZ samples display a slightly higher average δ13Cd of -10.5 ± 4.
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‰ and range from -19.2 ‰ to -6.6‰. ERZ vesicle samples display an average δ13Cv of -15.4 ± 

5.9 ‰ and range from -25.1 ‰ to -6.5‰. SIVZ samples display δ13Cd values between -22.0 ‰ 

and -10.3 ‰, with an average δ13Cd value of -16.4 ± 5.9 ‰. SIVZ δ13Cv values range from -

18.6 ‰ to -8.5‰, with an average of -14.5 ± 5.3 ‰. Just one sample was collected in the 

SNVZ, yielding a δ13Cd value of -12.7 ‰ and δ13Cv of -11.3 ‰ (Figure V.3b). Notably, 

several samples from the axial rift zones display δ13Cd below −25‰, suggesting degassing 

fractionation (Macpherson and Mattey, 1994) and/or assimilation of an organic carbon 

component (Shaw et al., 2004). In section 5.2, we consider various degassing and assimilation 

scenarios and model these data.  

 

V.5.2.2 Basalt CO2 abundance characteristics and CO2/3He 

Carbon dioxide (CO2) contents in hyaloclastite glasses of Iceland are low (typically < 

100 ppm; this work) compared to typical ocean basalts (73-194 ppm; Marty, 2012). The 

average vesicle CO2
v content is 39 ± 46 ppm vs. an average dissolved CO2

d content of 33 ± 22 

ppm, indicating that carbon contents are dominated by residual CO2 following extensive 

degassing. The average magmatic carbon (CO2
m = CO2

v + CO2
d) content of subglacial basalts 

is 70 ± 54 ppm. All carbon concentration and isotope data from the stepped heating extraction 

technique are summarized in Table V.2. 

Carbon dioxide (CO2) contents of Iceland basalts are shown in Figure V.5, which 

plots CO2
v vs. CO2

d. Approximately half of samples fall below/above the 1:1 line, indicating 

that the total CO2
m is distributed evenly. Two samples, one from the NRZ (NAL-216) and one 

from the WRZ (MID-1), display significantly higher CO2
v vs. CO2

d, reflecting greater 

retention of vesicles in these samples as they possess CO2
d values (30-35 ppm) similar to other 
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NRZ and WRZ samples (Figure V.5). This concentration contrast may represent similar 

amounts of degassing but different confining pressures due to different glacial cover 

thicknesses and thus less loss of vesicles. Notably, these are the two highest concentration 

samples (CO2
m = 245 and 273 ppm, respectively; Table V.2). In contrast, sample MID-3 

displays the highest CO2
d of all samples while maintaining relatively typical CO2

v contents. 

The gas rich nature of Miðfell has previously been observed and subsequently exploited in a 

number of studies (Trieloff et al., 2000; Füri et al., 2010; Mukhopadhyay, 2012). Notably, 

these three samples are the only samples that have CO2
v and CO2

d both greater than 100 ppm 

(Table V.2). Indeed there are a total of 6 samples only that have a (combined) magmatic 

CO2 (CO2
m) greater than 100 ppm, illustrating the fact that most Icelandic glasses are depleted 

in CO2 relative to submarine erupted MORB 

By combining previously published helium isotope (3He/4He) and He abundance data 

(Füri et al., 2010) with measured CO2 contents, we calculate CO2/3He values for the present 

sample suite. The total range of CO2/3He values extends from 1 × 108 to 1 × 1012, with an 

average value of 28 ± 120 × 109. WRZ samples vary from 3 × 108 to 3 × 1010, ERZ range from 

1 × 108 to 4 × 1010, NRZ from 8 × 108 to 7 × 1011, SIVZ from 1-9 × 109 and at SNVZ the only 

value measured was 1 × 1012 (Figure V.3a – open symbols). Notably, no basalt CO2 was 

measured in the older portions of the crust (i.e., SISZ and Vestfirðir) due to the lack of fresh 

glasses. These results, together with geothermal data, expand the CO2 database for Iceland and 

demonstrate that the range in CO2 characteristics is much broader than was previously 

reported (Poreda et al., 1992). 



 
 

     
 

90 

 

Figure V.5: Plot of CO2 contained in vesicles (CO2
v) vs. CO2 in dissolved (CO2

d) matrix 
measured by stepped heating methods. Magmatic CO2 (CO2

m) is uniformly divided between 
CO2

v and CO2
d in Iceland. Also shown are CO2

v vs. CO2
d values for the adjacent ridge 

segments: Kolbeinsey (Macpherson et al., 2005) and Reykjanes (de Leeuw, 2007). 

 

 

V.6 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. In this regard, geothermal and basalt samples are dealt with separately as they are 

subject to different modification processes. By identifying unmodified samples, we 

demonstrate how mantle source carbon characteristics can be determined and used to estimate 

carbon fluxes.  

 

V.6.1 Geothermal sample integrity and modification 
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By making the assumption that hydrothermal systems in Iceland act to transfer 

magmatic volatiles from source to surface we can identify processes that act to modify 

magmatic volatile signatures during transport. However, intrinsic carbon characteristics can 

also be modified prior to interaction with the hydrothermal system – due to degassing from the 

magma chamber. In this respect, magma degassing can modify the CO2/3He and δ13C 

characteristics of both glasses and fluids, due to solubility differences between CO2 and He in 

basaltic parental melts (Hilton et al., 1998a). Following the transfer of volatiles from magma 

chamber to hydrothermal system there are a number of remaining processes which can modify 

carbon characteristics within the shallow crust: (1) phase-separation and hydrothermal 

degassing (e.g., vapor/steam separation and/or gas exsolution) can significantly alter CO2/3He 

and δ13C due to solubility differences between CO2 and He in water (Ray et al., 2009), and (2) 

CO2 sequestration resulting from calcite precipitation, can modify CO2/3He values while 

fractionating δ13C (Ray et al., 2009). To assess the effects of magma degassing, phase 

separation and/or calcite precipitation, we first investigate latitudinal variations in δ13C and 

CO2/3He (Figure V.3) and the relationship between fluid volatile contents (i.e., [He] and 

[CO2]), δ13C and CO2/3He (Figure V.4) in order to identify the origins of extreme values.  

 

V.6.1.1 Pre-eruptive magma degassing 

The He–CO2 systematics of gases and fluids can potentially be modified by pre-

eruptive magma degassing, prior to interaction with the hydrothermal system. If we assume 

that hydrothermal gases are derived from a tholeiitic melt and that solubility differences (i.e., 

SHe = 6.4 × 10−4 cm3 STP/g; SCO2 = 2.7 × 10−4 cm3 STP/g) between individual species (i.e., He 

and CO2) will induce elemental fractionation upon degassing, then lower CO2/3He (Hilton et 

al., 1998a) will be produced in residual gases remaining in the melt phase. The fractionation 
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factor (α) between He and CO2 is expressed as the inverse ratio of their solubilities and is (α 

=) ~ 2.35. Similarly, δ13C (CO2) values are expected to decrease (Δ vapor-melt = ~-2 to -4) in the 

residual melt phase upon degassing (Javoy et al., 1978). Variations in the type (open vs. closed 

system) and extent of degassing will affect the degree of fractionation (see Section 5.2.1 for 

further details).  

Elemental CO2/3He ratios were determined for a total of 43 axial rift zone gas and 

fluid samples. If we assume upper mantle starting CO2/3He compositions, we note that only 3 

samples displayed CO2/3He values below the canonical MORB range (2 ± 1 × 109): Little 

Geysir = ~ 6 × 108, Hveravellir = 8 × 108 and Þeystareykir = 4 × 107 (Figures V.3 and V.6), 

indicating that pre-eruptive degassing and/or calcite precipitation affects very few axial rift 

zone gas and fluid samples. In contrast, the majority of off-axis samples display CO2/3He 

below the MORB threshold, suggesting either a much different degassing history or, more 

likely, a pervasive secondary modification process (e.g., calcite precipitation) which 

ubiquitously modifies all off-axis hydrothermal samples. Assuming that fluid and gas samples 

have both MORB-like CO2/3He and δ13C starting compositions of 2 ± 1 × 109 and of -6.5 ± 2 

‰ respectively (Sano and Marty, 1995; Hilton et al., 1998a), including Little Geysir, 

Hveravellir and Þeystareykir, the minimum possible CO2/3He value achievable by closed 

system degassing is 5.5 × 108 (i.e., 2 × 109/α), with a corresponding δ13C value of -10.5 ‰ (Δ 

= -4‰; Javoy et al., 1978). Therefore the CO2/3He values observed at Little Geysir and 

Hveravellir could potentially be explained by closed system degassing; however, an unlikely 

positive isotope fractionation factor of ~1.7 ‰ would be necessary in order to explain the 

observed δ13C values. Alternatively, lower than MORB CO2/3He values may result from 

magmatic degassing processes prior to interaction with the hydrothermal system whereas 

positive δ13C values may be the result of mixing with 13C enriched crustal carbon within the 

shallow crust. In contrast, the CO2/3He ratio of Þeystareykir is not consistent with closed 
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system degassing and is better explained by calcite precipitation in a HT environment (Figure 

V.6b). 

 

Figure V.6: (a) CO2/3He vs. δ13C for Icelandic gas-phase samples. Fluid phase samples are 
not considered due to the fact that they have been extensively modified. (b) CO2/3He vs. δ13C 
with superimposed endmember compositions. Note: sedimentary organic carbon (S), mantle 
carbon (M), and limestone (L) δ13C = -30, -6.5 ± 2 and 0 ‰; and CO2/3He = 1 × 1013, 2 ± 1 × 
109 and 1 × 1013, respectively (Sano and Marty, 1995) and mixing trajectories between 
components. Note: mixing trajectories from the (M)-component emanate from the upper limit 
of the δ13C range and the lower limit of the CO2/3He range. Dashed lines show expected 
calcite precipitation CO2 loss curves at various temperatures (Bottinga, 1969). (c) CO2/3He vs. 
δ13C with contracted y-axis, showing only samples that are not fractionated by calcite 
precipitation. Approximately ~76% (NRZ, ERZ, and WRZ) of gas data can be explained by a 
3-component mixing model between M-L-S.  
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V.6.1.2 Phase partitioning and hydrothermal degassing  

Elemental fractionation will occur between CO2 and He due to solubility (S) 

differences in water (e.g., SCO2 >> SHe) (Ellis and Golding, 1963). As a result, He will 

preferentially partition into the vapor phase relative to CO2, leaving residual fluid-phase 

CO2/3He values elevated relative to starting values (Figure V.7). Vapor partitioning can be 

caused by either boiling (> 100 ºC) and/or hydrothermal degassing due to supersaturation of a 

particular gas species. Loss of CO2 from geothermal fluids will also cause isotopic 

fractionation between 13CO2 and 12CO2 (Vogel, 1970; Mook, 1974; Drever, 1982). This 

process is temperature dependent: dissolved carbon species will subsequently be enriched in 

δ13C, leaving δ13C relatively depleted in the residual gas phase at temperatures <110 ºC. At 

higher temperatures (>110 ºC), the isotopic fractionation is in the opposite sense and residual 

gases will consequently be enriched in δ13C (Szaran, 1997). 
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Figure V.7: CO2/3He values measured in the fluid vs. gas phases for ERZ and SISZ samples 
collected from the same locality. For comparison, we show results for fluids and gases in 
samples of the Rungwe Volcanic Province in Tanzania (Barry et al., 2012b) and the southern 
volcanic zone in Chile (Ray et al., 2009) where similar fractionation features were previously 
observed. 

In figure V.3a we plot CO2/3He as a function of latitude for geothermal fluids/gases 

and note significantly higher fluid (cross symbol) vs. and gas (solid symbol) phase CO2/3He 

values. The disparity is most evident in ERZ samples where the combination of (1) greater 

than mantle-like CO2/3He values (3 × 1010 to 2 × 1012), and (2) consistently higher CO2/3He 

values in the fluid phase together strongly suggests hydrothermal phase separation. Notably, 

the ERZ is the only axial rift zone where fluid samples were collected and both phases (i.e., 

fluids and gases) were collected at just two of those ERZ localities (i.e., Landmannalaugar and 

Vonarskarð). In both cases, fluid samples display higher CO2/3He values compared with gas 

phase samples at the same locality (see Figures V.3 and V.6). For example, Landmannalaugar 



 
 

     
 

96 

fluid phase CO2/3He values are 6 – 450 times higher than corresponding gas phase samples 

and Vonarskarð fluid phase CO2/3He values are 2 – 4 times higher than gas phase values from 

the same locality (Figure V.7). For comparison, we plot results from similar He-CO2 gas-fluid 

studies which identified the fractionating effects of hydrothermal phase separation (Barry et 

al., 2012b) and calcite precipitation (Ray et al., 2009). In addition, Figure V.3b shows carbon 

isotope (δ13C) variations as a function of latitude and we note that carbon isotopes are in 

relatively good agreement between the fluid (-2.2 ‰) and gas (-3.0 ‰) phase at 

Landmannalaugar, indicating that phase-separation must have occurred close to or slightly 

below the 110 ºC temperature threshold. In contrast, gas samples at Vonarskarð are marked by 

distinctly positive δ13C values (1.4 – 1.6 ‰) compared with a negative δ13C fluid phase value 

(-2.5 ± 1.1 ‰), consistent with expected carbon isotope fractionation associated with 

hydrothermal degassing and phase separation at temperatures above 110 ºC where the 

fractionation factor (α13CO2 vapor-liquid) is negative.  

In order to further investigate the relationship between phase separation and He-CO2 

characteristics, we plot CO2/3He and δ13C as a function of volatile (e.g., He; CO2) content 

(Figure V.4). In Figure V.4c we plot CO2/3He vs. helium concentration [He]C (ncm3 STP/g 

H2O) for all fluid samples and note a broad inverse correlation (R2 = 0.79) for all HT and LT 

samples. Furthermore, samples cluster into two distinct groups (Figure V.4c – circled): older 

LT samples and younger HT axial rift zone samples. LT samples are relatively He-rich and 

display CO2/3He values which extend from the MORB range (2 ± 1 × 109) to ~107. In contrast, 

HT neovolcanic zone samples have significantly lower He contents and much higher CO2/3He, 

extending from below MORB to values >1012. For example, the most He depleted (<20 [He]C 

ncm3 STP/g H2O) samples are from the ERZ and display the highest measured CO2/3He 

values. Importantly, only ERZ fluid samples display CO2/3He values above the canonical 

MORB range (2 ± 1 × 109), suggesting hydrothermal phase separation is the principal 
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modification mechanism in the ERZ, but a relatively minor factor in LT regions such as the 

SISZ and Vestfirðir. These results are consistent with high CO2/3He values (~6 × 109) 

previously measured in the axial rift zones (Poreda et al., 1992). In contrast, LT off-axis 

CO2/3He values predominantly fall below the MORB range (Figure V.4c) – particularly gas 

samples which are relatively CO2 depleted compared to fluid phase samples (Figure V.5). 

Together, these results suggest a process which acts to lower CO2/3He values is controlling 

He-CO2 systematics in these regions. The possible role of calcite precipitation is assessed in 

the next section.  

 

V.6.1.3 Calcite Precipitation 

The loss of CO2 due to calcite precipitation has the potential to fractionate both 

CO2/3He and carbon isotope values. Basalts are rich in magnesium and calcium silicate 

minerals (e.g., olivine; plagioclase) and therefore deep circulating fluids within the 

hydrothermal system are abundant in Na+, Ca2+, Mg2+ ions (Spane and Webber, 1995; McLing 

et al., 2001). Magmatic degassing creates low-pH, CO2-rich fluids and gases which react with 

these ions to precipitate carbonate minerals according to the following reaction: 

 

(Ca2+, Mg2+) + CO2 + H2O = (Ca, Mg)CO3 + 2H+      (1) 

 

During this reaction, CO2 fixed as calcite, forms within the basaltic crust, which leads to lower 

CO2/3He values in residual fluids.  
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Off-axis LT samples (grey symbols) generally display CO2/3He values below the 

plume and/or MORB-mantle range (2 - 6 × 109; Marty and Jambon, 1987; Poreda et al., 1992; 

Hilton et al., 1998), extending as low as 1 × 104, while most axial rift zone samples (black 

symbols) fall within or slightly above the MORB range (Figure V.3a). The CO2/3He disparity 

between on-axis and off-axis samples is consistent with preferential CO2 loss due to calcite 

precipitation in older, LT off-axis portions of the crust. These findings agree with those of 

Hilton et al. (1998b) who determined that the CO2 inventory in Vestfirðir is primarily 

controlled by reactions that form calcite. Experimental results show calcite mineralization 

reactions are optimized in basaltic rocks at ~75 °C and pH of ~5.5 (Gysi and Stefansson, 

2012). Notably, the average on-axis rift sample discharge temperature is 103 ºC compared to 

62 ºC in off-axis samples (Table V.1). 

Carbon isotope fractionation associated with calcite precipitation is highly 

temperature-dependent: at relatively low temperatures (<192 °C), calcite is enriched in 13C 

relative to residual dissolved CO2 in geothermal fluids, whereas at higher temperatures (>192 

°C) calcite becomes depleted in 13C relative to residual CO2 (Bottinga, 1969). Figure V.3b 

shows that off-axis gas samples from SIVZ display the lowest δ13C values (-18.8 ‰), 

consistent with low-temperature calcite precipitation. We also note that fluid samples 

generally display higher carbon isotopes (δ13C) relative to corresponding (same 

locality/region) gas-phase samples, suggesting that the effects of phase separation are still 

evident following calcite fractionation. In Figure V.4 we further investigate the fractionation 

effects of CO2 loss by plotting δ13C (Figure V.4b) and CO2/3He (Figure V.4d) vs. [CO2] 

content of fluid samples. We note that the most CO2 depleted samples occur in off-axis 

regions of the Icelandic crust (e.g., SISZ and Vestfirðir) and display the lowest CO2/3He and 

δ13C values in Iceland. Thus, we conclude that calcite precipitation is the dominant process in 

older, LT off-axis portions of the crust.  
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The average geothermal carbon isotope composition for all fluid/gas samples (-4.0 ± 

3.7 ‰) falls slightly above the upper limit of the MORB range (-6.5 ± 2 ‰) and is in good 

agreement with previously reported estimates of -3.8 ± 0.7 ‰ (Poreda et al., 1992) for CO2-

rich HT fluids of the Icelandic axial rift zones. If extreme values, such as those measured in 

LT off-axis samples affected by calcite precipitation, are removed and only HT axial rift zone 

gas samples are considered, then the average δ13C value increases to -3.1 ± 1.9 ‰. 

Significantly, this value overlaps with isotopically high carbon isotope values (~ -3 ‰) 

previously observed at Loihi Seamount (Exley et al., 1986), an analogous plume-related 

magmatic system, adjacent to Hawaii – indicating a common and isotopically-high carbon 

isotope fingerprint may exist in the plume mantle source. 

 

V.6.1.4 Crustal contamination – (CO2/3He- δ13C) model 

In order to determine CO2 provenance and estimate relative CO2 contributions from 

potential endmembers, CO2/3He values are plotted as a function of δ13C for all Icelandic gas 

samples (Figure V.6a). Of the 71 geothermal samples, only gas samples (n = 42) are 

considered due to the fact that fluid samples have been extensively modified by hydrothermal 

fractionation processes. The most salient feature of Figure V.6 is that nearly all Icelandic gas 

phase samples require a crustal contribution in order to explain their combined CO2/3He-δ13C 

characteristics.  

In Figure V.6a, we show representative compositions of three potential endmembers 

(Figures V.6b-c): mantle (M), limestone (L) and sediment (S). Their assumed endmember C-

isotope compositions are:  δ13C = -6.5 ± 2 ‰ for (M), 0‰ for (L), -30‰ for (S) (relative to 

VPDB), and CO2/3He = 2 ± 1 × 109 for (M), 1013 for (L) and (S) (Sano and Marty, 1995).  In 
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addition, binary mixing trajectories between the respective components (1) M and L, (2) M 

and S, and (3) L and S are superimposed (solid lines) on the diagram. This model assumes that 

the thick Icelandic crust is stratified with respect to carbon speciation and that carbon M, L, 

and S components can be resolved using combined CO2/3He - δ13C characteristics. These 

assumptions are supported by IRDP drill cores which show that the crust beneath Icelandic is 

composed of partially to completely altered lava flows, dikes and minor clastic material with 

secondary mineralization consisting of clay minerals, calcite and quartz (Mehegan et al., 

1982). Low δ13C signatures in crustal wall rocks may result from either deep hydrothermal 

circulation of organic material (Lang et al., 2006) and/or biological activity during 

mineralization (Thorseth et al., 1992; Fisk et al., 2003). 

In Figure V.6b, we plot expected CO2 loss-fractionation curves (dashed lines) from a 

mantle (M) starting composition in order to illustrate the effects of calcite precipitation at 

various temperatures. The modification of SIVZ (off-axis) CO2/3He- δ13C compositions can be 

explained by calcite precipitation at temperatures between 120 ºC (Selfoss) and 180 ºC 

(Þjórsárdalslaug), and the composition of Þeystareykir (NRZ) can be explained by calcite 

precipitation at 260 ºC (see Section 5.1.2). Notably, Selfoss and Þjórsárdalslaug samples were 

collected at temperatures of ~70 ºC, whereas Þeystareykir was sampled at ~90 ºC. However, 

reported discharge temperatures represent minimum estimates only of reservoir temperatures. 

For example, borehole values of 120 ºC were measured at a depth of ~1400m in Selfoss 

(Arnórsson, 1995) and geothermometers suggest an average reservoir temperature of 240-300 

ºC in the Þeystareykir area (Armannsson et al., 1986) – both estimates are in agreement with 

predicted reservoir temperatures based on temperature dependent calcite precipitation (this 

study).  
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In Figure V.6c, the five samples affected by calcite precipitation are removed and only 

the most pristine gas samples are considered (n = 37). Significantly, the average CO2/3He 

value of these remaining gas samples is 5.9 ± 6.3 × 109 compared to an unfiltered geothermal 

average (n=71) CO2/3He of 76 ± 328 × 109. Notably, the filtered gas estimate is in excellent 

agreement with the average δ13C geothermal value of 6 × 109 previously reported by Poreda 

(1992) for HT CO2-rich axial rift zone samples. Importantly, nearly all gas samples require a 

crustal contribution and 28 of 37 samples plot within the area bounded by the 3-component 

mixing trajectories in Figure V.6c, indicating that ~76% of gas samples require a contribution 

from all three end-members to explain their combined CO2/3He–δ13C characteristics. The 

remaining 9 samples can only be explained if a CO2/3He starting composition slightly below 

the MORB range is adopted for the mantle (M) and/or if mixing occurs with a positive δ13C 

(L) component. Lower CO2/3He values can be explained by either degassing (see section 

5.1.3) or a lower initial CO2/3He ratio (< MORB) in the plume source. The latter explanation 

can be reconciled with model estimates of CO2 and 3He contents in the lower mantle (Javoy, 

1997; Porelli and Wasserburg, 1995) which suggest a plume CO2/3He ratio of ~1.7 × 108, but 

would be in direct contrast to previous estimates for Iceland (6 × 109; Poreda et al., 1992). 

While there is ongoing debate as to the original CO2/3He value in the mantle plume source 

(Trull et al., 1993; Marty and Tolstikhin, 1998; Garcia et al., 1998; Shaw et al., 2004), the 

majority of data suggest slightly higher than MORB values, indicating that all Icelandic gas 

samples require a crustal contribution to explain their combined CO2/3He-δ13C characteristics. 

This observation is consistent with both IRDP drill core findings (Mehegan et al., 1982; 

Flower et al., 1982) and the findings of several O-isotope studies (Muhlenbachs et al., 1974; 

Burnard and Harrison, 2005; Thirwall et al., 2006) of Icelandic basalts, which attribute δ18O 

heterogeneities throughout Iceland to crustal assimilation processes.  
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In Table V.4, we provide a quantitative estimate of contributions from the three 

endmembers to the total carbon inventory for the 28 Iceland gas samples which can be 

resolved using a 3-component mixing model. In the WRZ, 14 of 20 gas samples can be 

explained in this way, with mantle and limestone-derived carbon serving as the principal 

contributors to the carbon budget in all cases, typically representing (> 90% of the total). The 

highest mantle CO2 contributions (~64 %) were measured in borehole samples of Svartsengi, a 

locality marked by moderately high 3He/4He value (~14.5 RA; Füri et al., 2010). Neither of the 

two ERZ samples can be explained by 3-component mixing. In contrast, all 13 NRZ gas 

samples (Þeystareykir is not considered due to calcite precipitation) can be explained by 3-

component mixing. Limestone-derived carbon is the principal contributor to the carbon 

budget, typically representing ~ 75% of the total. The highest mantle CO2 contribution (~ 34 

%) found in the NRZ was measured in a fumarole at Krafla. Notably, Krafla has a 3He/4He 

value of ~8.4 RA (Füri et al., 2010), which is consistent will lower 3He/4He values typically 

found in the NRZ 
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Table V.4: Proportions of mantle (M) vs. sedimentary (S) vs. limestone (L) carbon 
contribution to each sample. 

Sample Locality %M %L %S 

WRZ (n=14)    

Nesjavellir (Bubbling pool) 11.6 74.5 13.9 

Nesjavellir (Bubbling pool) 17.9 76.2 6.0 

Svartsengi (Borehole HSH11) 64.9 30.7 4.4 

Svartsengi (Borehole HSH11) 62.1 36.3 1.6 

Reykjanes (Fumarole) 59.9 37.8 2.4 

Krísuvík (Fumarole) 23.5 68.6 7.9 

Krísuvík (Fumarole)* 75.8 22.5 1.7 

Krísuvík (Bubbling pool) 9.4 78.0 12.7 

Krísuvík (Bubbling pool) 20.9 70.3 8.8 

Hengill (Bubbling pool) 24.0 66.4 9.6 

Hengill (Bubbling pool) 12.1 74.9 13.0 

Hengill (Fumarole) 16.0 76.1 7.9 

Kerlingafjöll (Bubbling pool) 26.9 63.6 9.5 

Hveragerði (Fumarole) 50.8 49.1 0.1 

       

ERZ (n=1)       

Landmannalaugar (Fumarole)* 34.4 60.7 5.0 

       

NRZ (n=13)       

Krafla (Borehole 20) 20.3 68.4 11.3 

Krafla (Borehole 20) 25.1 61.1 13.8 

Krafla (Borehole 13) 26.3 72.0 1.7 

Krafla (Borehole 13) 16.4 81.5 2.2 

Krafla (Fumarole) 34.1 56.4 9.5 

Krafla (Mud pot) 21.8 65.5 12.7 

Krafla (Fumarole) 5.4 87.3 7.3 

Námafjall (Mud pot) 6.4 76.9 16.7 

Námafjall (Fumarole) 11.4 73.4 15.3 

Askja, Viti crater (Bubbling pool) 11.0 78.8 10.3 

Askja, Viti crater (Bubbling pool) 10.6 77.0 12.4 

Kverkfjöll (Mud pot) 12.9 80.9 6.2 

Kverkfjöll (Mud pot) 2.9 90.9 6.2 

       

SNVZ (n=2)       

Lýsuhóll (Borehole) 41.3 42.8 15.8 

Lýsuhóll (Borehole) 41.5 44.5 14.0 
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a Sample Phase: G = Gas. 

b Assuming δ13C values of -4.5‰, 0‰ and -30‰ (relative to VPDB) with corresponding 

CO2/3He ratios of 1 × 109, 1 × 1013 and. 1 × 1013 for mantle, limestone and sediments.  

* Samples are considered to be contaminated by air-derived helium (i.e., X< 5) or addition of 

radiogenic helium (see Füri et al., 2010). 
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(Poreda et al., 1992; Macpherson et al., 2005a). Both SNVZ gas samples can be explained by 

3-component mixing, with mantle plus limestone-derived carbon contributions of ~ 85% of 

the total. The single SISZ sample considered (Hæðarendi) falls just outside of the 3-

component ternary plot. Together, these results suggest that mantle δ13C and He-CO2 values 

are modified by various physiochemical fractionation processes but also strongly influenced 

by crustal assimilation within the Icelandic crust.  

In conclusion, we have identified a number of secondary processes – occurring at 

various levels in the Icelandic crust – which can act to modify intrinsic carbon characteristics. 

Magma degassing prior to volatile interaction with the hydrothermal system appears to be a 

minor factor. Within the hydrothermal system, several HT axial rift zone samples (e.g., ERZ) 

appear to be modified by hydrothermal phase separation. In contrast, off-axis LT samples 

appear to be most significantly affected by calcite precipitation. In general, gas phase samples 

retain their source signatures more effectively than fluid phase samples and thus can be used 

to calculate relative mantle and crustal inputs. Using this quantitative approach we estimate 

that ~85 % of CO2 is mantle and/or limestone derived, and show that almost all Icelandic 

gases require a crustal carbon contribution. 

 

V.6.2 CO2 Evolution of Basaltic Magmas 

Magma hosts CO2 in two forms: (1) CO2 dissolved in the melt and/or (2) CO2 

exsolved into the vapor phase. By investigating both the dissolved (glass-matrix) and vapor 

(vesicle) phases, it is possible to constrain the degassing history of individual Icelandic 

magma batches, identify crustal assimilation processes and ultimately estimate intrinsic carbon 

characteristics (isotope and abundance) of the underlying mantle source. Measured carbon 
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signatures result from primary mantle source features, which could have been modified by 

secondary processes such as degassing and crustal assimilation. The degassing or loss of CO2 

from a basaltic magma can potentially lower both CO2/3He (Hilton et al., 1998a) and δ13C 

values (Javoy et al., 1978) in the residual dissolved phase. In addition, crustal assimilation 

and/or contamination can further modify source features due to mixing with isotopically 

distinct crustal components. Thus, before primary basalt carbon characteristics can be 

identified, the effects of the aforementioned modification processes need to be evaluated.  

 

V.6.2.1 Dissolved volatiles: isotopic evolution of dissolved CO2 

The solubility of CO2 in basaltic melts is pressure-dependent and, as a result, samples 

erupted under greater confining pressures (e.g., thick glacial cover) retain higher proportions 

of their primary CO2 inventory. During magma ascent, CO2 is degassed from the melt 

(Bottinga and Javoy, 1989) and due to the lower solubility of CO2 compared to other major 

volatiles (e.g. H2O), it forms the principal constituent of the vapor-phase in basaltic melts 

(Delaney et al. 1978; Moore et al. 1977; Mysen et al. 1975; Stolper and Holloway 1988) and 

serves as a carrier gas for other volatile species (e.g., the noble gases). Such gas loss will lead 

to isotopic exchange between CO2 partitioned between the vapor phase (e.g., vesicles = CO2
v) 

and residual CO2 (e.g., dissolved= CO2
d) in the magma (Pineau et al., 1976; Javoy et al., 

1978). As a result, variations in CO2 content and δ13C values can be used to constrain the 

extent of degassing within a given magmatic system.  

Degassing of CO2 can occur in either an open or closed system mode (Dixon and 

Stolper, 1995; Gerlach and Taylor, 1990) or as a combination (two-stage) of both processes 

(Gerlach and Taylor, 1990; Macpherson and Mattey, 1994; Shaw et al., 2004; Macpherson et 
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al., 2005b). In a closed system, batch equilibrium degassing (BED) occurs, whereby vesicles 

form in a rising melt and subsequently stay in contact with the melt, thereby facilitating 

continuous isotopic exchange (Macpherson and Mattey, 1994). In contrast, Rayleigh (open 

system) distillation or fractional equilibrium degassing (FED) takes place when vesicles form 

in equilibrium with the surrounding melt, but as degassing progresses, they are removed due 

to the open nature of the system. The extent to which 13C fractionates from 12C is dependent 

on the fractionation factor (i.e., ∆-values ) between CO2 dissolved as carbonate ions in basaltic 

melt (Fine and Stopler, 1986) and free CO2 in the vapor phase. Experimentally determined ∆-

values (= δ13Cv - δ13Cd) range from +2.3 to +4.6 ‰ (Javoy et al. 1978; Mattey 1991) and 

predict lower δ13C values in dissolved CO2 relative to the exsolved (vesicle) phase. 

In this study approximately half of δ13Cd > δ13Cv and, as a result, half of ∆-values (= 

δ13Cv - δ13Cd) are negative, indicating that CO2
v is not in equilibrium with CO2

d, and therefore 

equilibrium degassing conditions may not adequately describe all gas loss from the system. 

Alternatively, it is possible that gases are derived from magma degassing from elsewhere 

within the magmatic system (Shaw et al., 2004; Hahm et al., 2012) and/or that δ13C values are 

modified by assimilation with an isotopically distinct crustal component. If we assume 

equilibrium degassing can most accurately describe gas loss, then the minimum δ13C value 

attainable in a BED system is equal to the δ13Cinitial – the fractionation factor (Δvapor-melt), 

whereas in a FED system any δ13C value is possible. Consequently, dissolved δ13C values in 

magmas that experienced FED degassing are typically more fractionated (i.e., isotopically 

lower) for a given degree of gas loss compared to those constrained by BED degassing 

(Macpherson and Mattey, 1994). By considering the residual carbon contents and carbon 

isotope signatures of basalts, we can model the degassing evolution of basalts and estimate 

initial mantle starting compositions. 
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V.6.2.2 Equilibrium Degassing Modeling  

Using an equilibrium degassing model (after Macpherson and Mattey, 1994), the 

initial mantle carbon characteristics (e.g., CO2 contents and δ13C values) of Iceland subglacial 

basalts are estimated. Importantly, this type of model assumes: 1) samples are derived from a 

distinct parental melt composition, 2) a common fractionation factor (Δ vapor-melt) of ~ 4.2 

(defined by FED trajectory) is appropriate for all samples, 3) degassing (FED and/or BED) is 

solely responsible for all δ13C 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 combination (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; Thirwall et al., 2004; Füri et al., 2010), basalt CO2 may 

not be characterized by a single source composition, as was assumed for previous studies, 

which employed this type of degassing model (Macpherson and Mattey, 1994; Shaw et al., 

2004; Macpherson et al., 2005b). In order to circumvent this potential problem, CO2 estimates 

are made for individual rift zone segments (i.e., WRZ, ERZ, NRZ; Figures V.8a-c) as well as 

for Iceland as a whole (Figures V.8d-e). In this way, we evaluate if the CO2 (isotope and 

concentration) characteristics of Iceland basalts can be best explained by degassing of a 

homogenous pre-eruptive melt. 

Initial CO2 contents and δ13C values of the magma source prior to degassing are 

estimated using the following equations (after Macpherson and Mattey, 1994): 

 

δrBED = δp − △(1 − (CrBED/Cp))      (2) 
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δrFED = δp + △(ln(CrFED/Cp))       (3) 

 

where δrBED and δrFED represent the isotopic composition (δ13C) of CO2 remaining dissolved 

in the melt following BED and FED, CrBED and CrFED are the residual concentrations of 

CO2 for BED and FED, Cp and δp represent the primary (initial) concentration and isotopic 

composition of CO2 dissolved in the melt prior to BED and FED, and △ = δ13Cvapor – 

δ13Cmelt, which is calculated for each individual rift zone. Due to the fact that one 

δr corresponds to two residual CO2 concentrations (CrBED and CrFED) for the two types of 

degassing (BED and FED), the two above equations can be combined: 

 

lnCp + (CrBED/Cp) = 1 + lnCrFED       (4)  

 

and Cp can then be calculated using CrBED and CrFED values corresponding to two different 

residual isotopic compositions (δr1 and δr2), using: 

 

Cp = (CrBED1 − CrBED2)/ln(CrFED1/ CrFED2)      (5) 

 

Using this approach, we address whether there is evidence of CO2 heterogeneity in 

primary melts (prior to degassing) between the various neovolcanic rift zones of Iceland. 
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We begin by considering WRZ samples only, where CO2 characteristics were determined in 

17 basaltic glasses and display a wide range in δ13Cd and CO2
d content (Table V.2). A 

fractionation factor of (Δ=) ~4.3 was determined for the WRZ by calculating the slope of a 

best fit regression line through samples SKARD-1 and MID-3, which are considered to 

represent a FED trajectory (see Figure V.8a). We then selected samples A-9 (CrBED
1 = 42.1 

ppm, δr
1 = −6.9 ‰) and MAE-1 (CrBED

2 = 13.3 ppm, δ r
2 = −7.5‰), which follow a BED 

trajectory and calculated CrFED1 and CrFED2 using the FED regression line (δr = 4.30 

ln(CrFED) – 27.92), that defines the Δ-value for both the BED and FED trajectories. With 

CrBED1 & CrFED1 and CrBED2 & CrFED2, we are able to estimate Cp using Equation (5) and 

δpBED1, δpBED2, δpFED1, and δpFED2 using Equations (2) and (3), respectively. The 

estimated CO2 composition of pre-eruptive melt is (Cp) = 206 ± 24 ppm, with a corresponding 

average δp = -4.2 ± 0.9 ‰ (i.e., average and standard deviation of δpBED1, δpBED2, δpFED1, 

and δpFED2). The degree of uncertainty associated with the Cp estimate is approximated by 

considering that the overall precision associated with δ13C isotopic measurements of 

individual samples 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 δr = 4.30 

ln(CrFED) -27.92 and thus the Δ-value, then the lower extreme of Δ = 4.3-0.5 = 3.8 ‰ and 

produces a Cp value of 182 ppm whereas the higher estimate  of Δ = 4.3+0.5 = 4.8 ‰ yields a 

Cp estimate of 230 ppm. Therefore, we estimate the uncertainty on Cp for the WRZ at ± 24 

ppm (i.e., ~12%). The fact that all empirically derived FED trajectories have a slope of ~3.9-

4.3 ‰ results in ~12-13 % uncertainties on all Cp estimates for the individual rift segments.   
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Figure V.8: Carbon-isotopes (δ13C) as a function of dissolved CO2 content (ppm) in basalts of 
the various volcanic zones of Iceland: 8a = WRZ; 8b = NRZ; 8c = ERZ; 8d and 8e = All 
Iceland data. Calculated BED and FED mixing trajectories (solid line) are superimposed over 
CO2 data. Figure V.8e also contains a CAFED (dashed line) which considers assimilation of 
isotopically light carbon in concert with FED.  
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Figure V.8 continued 
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Figure V.8 continued 
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Figure V.8 continued 
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Figure V.8 continued 

 

In addition, we identify three samples (MID-2, REY-1, A6; circled in Figure V.8a) 

that fall well below the FED trajectory and therefore cannot be explained by degassing 

fractionation alone (Figure V.8a). Notably, all three of these samples display δ13C values 

lower than -20 ‰ and have higher than expected CO2 contents considering their extreme δ13C 

values, suggesting assimilation of an isotopically low δ13C component and possibly crustal 

emplacement. Similar observations are made in the NRZ and ERZ (circled values – Figures 

V.8b and V.8c) and possible assimilation processes are addressed in section 5.3.3. In contrast 

to isotopically low samples, one sample (NES-1) stands alone with high δ13C plotting above 

the BED line (Figure V.8a). As a result, Cp cannot be determined analytically as described 
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above for this particular sample, but could be approximated using a graphical approach. 

However, if we assume that degassing is sufficiently advanced (>80%) so that the change in 

δ13C from the initial value is approximately equal to Δ (+4.3 ‰) 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 the other values in this study. Alternatively, high δ13C 

values result from crustal assimilation of a 13C enriched endmember in the magma chamber. 

Notably, most basalts that fall outside of the mixing envelope defined by BED and FED 

trajectories are affected by an isotopically light (organic/sedimentary), and presumably deep 

carbon component, whereas geothermal fluids and gases are mostly modified by a relatively 

13C enriched (limestone) component, presumably in shallower regions of the crust (see Section 

5.1.4).  

Estimating pre-eruptive CO2 source compositions from the two remaining neovolcanic 

rift zones is more complicated due to the lack of a clearly defined BED trajectory in the case 

of the NRZ (Figure V.8b) and a FED trajectory in the case of the ERZ (Figure V.8c). As a 

result, Cp cannot be determined analytically as described above (e.g., WRZ), but can only 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 (Δ =) ~3.9 ‰.  However, no clear BED trend exists and therefore we 

estimate starting values using just one sample NAL-828 (CrBED = 30.3 ppm, δr = −5.1 ‰). 

Again, if we assume that degassing is sufficiently advanced (>80%), as it is in the majority of 

Iceland basalts, the change in δ13C from the initial value is ~3 ‰ and therefore NRZ samples 

would require starting compositions of Cp = 550 ± 66 ppm and δp = -2.0 ± 1.0 ‰ respectively 

(Figure V.8b). As in the WRZ, three samples plot well below the FED trajectory and require 

crustal assimilation to explain their extreme values. 
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In the ERZ there is no clearly defined FED trajectory, so we use an average Δ-value 

(from WRZ and NRZ) of +4.1 ‰. We then select ERZ samples A22 (CrBED1 = 64.0 

ppm, δr
1 = −7.1 ‰) and A13 (CrBED2 = 27.8 ppm, δ r

2 = −7.5‰) which follow a BED 

trajectory and calculate CrFED1 and CrFED2. With CrBED1 & CrFED1 and CrBED2 & CrFED2, 

we are able to estimate Cp using Equation (5) and δpBED1, δpBED2, δpFED1, and δpFED2 using 

Equations (2) and (3), respectively. The estimated CO2 composition of pre-eruptive melt is 

(Cp) = 371 ± 45 ppm, with a corresponding average δp = -3.7 ± 1.0 ‰ (Figure V.8c). Notably, 

one ERZ sample falls well below the FED trajectory. We caution that source estimates for 

NRZ and ERZ samples are obtained using a graphical approach and are therefore highly 

model dependent.   

By combining carbon data (n=47) from all three neovolcanic rift zones as well as from 

the SNVZ and SIVZ, we can analytically estimate pre-eruptive CO2 source estimates for 

Iceland as a whole (Figure V.8d). 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 factor of (Δ =) ~4.2 ‰ was determined by 

calculating the slope of a best fit regression line (δr = 4.19 ln(CrFED) – 27.87) (see Figure 

V.8d) through these (n=7) samples. We then selected ERZ sample A-22 (CrBED1 = 64.0 

ppm, δr
1 = −7.1 ‰) and WRZ sample MAE-1 (CrBED2 = 13.3 ppm, δ r

2 = −7.5‰) which 

follow a BED trajectory and calculated CrFED1 and CrFED2 using the FED regression line. 

With CrBED1 & CrFED1 and CrBED2 & CrFED2, we are able to estimate Cp using Equation (5) 

and δpBED1, δpBED2, δpFED1, and δpFED2 using Equations (2) and (3), respectively. The 

estimated CO2 composition of pre-eruptive melt is (Cp) = 531 ± 64 ppm, with a corresponding 

average δp = -2.5 ± 1.1 ‰ (i.e., average of δpBED1, δpBED2, δpFED1, and δpFED2) (Table V.5). 

Notably, this estimate (~531 ± 64 ppm) is in excellent agreement with CO2 concentration 

estimates for the E-MORB source (519 ppm; Marty, 2012) and slightly higher than estimates 
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from the adjacent Reykjanes and Kolbeinsey ridges where de Leeuw (2007) reported Cp and 

δp values of 396 ppm and -3.9 ‰ for the a Reykjanes Ridge and Macpherson et al. (2005b) 

reported Cp and δp values of 400 ± 100 ppm and -6 ± 1 ‰ for the Kolbeinsey Ridge. 

Pre-eruptive carbon estimates of Icelandic basalts reveal several interesting features: 

1) CO2 source estimates increase from the WRZ (206 ± 24 ppm) to the ERZ (371 ± 45 ppm) 

and reach a maximum in the NRZ (550 ± 66 ppm), which is consistent with the transition from 

primitive ‘solar-like’ He-Ne characteristics in central and southern Iceland (Füri et al., 2010) 

to more MORB like characteristics in the north. 2) Source estimates (Cp =531 ± 64 ppm) are 

in good agreement with previous estimates for E-MORB (519 ppm; Marty, 2012) and slightly 

higher than estimates of ~400 ppm from the adjacent Reykjanes and Kolbeinsey ridges. 3) the 

δp (= -2.5 ± 1.1 ‰) estimate for all of the neovolcanic zone samples is similar to the average 

geothermal value of -3.1 ± 1.9 ‰ reported in section 4.1.1 – suggesting that geothermal 

carbon isotopes closely resemble the primary mantle composition of Iceland.
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Table V.5: Calculations of CO2 in pre-eruptive melts. 

 CrBED1 (MAE-1) CrBED2 (A-22) CP δP 

δr (‰) -7.5 -7.1 531c -3.4d 

CrBED (ppm) 13.3 64.0  -3.4e 

CrFED (ppm) 128.9a 141.8b  -1.6f 

    -1.6g 

 

aCalculated from δr
1 and the regression line (FED trajectory). 

bCalculated from δr
2 and the regression line (FED trajectory). 

cCalculated from Eq. (5). 
dCalculated from Eq. (2) using δr

1 and CrBED1. 
eCalculated from Eq. (2) using δr

2 and CrBED2. 

fCalculated from Eq. (3) using δr
1 and CrFED1. 

gCalculated from Eq. (3) using δr
2 and CrFED.
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V.6.3.3 Coupled assimilation and fractional equilibrium degassing 

Figures V.8 (a-d) demonstrate that most samples can be bracketed between BED and 

FED degassing trajectories and, as a result, the majority of Iceland CO2 data are 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 substantially lower δ13C values 

compared to samples with similar CO2 contents. While it is possible that the low δ13C 

represents post-eruptive contamination on glass surfaces, every precaution was taken in 

cleaning these glasses prior to stepped-heating analysis. Also, this contaminant is observed in 

the dissolved phase and therefore, we consider this an unlikely possibility. Alternatively, these 

glasses may be derived from magma with a distinctively lower initial δ13C value than the 

remainder of the Icelandic suite. However, no other geochemical feature of these samples 

suggests that they were derived from a source different from the rest of the Icelandic basalts 

(Füri et al., 2010) and, furthermore, low δ13C values are observed in all three axial rift zones. 

Therefore, the most likely explanation for these data is that they were derived from similar 

pre-eruptive magma as other Icelandic melts but acquired low δ13C during interaction with the 

crust. Similar assimilation processes have been observed in the adjacent Kolbeinsey Ridge 

(Macpherson et al., 2005b). The lack of more samples with extremely low δ13C suggests that 

most magma escaped interaction with isotopically low δ13C (organic/sedimentary-derived) 

crust. Alternatively, the isotopic composition of the wall rock may have been magma-like with 

respect to δ13C and thus any modification to the isotopic composition of the magma was 

negligible.  

In order to simulate the concurrent processes of degassing and wall rock assimilation 

we adopt the methods of Macpherson et al. (2010) and construct a coupled assimilation and 

fractional equilibrium degassing (CAFED) model in which FED occurs in increments of 1%, 
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followed by assimilation with a contaminant CO2 = 50-500 ppm and δ13C = -30 ‰. FED was 

selected due to the longer storage and eruption times associated with open system degassing 

which should promote interaction between melts and contaminants. Similarly to the 3-

component mixing model (Sano and Marty, 1995) employed in section 5.1.4 to explain crustal 

contamination in gas samples, this model also assumes that the thick Icelandic crust is 

heterogeneous and likely stratified with respect to carbon speciation and carbon isotopes. In 

addition, average CO2 contents of ~500 ppm were measured in altered basalts from these drill 

cores (Flower et al., 1982). We postulate that low δ13C organic signatures in crustal wall rocks 

result from either deep hydrothermal circulation of organic material (Lang et al., 2006) and/or 

biological activity during mineralization (Thorseth et al., 1992; Fisk et al., 2003). Figure V.8e 

illustrates that all of the (n=8) extremely low δ13C samples could be explained by CAFED 

(dashed lines) with CO2 = 50-500 ppm and δ13C = -30. This type of model illustrates that 

crustal interaction with melt can generate extremely low δ13C values. 

 

V.6.3.4 Vesicle CO2 and the elemental fractionation  

In addition to the new CO2 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 (Füri et al., 2010). By combining these two data sets, we calculate 

volatile ratios (i.e., CO2/3He and CO2/Ar*), which when combined with previously reported 

4He/40Ar* ratios (Füri et al., 2010) may potentially reveal further useful information about the 

degassing histories of the magmas.  

The extent of degassing can be approximated by the 4He/40Ar* ratio (Marty and 

Tolstikhin, 1998); where 4He is produced by the radioactive decay of U and Th, and 40Ar* is 
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produced by the decay of 40K. Based on known upper mantle K/U (Jochum et al., 1983) and 

Th/U (Allègre et al. 1986; O'Nions and McKenzie, 1993) ratios, a 4He/40Ar* production ratio 

of ~2 (Jambon et al., 1986) is assumed. In basaltic magmas, helium is more soluble than Ar 

(SHe/SAr = 9.5; Jambon et al., 1986), therefore residual 4He/40Ar* values should increase with 

increased degassing. For the present sampling suite, Füri et al (2010) showed that low 3He/4He 

ratios are not coupled with low helium concentrations, suggesting that crustal contamination 

has a negligible effect on He-isotopes (Hilton et al., 1993; Hilton et al., 1995; Macpherson et 

al., 1998, 2005a; Füri et al., 2010) and that 4He/40Ar* should reflect only the effects of 

degassing. Measured 4He/40Ar* ratios in several Icelandic basalts are typically higher than the 

mantle production ratio as a result of preferential loss of Ar. 

Having identified samples that have been modified by both degassing and crustal 

assimilation processes in the previous section, we now plot (Figure V.9a-c) elemental ratios of 

vesicle-sited volatiles (4He, 40Ar* and CO2) in order to highlight elemental fractionation that 

occurs during vesicle formation due to relative solubility differences (i.e., SHe = 6.4 × 10−4 cm3 

STP/g, SCO2 = 2.7 × 10−4 cm3 STP/g, and SAr = 6.8 × 10−5 cm3 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., 2001a) between species. We begin by assuming that WRZ 

sample MID-3 (4He/40Ar* = 2.1; CO2/40Ar = 6.0 × 104; CO2/3He = 1.4 × 109) 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 5.3.3) which indicates 

that it has undergone little modification. Füri et al. (2010) also used samples from the Miðfell 

region to approximate the undegassed mantle source using He-Ne-Ar isotope characteristics. 

Both BED and FED trajectories are then plotted from this presumed starting composition. 

Relative solubility differences between elements leads to increases in 4He/40Ar*and 
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CO2/40Ar* and a decrease in CO2/3He in the residual phase as degassing progresses. As seen in 

all three sub-plots of Figure V.9, BED and FED degassing trajectories provide a reasonable fit 

to just a small proportion of samples and thus an additional process must be considered. For 

example, we identify several samples with distinctly high CO2/3He values, accompanied by 

relatively low 4He/40Ar* values (Figure V.9a). Such high CO2/3He values cannot be produced 

by degassing alone; as such a process would require unrealistically high starting CO2/3He 

values or volatile solubilities that are drastically different than experimentally-derived values. 

Alternatively, assimilation of crustal material (CO2/3He = 1 × 1011 – 1 × 1013, 4He/40Ar* = 2) 

could provide a mechanism to produce the observed variations. An addition such as this would 

be consistent with assimilation of 13C-depleted wall rock CO2 into the melt during transfer to 

the surface and would likely occur concurrently with degassing. The methods of Macpherson 

et al (2010) can be used to construct a CAFED type model. 
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Figure V.9: Elemental ratios for vesicle derived gases from Iceland’s neovolcanic axial rift 
zones. 9a = CO2/3He vs. 4He/40Ar*; 9b – CO2/Ar* vs. CO2/3He; 9c – 4He/40Ar* vs. CO2/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. The CAFED assumes 1% degassing increments from a given starting composition 
(e.g., MID-3), followed by addition of contaminant. CO2/3He and CO2/Ar* values of the 
crustal contaminant are assumed to be enriched by a factor of ~100-10,000 and the ratio of 
assimilated CO2 to degassed CO2 is assumed to be the same as the enrichment factor. 
Following the assimilation step, the degassing step is repeated from the new starting 
composition. 
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Figure V.9 continued 
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As in section V.6.3.3, the CAFED model assumes FED of CO2 in 1% increments from 

a given starting composition (e.g., MID-3), followed by addition of contaminant. CO2/3He and 

CO2/Ar* values of the crustal contaminant are assumed to be enriched by a factor of ~102-104, 

which is consistent with their crustal provenance (e.g., CO2/3He = 1 × 1011 – 1 × 1013; O’Nions 

and Oxburgh, 1988). The ratio of assimilated CO2 to degassed CO2 is assumed to be the same 

as the enrichment factor. Following assimilation, the degassing step is repeated from the new 

starting composition.  

The results of this model are plotted as dashed lines in Figures V.9a-c. We conclude 

that CAFED is necessary to explain the majority of Iceland samples and suggest that wall rock 

assimilation is an important control on the volatile systematics of Iceland. However, this 

approach does not account for several low (vesicle) CO2/3He 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. For example, if 

the source melt were characterized by WRZ sample VIF-1 (4He/40Ar* = 1.2, CO2/40Ar* = 1.5 

× 104, CO2/3He = 6.7 × 108) then the majority of remaining samples could be explained by 

FED-BED (solid lines labeled FED-2 & BED-2) and CAFED processes. The overwhelming 

empirical evidence suggests that CO2/3He values are greater than typical MORB-like values (2 

± 1 × 109) in plume derived samples (Trull et al., 1993, Marty and Tolstikhin, 1998, Shaw et 

al., 2004) and thus we find this scenario unlikely.  

Alternatively, Hahm et al. (2012) suggested that selective assimilation of pure CO2 by 

the largest vesicles in the magma could provide the mechanism to produce lower CO2/3He 

(and CO2/40Ar*) values with minimal modification to 4He/40Ar ratios. Furthermore, these same 

authors suggested that the origin(s) of vesicle-sited volatiles are complicated by open system 

conditions, which could result in different populations of vesicles becoming trapped together 

within a given basaltic sample (Hahm et al., 2012). 
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In summary, the elemental characteristics of vesicle-sited CO2 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 CO2 can occur, 

most likely due to wall rock interaction. 

 

V.6.4 CO2 Flux Estimates 

Having identified intrinsic CO2 characteristics of Icelandic fluids/gases (Section 5.2) 

and subglacial basalts (Section 5.3), we are now able to estimate the total CO2 output from 

Icelandic magmatic systems. CO2 fluxes are estimated using three different approaches: (1) 

combining 3He flux estimates from Iceland (Hilton et al., 1998b) with measured CO2/3He 

values (this study); (2) estimating initial CO2 contents of basalts (this study) and combining 

these data with magma production rates for Iceland (Schilling, 1978, Crisp, 1984; White et al., 

1993; Armannsson et al., 2005), and (3) by combining fluid flow rates with measured CO2 

contents in fluids (this study). These estimates are then compared to previous estimates of CO2 

output from Iceland, determined by integrating steam flow rates with CO2 concentrations in 

high temperature steam fields (Armannsson et al., 2005; Fridricksson et al., 2006) and fluid 

flow rates at individual volcanic centers (Gislason, 1992; Agustsdottir and Brantley, 1994; 

Gislason, 2000). All CO2 flux estimates are tabulated and compared to other 

volcanic/geothermal areas, and global rift zones (Table V.6). 

The 3He flux at mid ocean ridges (MOR) was first estimated by Craig et al. (1975), 

who measured relative 3He enrichments in seawater around MOR-crests and estimated a 3He 

flux (~1000 mol a-1) from the Earth's mantle. By combining 3He flux estimates with measured
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CO2/3He values from individual rift segments, CO2 fluxes have been quantified in various 

global rift segments (Marty et al., 1987; Marty and Tolstikhin, 1998). However, more recent 

estimates (Farley et al., 1995; Saal et al., 2002; Bianchi et al., 2010) suggest that 3He fluxes 

may be overestimated by a factor of ~2 and, as a result, previous global ridge CO2 flux 

estimates (Marty and Tolstikhin, 1998) are considered upper estimates. In this contribution, 

we report CO2/3He values from both geothermal manifestations and subglacial basalts of 

Iceland, both of which can be combined with 3He fluxes from Iceland to estimate CO2 fluxes. 

In section 5.1 we showed that CO2/3He values measured in fluids and off-axis gas 

samples were extensively modified and therefore only (n=37) on-axis gas samples (mean 

CO2/3He = 5.9 ± 6.3 × 109) are considered appropriate for estimating CO2 fluxes. In contrast, 

all on-axis basalt (n=43) CO2/3He values (mean CO2/3He = 24 ± 99 × 109) are considered 

appropriate to approximate the source. However, CO2/3He variability in basalts is attributed to 

degassing and/or CAFED, 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 the raw data by assuming that Ar loss follows a 

Raleigh distillation (Marty, 1995). In this way any degassing fractionation effect between two 

volatiles can be scaled to the 4He/40Ar* ratio. Using this approach, we calculate the initial 

CO2/3He ratio according to: 

 

(CO2/3He)initial = (CO2/3He)obs × [(4He/40Ar*)obs / (4He/40Ar*)initial] ^ [1-(SHe/SCO2)/ 1-(SHe/SAr)] 

          (5) 
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As degassing increases, residual 4He/40Ar* and CO2/3He values decrease (Marty and 

Tolstikhin, 1998; Hilton et al., 1998a). Consequently, the average measured CO2/3He value of 

Icelandic basalts of 24 ± 99 × 109 can be corrected to a mean starting value of  ~35 ± 140 × 

109 (Table V.2). More importantly however, we only consider samples that have not been 

extensively modified by crustal assimilation. In the previous section we identified several 

(n=7) on-axis basalt samples suspected to be modified by assimilation (CAFED) with an 

isotopically low δ13C crustal component – marked by relatively high CO2/3He values (1-100 × 

1011). Mixing with such a high CO2/3He contaminant will drastically counteract the effects of 

degassing and increase measured CO2/3He values markedly. By using extreme carbon isotope 

values as a metric for extent of crustal modification (Figure V.8e; circled samples), we can 

identify and selectively remove (n=7) samples which have been largely affected by crustal 

assimilation and thus only consider the remaining on-axis samples to be representative of the 

source composition. Using this approach, an average CO2/3He value of 7.9 ± 12 × 109 can be 

calculated for the remaining basalts, which is in good agreement the average value 5.9 ± 6.3 × 

109 reported here for selected (n=37) gas phase samples, as well as previous CO2/3He 

estimates (Poreda et al., 1992) from CO2-rich, HT, fluids from the axial rift zones of Iceland.  

Average filtered gas and basalt CO2/3He values can then be combined with an 

estimated 3He flux of ~11 mol a-1 from Iceland (Hilton et al., 1998b) to estimate a CO2 flux of 

~7-9 × 1010 mol a-1. Notably, this 3He flux estimate assumes a crustal production estimate of 

0.064 km3 a-1 (Schilling, 1978; Crisp, 1984; Hilton et al., 1990; Hilton et al., 1998b; 

Thordarson and Höskuldsson, 2008). 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 2 cm a-1 (Bjornsson, 1985) and an 

average crustal thickness of ~20 km (Bjarnason et al., 1993), then we calculate a crustal 
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production rate of ~0.22 km3 a-1 which is in agreement with other estimates (White et al., 

1993; Armannsson et al., 2005). By adopting higher crustal production rates, we then estimate 

a significantly larger CO2 flux of ~23 × 1010 mol a-1. This latter value represents ~ 10 % of the 

global ridge flux (Marty and Tolstikhin, 1998). For 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 coupled with elevated CO2 contents in the Icelandic mantle 

source can potentially result in large CO2 fluxes relative to global ridge averages. 

The second approach to estimating the mantle CO2 flux involves combining the 

mantle CO2 source estimate for all of Iceland (531 ± 64 ppm), calculated in section 5.2, with 

magma production rate between 0.064 and 0.22 km3 a-1 (Hilton et al., 1990; White et al., 1993; 

Armannsson et al., 2005) and ~12% partial melting, which is considered a good 

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 incompatible (Bottinga and Javoy, 1990) and thus passes into the melt 

phase, and is quantitatively degassed from basaltic melt during magma ascent. Using this 

approach, we calculate a CO2 flux between 2-7 (× 1010 mol a-1), which represents 1-3 % of the 

global ridge flux (Marty and Tolstikhin, 1998). In addition, by combining CO2 source 

estimates (section 5.2.2) for the individual rift segments (WRZ = 206 ± 24 ppm; ERZ = 371 ± 

45 ppm; NRZ = 550 ± 66 ppm) with crustal production rates (scaled to rift segment length; 

WRZ = ~210 km, ERZ = ~140 km, NRZ = ~200 km), we can estimate CO2 output from the 

individual rift zones. In this way a range of values from 0.8 to 2.6 × 1010 mol a-1 are calculated 

for the WRZ, 0.5 to 1.8 × 1010 mol a-1 for the ERZ and 0.7 to 2.5 × 1010 mol a-1 for the NRZ.  
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Finally, measured geothermal fluid CO2 contents (TDIC) can be combined with estimated 

regional fluid discharge rates (Heng, 2004) to make a first order estimate of CO2 fluxes from 

Iceland via geothermal discharges. Notably, 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 CO2 

fluxes. In addition, several fluid samples were collected in LT off-axis portions of the crust 

(i.e., SISZ and Vestfirðir), however these samples are substantially modified by calcite 

precipitation (section 5.1.3) and, as a result, have almost certainly lost much of their primary 

CO2, as is evident by their low CO2 contents (typically < 1 mmole/kg H2O). Using an average 

CO2 content of ~2.84 mmole/kg H2O measured at Köldukvíslabotnar (ERZ), and previously 

published fluid flow estimates of ~1000-2000 l/s (Heng, 2004) for the Köldukvíslabotnar 

region, we calculate a CO2 flux of 0.9-1.8 × 108 mola-1for this segment of the ERZ. 

Unfortunately, published fluid flow estimates are not available for the remainder of the ERZ 

and thus CO2 flux estimates cannot be directly determined for the individual localities. 

However, if we assume that fluid discharge rates are relatively constant throughout the ERZ, 

we can calculate CO2 outputs between 0.6-1.2 × 108 mol a-1 for Landmannalaugar and 1.7-3.5 

× 108 mol a-1 for the Vonarskarð region. Significantly, estimates of CO2 provenance (section 

5.1.4) indicate that ~ 34% of CO2 in Landmannalaugar (ERZ) is mantle derived and thus these 

estimates may overestimate the mantle contribution.  

We compare our three estimates with available CO2 flux estimates for Iceland – 

calculated previously by integrating fluid and steam fluxes with measured CO2 contents. In 

total, CO2 flux estimates have been calculated for 4 of ~40 volcanic and geothermal systems 

of Iceland (Armannsson et al., 2005): Hekla (Gislason et al., 1992), Grímsvötn (Agustsdottir 

and Brantley, 1994), Eyjafjallajökull (Gislason, 2000), and Reykjanes (Kristjansson et al., 

2004; Fridriksson et al., 2006). At Grímsvötn and Eyjafjallajökull, [CO2] was measured in 

subglacial calderas where magmatic CO2 is dissolved in glacial melt-water. During subsequent 
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catastrophic flooding events (i.e., jökulhlaups) flowrates were measured and combined with 

[CO2] in order to estimate CO2 fluxes. Notably, Grímsvötn is one of the largest and the most 

active volcanic system in Iceland, and thus the CO2 flux (~44 × 108 mol a-1; Agustsdottir and 

Brantley, 1994) is approximately an order of magnitude larger than other less active regions 

like Eyjafjallajökull (0.6-6 × 108 mol a-1; Gislason, 2000), whereas the later estimates from 

Eyjafjallajökull are more consistent with our estimates from the ERZ. Using a similar 

approach, Gislason et al., (1992) estimated CO2 discharge into the local groundwater system 

from the Hekla magma chamber to be ~16 × 108 mol a-1. In addition, Kristjansson et al. (2004) 

and later Fridriksson et al. (2006) reported a CO2 flux through soils in the Reykjanes 

geothermal area to be ~6 × 108 mol a-1. Notably, the combined CO2 flux for these four 

volcanic centers is ~0.7 × 1010 mol a-1, however if this value is extrapolated to the remaining 

~35-40 geothermal/volcanic systems of Iceland, the resultant flux is ~7 × 1010 mol a-1 

(Gislason et al., 1992; Agustsdottir and Brantley, 1994; Gislason, 2000), which compares 

favorably with estimates from this study.  

Using a different approach, Armannsson (1991) estimated the total steam vent CO2 

flux of Icelandic geothermal systems to be ~3 × 109 mol a-1, by extrapolating measured steam 

emissions rates in the Krafla geothermal region to other geothermal areas throughout Iceland. 

Later, Arnórsson (1991) and Arnórsson and Gislason (1994) used heat flux estimates from 

Icelandic geothermal areas (Palmason et al., 1985) to estimate steam emissions – assuming 

that convective flow of steam is the dominant heat transport process in these areas. As with the 

previous approach, steam estimates were then combined with measured CO2 steam contents to 

estimate a total CO2 flux (2-5 × 1010 mol a-1) for Iceland. 

These various CO2 flux estimates for Iceland – calculated using different 

methodologies – are summarized in Table V.6 and, for comparison, we show CO2 output 
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estimates from other subaerial volcanic regions. We note that CO2 output estimates from this 

study overlap with previous estimates for Iceland and are bracketed by estimates from other 

volcanically active regions. For example, CO2 emissions from individual Italian volcanoes 

bracket Icelandic CO2 output estimates, spanning ~3 orders of magnitude from ~0.1 × 1010 

mol a-1 at Solfatara, Italy (Chiodini et al., 1998) to ~100 × 1010 mol a-1 at Mt. Etna, Sicily - the 

largest single volcanic CO2 emitter on Earth (Allard et al., 1991; Brantley and Koepenick, 

1996). Furthermore, the CO2 flux from all of Iceland is comparable to previous estimates of 

~6-7 × 1010 mol a-1 for the entire Central American Arc (Hilton et al., 2002; Shaw et al., 2003). 

CO2 output estimates from this study also overlap with estimates made for other hotspot 

influenced islands such as Kilauea which have a CO2 flux of ~ 3 × 1010 mol a-1 (Greenland et 

al., 1985; Gerlach and Graeber, 1985). In contrast, continental hotspot regions (e.g., 

Yellowstone) typically emit more CO2, with estimates by Werner and Brantley (2003) 

representing 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 a significant amount of CO2 from the mantle to Earth’s surface. 

 

V.7 Concluding Remarks 

In conclusion, we highlight the following points: 

(1) LT geothermal samples from off-axis regions of the Icelandic crust are more significantly 

fractionated (i.e., lower δ13C and CO2/3He) vs. HT axial rift zone samples, indicating that 

calcite precipitation is a dominant process in the older and colder portions of the Icelandic 

crust.  
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(2) HT fluid samples of the ERZ display the highest geothermal CO2/3He values measured. At 

localities where both fluid and gas phases were collected, fluid samples displayed 6 to 450 

times higher CO2/3He values vs. gas phases, suggesting that ERZ fluid samples have been 

affected by hydrothermal phase separation processes.  

 

(3) Crustal assimilation is ubiquitous in all geothermal fluid and gas samples. Using a 3-

component mixing model (after Sano and Marty, 1995) we estimate that 76% of hydrothermal 

CO2/3He - δ13C data can be explained by mixing between mantle (M), limestone (L) and 

sedimentary (S) components. The remaining ~24% of samples require either a lower starting 

CO2/3He value and/or mixing with an isotopically high (> 0 ‰) limestone (L) component. 

Low CO2/3He starting values are attributed to elemental fractionation caused by degassing.  

 

(4) Using subglacial basalt data we are able to calculate pre-eruptive CO2 source estimates for 

individual rift segments of Iceland, which show a general increase from the WRZ (206 ± 24 

ppm) to the ERZ (371 ± 45 ppm) and reach a maximum in the NRZ (550 ± 66 ppm). When all 

data for Iceland are compiled, an average estimated pre-eruptive CO2 source concentration of 

~531 ± 64 ppm is calculated, which is in excellent agreement with previous estimates of E-

MORB (519 ppm; Marty, 2012) and overlaps with the adjacently located Reykjanes (396 

ppm; de Leeuw, 2007) and Kolbeinsey (400 ± 100 ppm; Macpherson et al., 2005b) ridges. 

 

(5) Pre-eruptive δ13C (δp) is estimated to be -2.5 ± 1.1 ‰ for all of the neovolcanic zone 

samples, which is in good agreement with the average geothermal value of -3.1 ± 1.9 ‰, 
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suggesting that geothermal carbon isotopes closely resemble the primary mantle composition 

of Iceland. 

 

(6) The vast majority of vesicle-sited elemental ratio variations (i.e., CO2/3He; 4He/40Ar*; 

CO2/40Ar*) can be explained by degassing and assimilation of crustal material. We postulate 

that parent magma is stored in crustal magma chambers where addition of 13C depleted 

CO2 can occur, most likely due to wall rock interaction.  

 

(7) Crustal assimilation is evident in all geothermal fluid/gas samples and in some basalt 

samples. Significantly, basalts are modified by a 13C depleted (organic/sedimentary) 

component – presumably at depth, whereas geothermal fluids and gases are primarily affected 

by a limestone-like contaminant with δ13C close to ~ 0 ‰.  

 

(8) Flux estimates of CO2 from Iceland were made using three independent approaches. The 

first two approaches produce an estimate between 2 – 23 × 1010 mol a-1 for the whole of 

Iceland. Notably, the various approaches are dependent on assumptions related to magma 

production rates. These estimates represent 1 to 10 % of the estimated global ridge flux (2.2 × 

1012 mol CO2 a-1). The third approach is used to approximate the CO2 output from the 

Köldukvíslabotnar region (ERZ), producing a CO2 flux of ~ of 0.9-1.8 × 108 mol a-1 – 

consistent with estimates from other geothermal/volcanic regions.

  



137 
 

   
 

CHAPTER VI: Stable isotope (C-N), noble gas (Ne-Ar) and volatile evidence for solar 
and recycled mantle components along the Central Indian Ridge (CIR) 

  

137 
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VI.1 ABSTRACT  

We present CO2 (δ13C), N2 (δ15N) and Ne-Ar abundance and isotope results of basaltic 

glasses collected along the Central Indian Ridge (CIR) (~17 – 21º S), as well as Ne-Ar isotope 

systematics of Réunion xenoliths. In addition, we report major volatile abundances (CO2, H2O, 

F, P, S, Cl) on all CIR glasses. A Réunion plume component was previously identified in He-

isotopes (3He/4He) and trace elements in the same sample suite. Here, we aim to determine if 

the Réunion plume component is also present in C-N-Ne-Ar isotope systematics. Furthermore, 

we assess if CIR samples reveal evidence for solar and/or recycled contributions in their 

mantle sources, using a coupled Ne-He and Ne-N approach. Neon isotopes (20Ne/22Ne) range 

from atmospheric values of 9.84 to 11.32 and (21Ne/22Ne) from 0.0290 to 0.0401. When an air-

correction is applied and 20Ne/22Ne values are extrapolated to solar (Ne-B) values, 

(21Ne/22Ne)EX ratios extend up to 0.0582. Argon isotopes (40Ar/36Ar) range from 298 (air) up to 

8487 with the highest 40Ar/36Ar values occurring in samples with the highest Ne-isotope 

values. Nitrogen isotopes (δ15N) vary from -2.91 to +1.80‰ (n=16), with the majority of on-

axis samples overlapping the upper end of the MORB range, and all off-axis samples 

displaying positive δ15N anomalies. N-isotope results are in agreement with positive δ15N 

anomalies previously observed in a single Réunion xenolith sample, and suggest a 15N 

enriched recycled contribution to the mantle source of CIR basalts. Carbon isotopes (n=30) 

range from -4.2 to -29.5 ‰ versus PDB, with the majority of samples falling in the MORB 

range. Equilibrium degassing model results suggest primary CO2 source concentrations of 

~1300 ppm and δ13C (CO2) of -4.2 ± 0.2 ‰. Taken together, the Ne-N2-Ar-CO2 results suggest 

multiple mantle components in the source of CIR basalts, including solar and recycled 

contributions, both of which are possibly integrated into the Réunion plume. Conversely, CO2 

results retain close to canonical MORB-like signatures, suggesting that either the source CO2 

is masked by external processes (e.g. - degassing and/or crustal contamination) and/or that 



139 
 

   
 

CO2 in the (upper and lower) mantle is homogenized to the extent that we cannot differentiate 

between the various reservoirs.    

VI.2 Introduction 

Geophysical and geochemical observations have revealed that global mid-ocean ridge 

(MOR) systems located in close proximity (< 1500 km) to hot spots are influenced by plume-

ridge interaction (Schilling, 1991; Mittelstaedt and Ito, 2005). Systems such as these are 

estimated to occur between ~20 hot spots and nearby ridges, resulting in detectable 

geophysical and geochemical anomalies along 15–20% of the global MOR network (Ito et al., 

2003). Geophysical observations include elevated topography, negative gravity anomalies 

(Nadin et al., 1995; Richards et al., 1988), and increased crustal melt production (Ito et al., 

2003; White et al., 1992). Geochemical anomalies have previously been identified using trace 

elements, radiogenic isotopes and noble gases. (Schilling, 1973; Hanan et al., 1986, Hanan et 

al., 2000; Ito et al., 2003; Füri et al., 2011). Together, these observations highlight the 

significance of plume-ridge interaction on both the structure and composition of the oceanic 

lithosphere. 

The Central Indian Ridge (CIR)-Réunion plume system is a classic example of 

modern plume-ridge interaction, marked by lateral flow of upwelling mantle along the base of 

the lithosphere towards the ridge system (Mahoney et al., 1989, Dyment et al., 2007; Füri et 

al., 2011). The lateral flow of material is believed to be responsible for the formation of 

volcanic lineaments between off-axis hot spot centers and nearby ridges, resulting in new 

islands and seamounts (Harpp et al., 2003). Geochemically, mixing between mid-ocean ridge 

basalt (MORB)-like mantle and plume-derived (i.e., Réunion) mantle has resulted in enriched 

trace element ratios and radiogenic isotope values (Mahoney et al., 1989; Murton et al., 2005; 

Nauret et al. 2006) along the axial CIR and off-axis lineaments, extending between Réunion 
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and the CIR. Recently, Füri et al. (2011) measured high 3He/4He ratios in off-axis portions of 

the CIR and along the rift between 19º and 20º S, and suggested that high 3He/4He values are 

evidence of mantle Réunion material in the CIR mantle source.    

In this study, we present new Ne-N2-Ar-CO2 isotope and abundance data as well as 

major volatile (e.g., H2O-F-P-S-Cl) abundances of glasses collected along the CIR axis 

between 16.7° S and 20.6° S, and the adjacent Gasitao Ridge, Three Magi Ridges, and 

Rodrigues Ridge. In addition, we determine the Ne-Ar isotope and abundance characteristics 

of olivine separates of a suite of cumulate xenoliths from Réunion Island. These new data are 

combined with previously published He-isotope and abundance results on the same sample 

suite (Füri et al., 2011) to discern underlying processes controlling elemental abundance, 

isotope variations, and CO2-noble gas relationships. These new data reveal important 

information about mantle source characteristics and enable estimates of volatile (CO2) source 

compositions. In addition, these observations allow us to evaluate the mixing dynamics of 

mantle components (i.e., solar, recycled) in the CIR-Réunion region, together with the effects 

of shallow level magmatic processes (i.e., degassing and crustal assimilation processes) that 

also play a role in establishing the volatile characteristics of the erupted lavas. 

 

VI.3 Geologic background 

The CIR separates the African and Indo-Australian plates and extends over ~3000 km 

from the Carlsberg Ridge (3.0° N, 66.0° E) southwards towards the Rodrigues Triple Junction 

(20.5° S, 70.0° E), where it bifurcates into the Southeast and the Southwest Indian ridges. 

Basalt samples of this study were collected along a segment of the CIR between 16.7° S and 

20.6°S, located to the north and south of the Marie Celeste Fracture Zone (FZ), and northwest 
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of the Egeria FZ (Figure VI.1). The CIR axis shoals from N to S along this segment. In 

addition, several off-axis samples were collected along a perpendicularly offset lineament 

which extends westward from 66° E to 64° E toward the Mascarene Islands (e.g., Réunion, 

Mauritius, Rodrigues islands) (Parson et al., 1993). 

 

Figure VI.1: Bathymetric map of the (on-axis) CIR and the adjacent (off-axis) Gasitao Ridge, 
Three Magi Ridges, Rodrigues Ridge and Abyssal Hill. Three shades of colors represent 
bathymetry data: (1) pale colors are bathymetry “predicted” from satellite altimetry (Smith 
and Sandwell, 1997); (2) intermediate colors represent previous multi-beam bathymetric data 
from R/V Marion Dufresne (Dyment et al., 1999), R/V L'Atalante (Dyment et al., 2000), 
and R/V Hakuho-Maru (Okino et al., 2008); (3) bright colors are multibeam bathymetric data 
collected by R/V Revelle in 2007 (Füri et al., 2008; Füri et al., 2011). The circles indicate the 
location of samples collected during the KNOX11RR (black = CIR on-axis; red = off-axis) 
and GIMNAUT (blue) cruises. The inset shows the Mascarene Islands (i.e., Réunion, 
Mauritius, and Rodrigues islands) to the west and the Rodrigues Triple Junction. 
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During the past ~ 70 Ma the Réunion hot spot formed the Deccan Trap flood basalts, 

the Chagos-Maldive-Laccadive Ridge, the Mascarene Plateau and the Mascarene Islands 

(Duncan et al., 1989, Duncan et al., 1990). At ~34 Ma, the northeastward migrating CIR 

moved over the Réunion hot spot (Duncan et al., 1990) and embedded a “fossil” Réunion hot 

spot mantle component into the sub-ridge mantle. Currently, the center of the plume is located 

beneath the island of Réunion, located ~1100 km west of the CIR axis (Mahoney et al., 1989; 

Murton et al., 2005). Réunion Island  is composed of two volcanoes: Piton des Neiges, which 

was active between ~2 Ma and 43 ka, and the currently active Piton de la Fournaise, where 

volcanic activity began ~530 ka ago (Gillot and Nativel, 1989). The island of Mauritius is 

located 250 km east of Réunion Island and 850 km west of the CIR, at the previous site of the 

Réunion hot spot (~8 Ma) (Morgan, 1981; Paul et al., 2005). Rodrigues Island is located ~600 

km east of Mauritius and formed at 1.5 Ma (McDougall et al., 1965); it marks the eastern 

extent of the Rodrigues Ridge, an east-west trending volcanic ridge that is between 8 to 10 Ma 

old (Duncan et al., 1990). Smaller en-échelon volcanic ridges at 19° S (e.g., the Three Magi 

Ridges and the Gasitao Ridge) extend the Rodrigues Ridge close to the CIR (Figure VI.1) 

(Dyment et al., 1999; Dyment et al., 2000). 

Various models have been proposed to explain the occurrence of volcanism between 

the Mascarene Islands and the CIR. First, Morgan (1978) proposed that the Rodrigues Ridge 

was formed by volcanism above a channel of upwelling Réunion hot spot mantle, which was 

deflected toward the CIR as it migrated northeastward away from the hot spot, and predicted a 

Réunion signature would be present at the intersection of the CIR with a line projected 

through Réunion and Rodrigues islands. Mahoney et al. (1989) later detected this Réunion-

like isotope signature (low 143Nd/144Nd, high 87Sr/86Sr, high 207Pb/204Pb, and high 206Pb/204Pb) 

in basalts from the Marie Celeste FZ portion of the CIR. As a result, several detailed 

geochemical studies have focused on plume-ridge interaction in the region between the 
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Rodrigues Triple Junction and the Marie Celeste fracture zone. Murton et al. (2005) conducted 

a detailed study in this area and reported enrichments in incompatible elements that increased 

northward, which they interpreted to reflect the presence of an enriched mantle originating at 

the Réunion hot spot, which had subsequently migrating eastward toward the CIR against the 

direction of motion of the lithosphere. Nauret et al. (2006) also targeted a suite of basalts 

collected both on and off the CIR axis between 18° and 20° S for Sr-Nd-Pb isotopes and 

showed that the most trace element enriched samples display the most radiogenic Pb isotopic 

compositions. Furthermore, they compared basalt samples with submarine Réunion lavas 

(Fretzdorff and Haase, 2002) and concluded that radiogenic isotope characteristics of the 

majority of on-axis samples cannot be explained with a Réunion -like endmember. Recently, 

however, Ulrich et al. (2012) showed that trace element and isotopic enrichments in the 18° to 

20° S region of the CIR are consistent with a binary mixture between the regional depleted 

MORB mantle source and a recycled Ocean Iceland Basalt (OIB)/seamount. In contrast, off-

axis basalts from the Gasitao Ridge, as well as a single on-ridge sample collected at ~19.9° S, 

appeared to record a Réunion source signature. As a result, these authors proposed that 

Réunion hot spot material flows eastward toward the CIR on a trajectory that impinges the 

ridge at ~19.9° S, in agreement with the initial hypothesis put forth by Morgan (1978). 

Furthermore, they concluded that mantle source enrichment in the vicinity of the Marie 

Celeste FZ, ~100 km to the north, cannot be related to influx of mantle material from Réunion. 

Füri et al. (2011), however, suggested that these enrichments, along with slightly radiogenic 

He-isotope values could result from a “fossil” Réunion plume component in the region. In 

addition, they showed that the highest 3He/4He values (~ 12.2 RA) were measured in glasses 

from off-axis portions of the CIR, and are consistent with flow of hot spot mantle material 

from Réunion (~1100 km to the west) toward the CIR. 



144 
 

   
 

In this contribution we report stable isotope (C-N) and noble gas (Ne-Ar) 

characteristics of the same sample suite that was previously characterized for He isotopes 

(Füri et al., 2011). To date, few volatile data exist on CIR basalts, with a single study only 

(Cartigny et al., 2001a) reporting δ15N values (n=3) between –0.8 ‰ and -4.0 ‰ and δ13C 

values (n=2) of -6.6 and -4.4 ‰. Cartigny et al. (2001a) also report C-N-Ar characteristics of 

(n=33) fresh basaltic glasses from the Southwest Indian, Southeast Indian, and Central Indian 

ridges as well as from the Rodriguez Triple Junction. These authors reported δ15N values 

between −5.9 ‰ and +2.1 ‰ and δ13C values between −11.4 and −4.3‰. In addition, Nishio 

et al. (1999) also reported volatile data (C–N–He–Ar) from the Rodriguez Triple Junction, 

located ~ 800 km south of the CIR. In contrast, lavas and xenoliths of Réunion have been well 

characterized for He-isotopes (Kaneoka et al., 1986; Staudacher et al., 1986; Graham et al., 

1990; Staudacher et al., 1990; Hanyu et al., 2001; Trieloff et al., 2002; Hopp and Trieloff, 

2005), neon isotopes (Hanyu et al., 2001; Trieloff et al., 2002; Hopp and Trieloff 2005) and 

volatiles (Bureau et al., 1999). However, only a single xenolith sample has been characterized 

for nitrogen isotopes (Fischer et al., 2005). 

 

VI.4 Sampling and analytical techniques   

Submarine pillow basalts were collected during the KNOX11RR cruise in November, 

2007 aboard the R/V Revelle. Basalts were dredged from the ocean floor along the CIR axis 

(16.7° S to 20.1° S), and the adjacent Gasitao, Three Magi, and Rodrigues ridges (Füri et al., 

2008; Füri et al., 2011). Fresh basaltic glass was recovered from 24 dredges sites and these 

samples were supplemented by glasses from 2 sites collected during the GIMNAUT cruise 

(Figure VI.1) (Nauret et al., 2006). In addition, cumulate dunite xenoliths (n=4) were collected 

from Piton Chisny on Réunion Island during a field campaign following the cruise.  
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Fresh glasses were removed from the outer rinds of pillow basalts and ultrasonically 

cleaned in a 1:1 acetone-methanol mixture. The cleaned glasses were then examined using a 

binocular microscope, and fresh glasses – free of any surficial alteration – were hand-picked. 

Selected glasses were then analyzed for light noble gas (Ne and Ar) isotopes and abundances, 

stable (carbon and nitrogen) isotopes, CO2 and N2 abundances and major volatile abundances 

(H2O, CO2, F, P, S, Cl). The analytical techniques employed and facilities used are described 

below. 

Neon and argon gases were released from basalts using a custom-built piston-

activated in vacuo rock-crusher (see Hahm et al., 2012 for details). The released gas was then 

purified using a dedicated cryogenic separation line whereby Ne and Ar were separated and 

analyzed independently. Neon and argon abundances and isotope ratios (as well as He 

abundances) were measured using a modified VG5440 mass spectrometer equipped with five 

Faraday cups and Daly photo-multiplier detector (Craig et al., 1993; Hahm et al., 2012), 

operated in peak jumping mode.  

Neon results were corrected for procedural blanks and contributions of doubly-

charged 40Ar and CO2 to 20Ne and 22Ne, respectively, following Niedermann et al. (1993). 

Procedural crusher blanks were (15 ± 8) × 10−12 cm3STP for 20Ne; and (6 ± 2) × 10−9 cm3STP 

for 40Ar, typically representing less than 10% of sample yields. 

Nitrogen gases were released using the same rock crushing mechanism described 

above, however gases were purified on a separate vacuum clean-up line (see Barry et al., 

2012a for details) prior to inlet into the mass spectrometer. Nitrogen isotope and abundance 

measurements were made on the same VG5440 mass spectrometer – operated in static triple 
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collection mode. Interfering CO species were monitored and CO corrections were applied to 

all samples. Procedural crusher blanks (average = ~4.2 ± 0.5 × 10−6 cm3STP for N2) were run 

prior to each sample analysis and blank subtractions were subsequently applied, representing 

less than 20% of the sample size on average. In addition, N2/Ar ratios were measured 

separately using a quadrupole mass spectrometer (QMS). 

Carbon was extracted from selected basaltic glass chips using a stepped heating 

procedure (after Macpherson and Mattey, 1994; Macpherson et al., 1999), on a dedicated all-

glass extraction line. During each individual extraction procedure, the temperature was 

incrementally raised in 100 ºC steps from 400 ºC to 1200 ºC (excluding the 500 ºC step), each 

lasting 30 minutes. During the first two heating steps (400 ºC and 600 ºC), samples were 

combusted in pure oxygen, generated using a CuO furnace, to remove any surface 

contamination, whereas the 700 ºC to 1200 ºC pyrolysis heating steps (i.e., conducted without 

oxygen) released magmatic carbon. Following individual heating steps, the CO2 was separated 

from other non-condensable gases (e.g., H2O, SO2) using a liquid nitrogen cooled variable 

temperature trap (Des Marais, 1978). After purification and separation were completed, total 

CO2 abundances were measured in a calibrated volume using a Baratron capacitance 

manometer.  

Carbon dioxide (CO2) released during the first two combustion steps was not 

collected, as this gas is considered to be dominated by post-eruption surface contamination 

(Des Marais and Moore 1984; Exley et al. 1986; Mattey et al. 1984, Mattey et al., 1989). In 

contrast, CO2 released during each of the 700 ºC to 1200 ºC steps, CO2 was collected in 

Pyrex® glass tubes at each successive temperature step for later isotopic δ13C analysis. Low 

temperature (700-900 ºC) CO2 releases are taken to represent the “vesicular” carbon 

component whereas higher temperature (1000-1200 ºC) releases are considered derived from 
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the “dissolved” carbon component. Whenever the CO2 yield from a single temperature step 

was deemed too small (< 3 ppm) for isotopic analysis, it was combined with CO2 released 

during the following step. Aliquots of CO2 gas (corresponding to each temperature step) were 

then analyzed for carbon isotopes (δ13C) using a Thermo Finnigan Delta XPplus isotope ratio 

mass spectrometer. Carbon isotope δ13C (CO2) values are reported relative to PDB, with a 

precision of less than 0.1 ‰ and an accuracy of (± 0.5 ‰) based on the reproducibility of 

laboratory standards relative to PDB.   

The abundances of H2O, CO2, F, P, S and Cl were determined using secondary ion 

mass spectrometry (SIMS) at the Department of Terrestrial Magnetism, Carnegie Institution of 

Washington (Hauri, 2002). All measurements were made on a Cameca IMS 6f ion microprobe 

which measures volatile components sputtered from the glass matrix by a Cs+ primary beam. 

Reported volatile content results represent the dissolved component in the glass matrix. 

 

VI.5 RESULTS 

We report CO2 (δ13C), N2 (δ15N) and Ne-Ar isotope and abundance results for basaltic 

glasses of the CIR (16.7° - 20.6° S) and Ne-Ar isotope and abundance characteristics of (n=4) 

Réunion xenoliths. In addition, we report major volatile abundances (CO2, H2O, F, P, S, Cl) 

on all glasses. All basalt and Réunion xenolith samples were previously characterized for 

3He/4He ratios (Füri et al., 2011), with basalts extending as high as ~9.7 RA, and xenoliths up 

to ~14 RA.  

 

VI.5.1 Neon 
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Neon concentrations of basaltic glasses (n=16) and Réunion xenoliths (n=4) vary from 

0.10 to ∼2.28 × 10−9 cm3STP 20Ne/g (Table VI.1). In Figure VI.2, the (%) deviation of the Ne-

isotope compositions from air (= 0%; dashed line) is demonstrated using δ20Ne and δ21Ne 

notation (after Poreda and di Brozolo, 1984). Ne-isotope anomalies (i.e., δ21Ne) are shown as a 

function of latitude (on-axis samples) and longitude (off-axis samples) in Figure VI.3. On-axis 

samples exhibit a negative correlation between concentration and Ne-isotopes (δ20Ne and 

δ21Ne values), suggesting that low concentration samples are the least contaminated by air – 

an observation consistent with previous Ne-isotope studies of ocean basalts (e.g., Shaw et al., 

2001 and Macpherson et al., 2005). Off-axis basalts and Réunion xenoliths generally display 

smaller offset from air with lower concentration samples again displaying the largest offsets. 

In Figure VI.4, we plot 20Ne/22Ne versus 21Ne/22Ne for all CIR glasses and Réunion 

xenoliths in a three-isotope neon space. The 20Ne/22Ne ratios range from air-like values (9.84) 

up to 11.32, whereas the 21Ne/22Ne ratios plot between the atmospheric ratio (0.0290) and 

0.401. All but two off-axis samples (D20-5 and duplicate) are air-like. Additionally, on-axis 

samples D3-1 and D2-1 also plot within error of the air value.
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Figure VI.2: Neon isotope (δ20Ne and δ21Ne) enrichment (%) of CIR glasses (black and red 
circles) and Réunion xenoliths (green inverted triangles) relative to air as a function of 20Ne 
concentration. Neon isotope enrichments are shown in the delta notation where δiNe = 
[(iNe/22Nesample / iNe/22Neair) − 1] × 100 (iNe = 20Ne or 21Ne). 
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Figure VI.3: Nitrogen (δ15N) and Ne-isotope (δ21Ne) variations as a function of latitude (on-
axis samples) and longitude (off-axis samples). Dissolved CO2 (ppm) variations are also 
shown versus latitude and longitude.  

 

The remaining samples show non-atmospheric neon isotope ratios, and plot between 

the MORB trajectory, defined by mid-ocean ridge popping rock 2∏D43 (Moreira and Allegre, 

1998), and the air-solar wind mixing trajectory (Benkert et al., 1993) (Figure VI.4), suggesting 

that neon in CIR basalts and Réunion xenoliths is derived from a mixture of MORB-like 

mantle and a more primordial or “solar” mantle component. Notably, the highest 20Ne/22Ne 
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ratio (11.32 ± 0.13; on-axis sample D13-1) is still significantly lower than proposed primordial 

mantle values (i.e., Ne-B 20Ne/22Ne = 12.5; Black, 1972; solar wind 20Ne/22Ne = 13.8; Benkert 

et al., 1993; Kallenbach et al., 1997). In contrast, Hopp and Trieloff (2005) reported 20Ne/22Ne 

values in Réunion xenoliths up to 11.70 ± 0.05, and these results are used to define an 

additional (Réunion) trajectory in Figure VI.4. In addition, two of the four Réunion xenolith 

samples reported here fall below the Réunion (Hopp and Trieloff, 2005) line and two fall 

above it. All CIR basalts fall between the Réunion and MORB trajectories, consistent with 

mixing between these two distinct mantle components. 

 

Figure VI.4: Neon three-isotope plot (20Ne/22Ne versus 21Ne/22Ne) of CIR basaltic glasses and 
Réunion xenoliths. In addition, three trend-lines are superimposed over these data: (1) the air-
solar mixing line; (2) the Réunion line (Hopp and Trieloff, 2005); (3) the MORB (2∏D43) 
line (Moreira et al., 1998). Errors are shown at the 1σ level. 
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VI.5.2 Argon 

CIR glasses and Réunion xenolith samples span a wide range in argon concentrations 

from ∼16 to 2400 × 10−9 cm3STP 40Ar /g (Table VI.2). The highest argon contents are found 

in on-axis glasses (e.g., D1-1, D15-1), and in off-axis samples of the Three Magi Ridges 

(D22-1, D26-2). The remainder of off-axis samples are Ar poor and fall below typical MORB 

values (∼ 1200 × 10−9 cm3STP 40Ar /g; Sarda et al., 1985; Staudacher et al., 1986; Allègre et 

al., 1987), suggesting that they experienced more extensive degassing.  

Argon isotope compositions of basaltic glasses (40Ar/36Ar) range from 291 to 8487, 

with both high and low ratios occurring in on- and off-axis samples. Réunion xenolith samples 

range from 501 to 1294, and are bracketed by the basalt range. Notably, all measured (basalt 

and xenolith) 40Ar/36Ar values are significantly lower than source estimates for MORB of 

(∼28,000-32,000; Matsuda and Marty, 1995; Burnard et al., 1997; Trieloff et al, 2003), and 

the majority fall well below plume-source estimates (~6,000-8,000; Valbracht et al., 1997; 

Marty et al., 1998; Trieloff et al., 2003) and Réunion estimates (∼11,000; Hopp and Trieloff, 

2005), suggesting a considerable air-derived Ar contribution is present in most samples. In 

addition, most samples with Ne-isotope anomalies also display elevated (i.e., non-

atmospheric) 40Ar/36Ar values (Figure VI.5). For example, on-axis sample D13-1 has the 

largest neon isotope anomaly (δ20Ne = 15.5 ± 1.3 %; δ21Ne = 38.2 ± 2.4 %) of all CIR basalts 

as well as the highest measured 40Ar/36Ar value (= 8487). Sample D-20 is the only off-axis 

sample which displays significant neon isotope deviations from air (δ20Ne = 9.3 ± 3.4), and 

significantly, this sample (and duplicates) also yields the highest 40Ar/36Ar (= 1786 ± 4.8) 

amongst off-axis samples



15
4 

  
 

 
 T

ab
le

 V
I.

2:
 A

rg
on

 sy
st

em
at

ic
s o

f s
ub

m
ar

in
e 

ba
sa

lti
c 

gl
as

se
s f

ro
m

 th
e 

C
IR

 (o
n-

ax
is

) a
nd

 a
dj

ac
en

t (
of

f-
ax

is
) G

as
ita

o 
R

id
ge

, T
hr

ee
 M

ag
i 

R
id

ge
s a

nd
 A

by
ss

al
 H

ill
 a

nd
 o

liv
in

e 
se

pa
ra

te
s f

ro
m

 d
un

ite
 x

en
ol

ith
s o

f P
ito

n 
C

hi
sn

y 
(R

éu
ni

on
). 

Sa
m

pl
e 

Ph
as

e 
L

at
itu

de
 (º

S)
 

L
on

gi
tu

de
 (º

E
) 

D
ep

th
 (m

) 
A

m
ou

nt
 

pr
oc

es
se

d 
(g

) 
3 H

e/
4 H

e 
(R

/R
A
)a  

[40
A

r]
  

10
-9

 c
m

3 ST
P/

g 
40

A
r/

36
A

r 
4 H

e/
40

A
r*

 

O
n-

A
xi

s 
 

 
 

 
 

 
 

 
 

D
1-

1 
G

 
16

.7
0 

66
.6

5 
31

46
 

1.
42

45
 

8.
11

 ±
 0

.1
1 

24
16

 ±
 0

.3
 

29
0.

6 
± 

0.
1 

- 
D

3-
1 

G
 

16
.9

6 
66

.8
8 

42
72

 
1.

91
00

 
7.

91
 ±

 0
.0

2 
76

5 
± 

0.
5 

29
6.

1 
± 

0.
3 

- 
D

2-
1 

G
 

17
.0

1 
66

.8
3 

40
38

 
1.

56
78

 
8.

19
 ±

 0
.0

9 
14

15
 ±

 0
.9

 
34

9.
4 

± 
0.

3 
62

 ±
 0

.2
 

D
8-

2 
G

 
18

.0
5 

65
.1

4 
32

02
 

1.
50

42
 

7.
08

 ±
 0

.1
4 

72
4 

± 
0.

2 
35

20
 ±

 1
2 

7.
5 

± 
0.

9 
D

15
-1

 
G

 
19

.7
6 

66
.0

1 
27

94
 

1.
32

67
 

8.
68

 ±
 0

.0
1 

19
68

 ±
 2

.6
 

21
93

 ±
 3

.3
 

8.
4 

± 
0.

3 
D

14
-1

 
G

 
19

.9
1 

66
.1

7 
32

67
 

0.
72

99
 

8.
46

 ±
 0

.0
2 

13
26

 ±
 0

.3
 

24
13

 ±
 5

.8
 

6.
9 

± 
0.

4 
D

14
-1

 (D
up

) 
G

 
19

.9
1 

66
.1

7 
32

67
 

1.
74

87
 

- 
76

1 
± 

0.
7 

15
14

 ±
 3

.9
 

10
 ±

 0
.4

 
D

13
-1

 
G

 
19

.9
8 

66
.2

4 
35

11
 

1.
51

37
 

8.
26

 ±
 0

.0
3 

11
92

 ±
 0

.1
 

45
0.

1 
± 

0.
5 

3.
0 

± 
0.

1 
D

13
-1

 (D
up

) 
G

 
19

.9
8 

66
.2

4 
35

11
 

2.
05

31
 

- 
12

72
 ±

 0
.5

 
84

87
 ±

 4
3 

6.
0 

± 
2.

6 
 

 
 

 
 

 
 

 
 

 
O

ff
-A

xi
s 

 
 

 
 

 
 

 
 

 
Th

re
e 

M
ag

i R
id

ge
s 

 
 

 
 

 
 

 
 

 
D

22
-1

 
G

 
19

.6
2 

64
.9

7 
16

87
 

0.
73

13
 

9.
40

 ±
 0

.0
6 

19
03

 ±
 0

.8
 

40
8.

5 
± 

0.
6 

23
 ±

 0
.1

 
D

26
-2

 
G

 
19

.6
2 

64
.7

1 
17

85
 

1.
16

05
 

9.
51

 ±
 0

.0
2 

12
68

 ±
 0

.9
 

55
4.

6 
± 

0.
5 

5.
2 

± 
0.

1 
 

 
 

 
 

 
 

 
 

 
G

as
ita

o 
R

id
ge

 
 

 
 

 
 

 
 

 
 

D
20

-5
  

G
 

19
.7

0 
65

.4
9 

20
02

 
0.

73
28

 
8.

28
 ±

 0
.0

5 
42

1 
± 

0.
1 

17
25

 ±
 1

2 
11

 ±
 1

.3
 

D
20

-5
 (D

up
 #

1)
 

G
 

19
.7

0 
65

.4
9 

20
02

 
1.

52
28

 
- 

38
3 

± 
0.

1 
17

86
 ±

 4
.8

 
9.

3 
± 

0.
4 

D
20

-5
 (D

up
 #

2)
 

G
 

19
.7

0 
65

.4
9 

20
02

 
0.

91
00

 
- 

40
1 

± 
0.

3 
15

76
 ±

 5
.2

 
11

 ±
 0

.6
 

D
18

-1
 

G
 

19
.7

2 
65

.8
6 

22
16

 
2.

06
52

 
9.

09
 ±

 0
.0

6 
16

 ±
 0

.1
 

39
6.

1 
± 

3.
0 

31
 ±

 0
.9

 
 

 
 

 
 

 
 

 
 

 
A

by
ss

al
 H

ill
 

 
 

 
 

 
 

 
 

 
D

37
-2

 
G

 
20

.0
5 

64
.2

9 
28

33
 

1.
22

37
 

9.
67

 ±
 0

.1
7 

84
9 

± 
0.

7 
31

8.
4 

± 
0.

4 
18

 ±
 0

.1
 

 
 

 
 

 
 

 
 

 
 

R
eu

ni
on

 –
 P

ito
n 

de
 

la
 F

ou
rn

ai
se

 
 

 
 

 
 

 
 

 
 

C
H

07
-0

1 
O

l 
21

.2
3 

55
.6

6 
- 

1.
14

49
 

13
.9

5 
± 

0.
25

 
77

6 
± 

0.
2 

12
94

 ±
 3

.0
 

1.
3 

± 
0.

1 
C

H
07

-0
2 

O
l 

21
.2

3 
55

.6
7 

- 
1.

32
67

 
13

.6
6 

± 
0.

22
 

32
7 

± 
0.

2 
50

1.
2 

± 
1.

0 
1.

5 
± 

0.
1 

C
H

07
-0

4 
O

l 
21

.2
3 

55
.6

7 
- 

1.
22

40
 

14
.0

9 
± 

0.
23

 
12

5 
± 

0.
1 

70
5.

1 
± 

3.
5 

2.
0 

± 
0.

1 
C

H
07

-0
7 

O
l 

21
.2

3 
55

.6
7 

- 
1.

12
63

 
13

.5
8 

± 
0.

15
 

30
8 

± 
0.

1 
83

1.
3 

± 
2.

0 
1.

5 
± 

0.
1 

 O
l =

 O
liv

in
e;

 G
 =

 B
as

al
tic

 G
la

ss
. 

a  =
 H

e-
is

ot
op

e 
da

ta
 fr

om
 F

ür
i e

t a
l. 

(2
01

1)
.

Peter Barry
154

Peter Barry
154

Peter Barry




155 
 

   
 

 

 

 

Figure VI.5: Ar-isotopes versus Ne-isotopes. Ne-Ar systematics are coupled for the majority 
of samples, i.e., air-contamination and isotope anomalies are evident in the same samples. 

 

VI.5.3 N2 and δ15N Results 

Nitrogen isotope and abundance characteristics were determined on a subset (n=16) of 

CIR samples and revealed δ15N values between -2.91 to +1.80‰ versus air. All but two on-

axis δ15N values are 15N depleted relative to air (i.e., <0 ‰), and range from -2.91 to 0.99 ‰ 

(Figure VI.3), falling just above the upper end of the MORB range (-5 ± 2 ‰; Marty and 

Dauphas, 2003). In contrast, all off-axis samples are 15N enriched relative to air (i.e., >0 ‰) 

and range between +0.89 and +1.80 ‰ (Figure VI.3), and overlap with the postulated plume 



156 
 

   
 

mantle-source range of +3 ± 2 (Marty and Dauphas, 2003) but lie just below the average ocean 

sediment range of ~+7 ‰ (Pinti et al., 2001). N2 concentrations range from 4.79 to 48.0 mcm3 

STP N2/g for on-axis samples and from 2.34 to 92.6 µcm3 STP N2/g for off-axis samples. 

N2/Ar ratios span from 47.9 to 267 (Table VI.3), and extend from below the typical MORB 

range (i.e., 84-164; Marty and Dauphas, 2003) up to significantly higher values. 

 

 

Figure VI.6: Plot of CO2 (ppm) in vesicles (CO2
v) versus CO2 (ppm) dissolved in matrix 

(CO2
d), measured by stepped heating method. In addition, we plot the 1:1 line and note that 

magmatic CO2 (CO2
m in Table VI.3) is dominated by CO2

d for most samples. 
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Table VI.3: Nitrogen and N2/Ar systematics of submarine basaltic glasses from the CIR (on-
axis) and adjacent (off-axis) Gasitao and Three Magi ridges.  

Sample Amount 
Processed 

(g) 

[N2] × 10-6cm3 
STP/ga 

 

δ15N (‰)b 
 

N2/Arc N2 Blank 
(%) 

RC/RA
d X-valuee 

On-Axis        
D1-1  2.80 5.56 -1.93 ± 0.91 132 25 8.11 1,445 
D1-1 (Dup) 2.30 5.21 -1.25 ± 0.71 99.9 25 - - 
D3-12 1.75 4.97 -1.81 ± 1.13 68.5 52 7.96 9,451 
D9-2 2.23 10.5 1.16 ± 0.59 267 10 7.25 25,499 
D8-2 2.01 21.1 0.99 ± 0.51 156 9 7.08 696 
D15-1 2.07 38.7 -2.34 ± 0.55 281 4 8.68 4,530 
D14-1 2.19 16.0 -2.01 ± 0.38 238 10 8.46 14,235 
DR10-1 0.75 48.0 -0.10 ± 0.63 47.9 24 10.31 157 
D13-1  2.16 20.9 -1.99 ± 0.53 85.6 5 8.26 1,871 
D13-1 (Dup)  1.95 14.1 -2.68 ± 0.51 131 12 - - 
D10-2 2.57 8.40 -2.91 ± 0.64 229 18 8.38 1,267 
        
Off-Axis        
Three Magi Ridges        
D22-1* 1.90 74.2 1.71 ± 0.45 82.8 3 8.25 16,957 
D22-1* 1.91 78.7 1.80 ± 0.52 127 3 - - 
D22-1* 0.50 92.6 1.74 ± 0.48 104 10 - - 
D26-2 2.56 15.2 0.89 ± 0.83 129 11 9.52 4883 
        
Gasitao Ridge        
D18-1 2.14 2.34 1.14 ± 1.47 244 67 9.09 1,833 
 

a N2 concentration measurements are accurate within 3%, based on the reproducibility STDs.  

b Uncertainties on δ15N are 1σ. Blank subtractions have been applied to all δ15N results and a 
comprehensive CO correction has been applied to all δ15N results.  

c All N2/Ar uncertainties are less than 10%. Blank subtractions have been applied to all N2/Ar 
results. 

d He-isotope data from Füri et al. (2011).  

e X-value = (4He/20Ne)Sample/(4He/20Ne)Air. 

*Data published previously in Barry et al. (2012).
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VI.5.4 CO2 and δ13C Results 

Carbon dioxide (CO2) concentrations and isotopic ratios were measured using a 

stepped heating technique (after Mattey et al., 1984; Macpherson et al., 1999). The principal 

advantage of this approach is that vesicle-sited CO2 can be resolved from CO2 dissolved in the 

glass and carbon isotopic ratios can be determined on both components. Relative 

CO2 concentrations of CIR basalts are shown in Figure VI.6, which plots vesicle-sited CO2 

(CO2
v) versus CO2 dissolved in the glass matrix (CO2

d). Most samples fall below the 1:1 line, 

indicating the total magmatic CO2
m (= CO2

v + CO2
d; Table VI.4) is generally dominated by 

CO2 dissolved in the glass. The highest concentrations of CO2 are found in on-axis samples 

which (Figure VI.3), with the exception of D14-1, all display CO2
d contents >100 ppm (Figure 

VI.6; Table VI.4). The highest CO2 concentration samples (CO2
m = 736-837 ppm) are from 

the segment of the CIR located directly north of the Marie Celeste FZ – (samples D1-1, D1-2, 

D3-3, D3-9, D2-1; Table VI.4) which display both high vesicle-sited and dissolved CO2 

contents. These samples were previously identified as having the highest 4He contents among 

all CIR samples, together with MORB-like 3He/4He values (~8 RA), and moderately high 

incompatible trace element ratios (e.g., La/Sm = 1.0-1.5). High CO2
v contents (i.e., CO2

v > 

CO2
d) likely reflects greater retention of vesicles at greater eruption depths; however CO2

d 

values plot in the same range as all other CIR basalts. In contrast, off-axis samples have lower 

CO2 contents – typically yielding < 200 ppm for CO2
vand CO2

d. Samples D24-6 and D29-1 

are particularly CO2 poor and display the lowest concentrations (i.e., CO2
m <100 ppm; Table 

VI.4). 
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On-axis samples have δ13Cv in the range of -5.1 to -13.9 ‰ and δ13Cd spanning from -

5.6 to -8.5 ‰. In contrast, off-axis samples show a greater range with δ13Cv varying from -4.4 

to -24.2 ‰ and δ13Cd from -4.2 to -29.5 ‰. Extremely low δ13C values can result from 

fractionation associated with degassing (Macpherson and Mattey, 1994) and/or addition of an 

organic C component (Shaw et al., 2004). Carbon isotope data from the stepped heating 

technique are given in Table VI.5 and summarized in Table VI.4.
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Notably, δ13Cd > δ13Cv, i.e., Δ-values (= δ13Cv − δ13Cd) are negative for the majority of 

samples, which is inconsistent with predicted 13C enrichments in CO2 vapor during 

equilibrium degassing (Javoy et al., 1978; Mattey, 1991). The predominance of negative Δ-

values in CIR samples indicates that vesicle-sited CO2 is not in equilibrium with dissolved 

CO2 within a single sample, and could be derived from degassing of magma elsewhere in the 

system (see discussion in Shaw et al., 2004; Hahm et al., 2012). 

In addition to the stepped heating results, we also measured dissolved CO2 contents 

using SIMS (CO2
SIMS; Table VI.4), and report relatively good agreement between the two 

techniques (Figure VI.7), however stepped heating results generally display slightly higher 

CO2 yields versus CO2
SIMS data. These CO2

SIMS data were then combined with H2O data, 

measured on the same glass chip, to calculate equilibrium solubility pressures for each sample. 

In Figure VI.8, we plot saturation vapor pressure (Dixon et al., 1995; Newman and 

Lowenstern, 2002) as a function of confining pressure at the depth of eruption. Most of the on-

axis CIR samples plot above the 1:1 line, indicating they are oversaturated with respect to 

CO2, such that degassing was likely inhibited by rapid eruption (Dixon et al., 1988). However, 

many samples are close to CO2 equilibrium for their depth of eruption, implying relatively 

slow magma ascent and eruption rates and/or faster diffusion of CO2 due to higher H2O 

contents (Watson, 1991). In addition, several off-axis samples from the Rodrigues Ridge (i.e., 

D34-1, D29-1 and D30-3) fall below the 1:1 line (Figure VI.8), which suggests extreme 

understaturation. These samples have likely experienced much slower ascent rates which 

allowed large vesicles to form, and ultimately resulted in depletion of CO2 in the 

accompanying melt. Alternatively, these samples may have been erupted at shallow water 

depths, extensively degassed and flowed down gradient before quenching (Hahm et al., 2012), 

resulting in overestimates of eruption pressure.   
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Figure VI.7: Dissolved CO2 (ppm) measured using two different methods – CO2
d SIMS 

versus CO2
d stepped heating. In addition, we plot the 1:1 line and note that the majority of 

results plot slightly below this line. 

 

Figure VI.8: Plot between saturation (bars) and eruption pressures (bars). The saturation 
pressures are calculated using VolatileCalc 1.1 (Newman and Lowenstern, 2002) with H2O 
and CO2

sims. Most on-axis samples fall above 1:1 line, indicating over-saturation with CO2, 
whereas several (n=3) off-axis samples are extremely undersaturated. 
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VI.5.5 H2O 

Dissolved H2O concentrations vary from 0.11 and 0.69 wt% in on-axis CIR samples 

(Table VI.4) and from 0.11 to 0.43 wt% in off-axis samples. The concentrations of CO2 versus 

H2O (SIMS data) are plotted in Figure VI.9. Most on- and all off-axis samples have H2O 

contents below 0.50 wt% in the range of average MORB values (0.17–0.60 wt%; Jambon and 

Zimmermann, 1990); however, a distinct group of intermediate H2O (i.e., H2O > 0.50 wt %) 

samples (e.g., D8-2, D8-3, D9-1) is located just south of the Marie Celeste FZ. In general, 

intermediate H2O samples also display high major volatile contents (e.g., P, S, Cl; Table VI.4). 

In addition, sample D8-2 also has high Ne and Ar contents (Tables VI.1 and VI.2). These 

samples were previously identified as having enriched incompatible elements signatures 

(Mahoney et al., 1989; Murton et al., 2005; Nauret et al., 2006) and Füri et al. (2011) showed 

that they display the most radiogenic He-isotope values along the entire CIR, which they 

attributed to radiogenic in-growth following interaction with a “fossil” Réunion plume. 

Elevated H2O concentrations (0.53 and 0.69 wt %) could result from remnants of the (water-

rich) Réunion hotspot, which is thought to be characterized by OIB-like water contents of 

(0.59 to 1.10 wt %; Bureau et al., 1998). The remaining on-axis samples generally fall on the 

low end of the MORB H2O range, along with all off-axis samples.  
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Figure VI.9: CO2
d versus H2O – measured using SIMS on the sample glass chip. 

 

4.6. Additional volatiles (F, Cl, S, P) 

Fluorine contents in CIR basalts vary widely from as low as 60 ppm (off-axis) to as 

high as 369 ppm. Low F concentrations (i.e., < 100 ppm) are observed in both on-axis and off-

axis samples, whereas the highest values occur in the on-axis samples which are marked by 

intermediate H2O contents, low (< MORB) He-isotopes and trace element enrichments (e.g., 

high La/Sm, Ba/La and Nb/Zr; Murton et al., 2005; Füri et al., 2011). Similar enrichments are 

observed for Cl, S and P contents throughout the CIR. The observation that volatiles and 

highly incompatible trace elements are enriched in the same subset of samples is consistent 

with their low partition coefficient in basaltic melts. In Figure VI.10 we plot H2O (wt %) as a 

function of F (ppm), and note a strong 1:1 correlation between the two species, characterized 

by a relatively constant H2O/F ratio of ~17.1. 
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Figure VI.10: H2O (wt %) versus F (ppm), measured using SIMS. The direct correlation 
between H2O and F indicates similar geochemical behavior between the two species and a 
constant H2O/F ratio of ~17.1 in the mantle.  

 

Cl contents vary by roughly two orders of magnitude from 1.7 to 165. The lowest Cl 

contents occur in the most H2O depleted (<0.15 wt %) samples, with the exception of sample 

DR08-1b which has a H2O content of 0.43 wt% and a Cl content <5 ppm. Sample D6-2 and 

D9-1 display the two highest Cl contents (165 and 140 ppm), along with the highest H2O 

contents (0.43 and 0.69 wt %), indicating possible contamination with seawater.  

Sulfur contents are significantly less variable, particularly in on-axis samples, which 

span a limited range from 862 to 1133. Again, the highest volatile content samples are the 

H2O rich, trace element enriched samples, located just to the south of the Marie Celeste FZ. In 

contrast off-axis samples are more variable with a range from 321 to 1118 ppm. Finally, P 
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contents range from 283 to 1024 in on-axis samples and from 321 to 1452 ppm in off-axis 

samples. The highest P value measured (1452 ppm) is from Gasitao Ridge sample DR08-1b.  

In Figure VI.11 we plot F, Cl and S (ppm) versus K2O – which will partition strongly 

into the silicate melt phase during crystallization. CIR basalts show a strong correlation 

between F and K2O (Figure VI.11a), with a relatively constant F/K2O ratio of ~0.15, 

illustrating that volatile elements also behave incompatibly. The constancy of this ratio 

suggests that on- and off-axis portions of the CIR are influenced by source magmas with 

similar F/K2O ratio, and that extraneous plume and/or recycled contributions in the source do 

not significantly alter this ratio. Similar patterns are observed in Cl (Figure VI.11b) contents 

versus K2O throughout the CIR, with a relatively constant Cl/K2O ratio of ~0.03. The co-

variance of these two species suggests that crystallization exerts the primary control on the Cl 

content in CIR basalts; however off-axis sample D34-1 has a clear Cl anomaly, suggesting 

possible post-eruptive seawater assimilation (Kent et al., 1999). Finally, we note a broad 

correlation between sulfur content and K2O of CIR basalts (Figure VI.11c), indicating that 

crystallization is also the primary control on S content, however small offsets may result due 

to solubility differences in source magmas. A more detailed discussion of volatile variations is 

beyond the scope of this contribution.  
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Figure VI.11: F, Cl, and S (ppm) versus K2O (wt %) in CIR samples. (a) The F/K2O ratio of 
most CIR samples is constant at ~0.15. (b) The Cl/K2O for most CIR samples is ~0.03, 
however, off-axis sample D34-1 Cl shows a distinct Cl anomaly, suggesting possible post-
eruptive assimilation of seawater. (c) S versus K2O.  
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VI.6 Discussion 

The principal goal of this study is to identify intrinsic mantle C-N-Ne-Ar 

characteristics in order to understand the petrogenic evolution of CIR basalts and the dynamics 

of mantle mixing in the CIR mantle source region. We aim to differentiate between intrinsic 

source features and altered components by investigating processes such as air-contamination, 

degassing, and crustal assimilation, which can act to modify primary mantle characteristics. If 

appropriate, corrections are applied to account for the effects of these modification processes. 

In the following discussion, we evaluate different mantle-mixing, contamination, and 

degassing models to assess their validity in explaining the volatile systematics of the CIR. 

Only after the effects of degassing and contamination are assessed can the volatile 

characteristics of CIR basalts be used to explore the evolution of mantle sources in the region 

and details of plume-ridge interaction. 

 

VI.6.1 Sample integrity  

  In order to determine the integrity of the volatile record, we attempt to identify 

individual samples and sub-regions where contamination and/or modification occur so that 

magma source characteristics can be assessed accordingly. If contaminated samples – affected 

by the complicating effects of degassing and/or air-addition – can be identified and removed 

from further consideration, then pristine samples can be used to assess the initial mantle 

source characteristics of CIR basalts.  

 

VI.6.1.1 Ne and Ar air-contamination 
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Different volatile species are variably affected by air-contamination – depending, in 

part, on their relative abundances in the mantle versus the Earth’s surface. For example, Ne 

(~2 × 10-5 cm3 STP) and Ar (~9 × 10-3 cm3 STP) are enriched in the Earth’s atmosphere 

relative to basaltic abundances (Tables VI.1 and VI.2), and therefore basalts are highly 

susceptible to air-contamination processes. Air-like Ne-isotope contributions are ubiquitous in 

natural samples (Graham et al., 2002) with atmospheric infiltration into basalts occurring 

through small micro-fractures, which can develop in glasses during seafloor sampling and/or 

handling in the laboratory (Ballentine and Barfod, 2000), and/or by assimilation of seawater-

derived components (Farley and Craig, 1994). The apparent effects of atmospheric 

contamination are illustrated in Figure VI.2 by plotting δ21Ne and δ20Ne as a function of Ne 

concentration. Samples with high 20Ne contents (e.g., D3-1, D2-1, D22-1, D26-2 and D37-2; 

i.e., where [20Ne] >1 × 10−9 cm3 STP/g) display δ-values close to atmosphere (= 0 %). These 

particular (air-contaminated) samples also have relatively high 40Ar abundances and low 

40Ar/36Ar values < 600, suggesting considerable air-derived 36Ar is also present (Figure VI.5; 

Table VI.2). 

 

VI.6.1.2 Ne-isotope Air-correction 

Although Ne-isotopes in basalts are highly susceptibility to air-contamination, air-

derived Ne contributions can be corrected by assuming that measured neon isotope values 

represent a binary mixture of atmospheric and mantle-derived neon. Following the methods of 

Honda et al. (1991), we extrapolate measured 20Ne/22Ne values to “solar” (i.e., Ne-B = 12.5) 

values in order to estimate air-corrected (i.e., 21Ne/22NeEX) values. The following equations are 

used: 
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21Ne/22NeEX = (21Ne/22NeM - 21Ne/22NeA) / f22 + 21Ne/22NeA      

 (1) 

 

where f22 is the proportion of mantle-derived Ne in a sample: 

 

f22 = (20Ne/22NeM - 20Ne/22NeA) / (20Ne/22NeS - 20Ne/22NeA)     

 (2) 

 

and 20Ne/22NeA and 21Ne/22NeA are the isotopic ratios of air, assumed to be 9.8 and 0.029, 

respectively, whereas 21Ne/22NeM is the measured sample 21Ne/22Ne value and 20Ne/22NeS is 

the assumed 21Ne/22Ne “solar” (i.e., Ne-B) neon component (=12.5; Trieloff et al., 2000). 

Notably, the most air-like sample (e.g., D3-1; highest 20Ne content) cannot be corrected due to 

a 21Ne/22NeM value that is indistinguishable from air. The Ne–B endmember is obtained from 

gas-rich meteorites and lunar soils: their 20Ne/22Ne ratio of 12.52 ± 0.18 is considered to 

represent implanted solar neon within Earth’s mantle (Black, 1972; Trieloff et al., 2000; 

Trieloff et al., 2002; Ballentine et al., 2005). The primordial, “solar” neon component in 

Earth’s mantle has also been assumed to be best represented by present-day solar wind 

(i.e., 20Ne/22Ne = 13.8; Benkert et al., 1993; Kallenbach et al., 1997); note however, that 

selection of this endmember as opposed to Ne-B will not significantly affect the conclusions 

in the following discussion. Basalt CIR 21Ne/22Neex values vary between 0.0437 ± 0.0009 and 

0.0582 ± 0.0013 and fall in the range of values observed in previous studies of plume-rift 
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related systems (e.g., Füri et al., 2010; Hahm et al., 2012). On-axis CIR 21Ne/22Neex values 

range from 0.0437 ± 0.0011 to 0.0560 ± 0.0023, whereas off-axis samples range from 

0.0441 ± 0.0017 to 0.0582 ± 0.0013.  

 

VI.6.1.3 CO2 and N2 air-contamination 

Carbon dioxide and N2 are also potentially susceptible to both air and seawater 

contamination processes. CO2 concentrations are similar in mantle and terrestrial reservoirs 

with the current atmospheric CO2 concentration of ~400 ppm being comparable to CO2 

contents in MORB (Marty, 2012). However, air-like δ13C values (-8 ‰) are not pervasive in 

CIR basalts, which instead display a significantly wider range in δ13C, likely resulting from 

crustal contamination and/or degassing related fractionation. Notably, Ne-Ar systematics 

appear to be decoupled from CO2 systematics, and as a result, samples with air-like Ne-Ar 

(i.e., [Ne] > 1 × 10−9 cm3STP/g; δ20Ne < 1; 40Ar/36Ar < 300) display a wide range of CO2
d 

contents (~100 to 800 ppm) and δ13C values (-5.9 to -10.1 ‰).   

Nitrogen is the most abundant (~78 %) gaseous species in the atmosphere; however, it 

occurs only in trace amounts in CIR basalts (Table VI.3), thus the potential for atmospheric 

contamination is substantial. Samples identified to be air-like with respect to Ne-Ar isotope 

systematics (Figure VI.5) display non-air-like δ15N (≠ 0 ‰) values. In addition, the majority of 

CIR samples have N2/Ar ratios well above the air value, indicating that air contamination is 

minimal. In Figure VI.12, we plot δ15N versus the air-normalized He/Ne values 

(4He/20Ne)Sample/(4He/20Ne)Air – a useful indicator of extent of air contamination. We show that 

both on-axis and off-axis CIR glasses have markedly higher 4He/20Ne ratios than air (>100x), 

and thus are not considered to be significantly modified by air-contributions.  
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Figure VI.12: N-isotopes (δ15N) versus air-normalized He/Ne values (=4He/20NeS/4He/20NeA). 
High He/Ne values relative to air (>100) suggest that all CIR basalt samples have undergone 
minimal air-contamination.  

 

VI.6.1.4 Sample integrity – degassing fractionation of noble gases (4He/40Ar*) 

In addition to air contamination, another process capable of modifying intrinsic 

mantle volatile features is degassing. Having discussed the importance of identifying air-

contaminated samples and applying a correction when necessary, we now focus on additional 

processes which can modify source features, such as degassing. Degassing can potentially 

cause both isotope and relative abundance fractionation. For example, the degassing history 

can be constrained using a coupled investigation of dissolved (CO2
d) and vesicle-sited (CO2

v) 

phases, which enables reconstruction of primary volatile source characteristics in the melt 
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prior to gas loss (see Section 5.5 for details). Additionally, relative noble gas abundances (e.g., 

4He/40Ar*) can provide useful information about the mode and extent of volatile loss. Using 

the latter approach, an air-correction is first applied to the argon data by assuming that all 36Ar 

is derived from the atmosphere. In this way the measured 40Ar content in each sample can be 

corrected for the presence of atmospheric Ar to radiogenic Ar (i.e., 40Ar*): 

 

40Ar∗ = [36ArM] × [(40Ar/36Ar)M-(40Ar/36Ar)A]       (3) 

 

where 36ArM and (40Ar/36Ar)M are the measured 36Ar abundance and argon isotope ratio, 

respectively, and (40Ar/36Ar)A is the air ratio (= 298.56 ± 0.31; Lee et al., 2006).  

The measured He contents and calculated 40Ar∗, from Eq. (3), are then combined to 

give 4He/40Ar* ratios, which can be used to model the approximate extent of degassing (Marty 

and Tolstikhin, 1998), because He is more soluble than Ar (SHe/SAr = 9.5; Jambon et al., 1986) 

in basaltic magmas. Thus, residual (i.e., basalt) 4He/40Ar* values should increase with 

increased degassing. Using estimates of upper mantle K/U (Jochum et al., 1983) and Th/U 

(O'Nions and McKenzie, 1993), a production ratio for 4He/40Ar* of ~2 (Jambon et al., 1986; 

Marty and Zimmermann, 1999) is assumed as a mantle starting value. In the case of the 

present sample suite, 4He/40Ar∗ could not be calculated for two on-axis CIR basalt samples 

only (D1-1 and D3-1) due to measured air-like 40Ar/36Ar ratios (i.e., insignificant radiogenic 

40Ar contributions). Notably, all 4He/40Ar* ratios calculated for CIR basalts are higher than the 

mantle production ratio of ~2 and range from 3.0 to 62, compared to Réunion xenoliths which 

fall between 1.3 and 2.0 (Table VI.2). In general, 4He/40Ar* are low (< 20), suggesting only 

moderate amounts of degassing, however the 4He/40Ar* ratio of individual samples are 
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variable, indicating that CIR basalts have experienced different amounts of degassing. Two 

groups are evident; on axis samples, which all have 4He/40Ar* ratios < ~10, with the exception 

of sample D2-1 (4He/40Ar* = 62) and off-axis samples, which have 4He/40Ar* ratios > ~10 with 

the exception of D26-2 (4He/40Ar* = 5.2). Higher 4He/40Ar* ratios in off-axis samples (~5-10x 

the production ratio) suggest more extensive degassing in off-axis portions of the crust, 

compared with on-axis samples. In contrast, 4He/40Ar∗ values close to the mantle production 

value are measured in Réunion xenoliths, indicating that gas loss was insignificant or very 

minor. 

In Figure VI.3, we plot N-isotopes as a function of latitude (for on-axis samples) and 

longitude for off-axis samples and note that all but two on-axis CIR basalts exhibit negative 

δ15N values whereas all off-axis samples display positive values. In order to test if the 

observed N-isotope variations result from degassing-related modification, we plot 4He/40Ar* 

versus δ15N (Figure VI.13a) and note that two distinct (i.e., a positive and negative) fields are 

evident. Significantly, both fields have variable 4He/40Ar* ratios yet exhibit overlapping δ15N 

values. For example, positive δ15N samples have 4He/40Ar* values that vary by a factor of 10, 

but all δ15N values are indistinguishable within error. The same observation can be made for 

the negative δ15N field where 4He/40Ar* values range from 2 to 5, however, all δ15N values 

overlap. These results indicate that N-isotopes variations are independent of 4He/40Ar* and 

thus we conclude that N-isotopes of CIR basalts have not experienced degassing fractionation. 

Significantly, this observation is consistent with previous compilation studies of various mid 

ocean ridge (MOR) and OIB settings (e.g., Marty and Humbert, 1997; Fischer et al., 2005), 

which also suggest that nitrogen isotope variations are independent of degassing. Therefore, 

nitrogen isotope variability in CIR basalts must be attributed to other processes – either 

mixing between isotopically distinct components in the mantle source and/or crustal 
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contributions. In the following section, we investigate coupled He-Ne-Ar isotope systematics 

in order to assess if observed co-variations can be explained by mantle-mixing processes. 

 

Figure VI.13: (a) 4He/40Ar* ratio versus nitrogen isotopes (δ15N), the lack of a correlation 
suggests that CIR basalt nitrogen isotopes are not affected by degassing. (b) He-isotopes 
(3He/4He) versus nitrogen isotopes (c) Argon isotopes (40Ar/36Ar) versus nitrogen isotopes 
together with Air and postulated MORB (δ15N = -5 ± 2 ‰; 40Ar/36Ar = 10,000) and Plume 
(δ15N = +3 ± 2 ‰; 40Ar/36Ar = 6,000) endmembers as well as mixing trajectories. Positive 
δ15N anomalies observed in plume-derived samples (e.g., off-axis CIR basalts) likely result 
from crustal N additions. 
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VI.6.2 CIR mantle mixing – MORB versus primitive contributions 

Previous He isotope studies have shown that high 3He/4He ratios (i.e., 3He/4He values 

> MORB-like values) between the ∼19° and 20° S segment of the CIR axis, and along the 

adjacent off-axis Gasitao, Three Magi, and Rodrigues ridges, suggest primitive (Réunion) hot 

spot mantle is flowing laterally toward the CIR (Füri et al., 2011). In this section, we combine 

these He-isotope results with new Ne-N-Ar data to investigate if mixing between primordial 

and mantle components, together with variable crustal contributions, can adequately explain 

the coupled N-Ne-Ar evolution of the CIR mantle.  

 

VI.6.2.1 N-He-Ar isotope relationships of CIR basalts 

Positive δ15N values are observed in all off-axis basalts, as well as in two on-axis CIR 

basalts at ~18.1º S (i.e., D9-2 and D8-2; Figure VI.3). In Figure VI.13b, we plot He-isotopes 

versus N-isotopes and demonstrate that two of the three highest 3He/4He values are from off-

axis portions of the CIR and also display positive δ15N values. In addition, two on-axis low 

3He/4He samples, collected directly south of the Marie Celeste FZ (~18.1º S), exhibit positive 

δ15N values. Using He-isotopes and incompatible trace element ratios, Füri et al. (2011) 

identified off-axis samples to be affected by current plume-ridge interaction (~19.5º S) and on-

axis samples (with high La/Sm and low 3He/4He) at ~18.1º S to be interacting with the 

remnants of a “fossil” Réunion mantle plume component. If the Réunion-plume is indeed the 

source of 3He enrichments in the CIR mantle, then we postulate that 15N enrichments in off-

axis basalts may also be derived from interaction between the CIR and the Réunion plume. 

Similarly, we propose that the positive δ15N component observed in on-axis samples at ~18.1º 



 

   
 

180 

S is derived from fossil Réunion-plume material located immediately south of the Marie 

Celeste FZ (~18.1º S).  

In Figure VI.13c, 40Ar/36Ar values are plotted as a function of δ15N, together with 

binary mixing curves between presumed mantle endmembers and the atmosphere. Unlike Ne-

isotopes, Ar-isotopes are not corrected for air-contributions, due to the assumption that all 36Ar 

is air-derived. The majority of on-axis basalts can be explained by mixing between a MORB 

endmember (δ15N = -5 ± 2 ‰; 40Ar/36Ar > 10,000) and air (δ15N = 0 ‰; 40Ar/36Ar = 298.56), 

whereas off-axis samples can be explained by mixing with a plume-mantle endmember (δ15N 

= +3 ± 2 ‰; 40Ar/36Ar = 6,000) and air. For comparison, published N-Ar results from MORB 

and plume-mantle settings are also shown (Dauphas and Marty et al., 1999). Coupled N-Ar 

results suggest that distinct MORB- and plume-like mantle components are present in the CIR 

mantle source and that combined N-Ar isotope systematics can be explained by mixing 

between mantle and air components.  

 

VI.6.2.2 N-Ne isotopes of CIR basalts 

Ne-isotopes variations of CIR basalts suggest a solar component is present in the CIR 

mantle, with observed Ne-isotope variations best explained by mixing between MORB and 

primitive Réunion plume-like mantle endmembers (Figure VI.3). Assuming solar wind 

samples accurately approximate the proto-solar nebula (PSN; Marty et al., 2011; Marty, 

2012), there may also be a small, but detectable, primitive (i.e., solar) nitrogen component in 

the CIR mantle. In this section, we assess if primitive contributions are detectable in the 

coupled N-Ne isotope systematics of CIR basalts. 
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Marty (2012) suggested that mantle nitrogen isotope compositions could potentially 

be explained by mixing between small amounts of PSN nitrogen (δ15N = -383 ± 8 ‰), 

recycled atmospheric nitrogen (= 0 ‰) and/or crustal nitrogen (= ~ +7 ‰) components. In 

order to test if the solar nitrogen hypothesis is consistent with the occurrence of solar-Ne in 

the CIR mantle source, we plot 21Ne/22NeEX values (see Section 5.1.2) of CIR basalts against 

N-isotopes (15N/14N) in Figure VI.14, together with binary mixing trajectories between a 

postulated solar endmember and two distinct mantle endmembers with δ15N values between 

MORB mantle (-5 ‰) and crustal nitrogen (+7 ‰) values. The solar 21Ne/22Ne is assumed to 

be 0.03118 (Trieloff and Kunz, 2005), whereas the 15N/14N of 2.2681 × 10-3 (i.e., δ15N = -383 

‰) is the measured solar wind value (Marty et al., 2011). The MORB 21Ne/22Ne endmember 

value is estimated to be 0.0594 by extrapolating the MORB trajectory (Sarda et al., 1988) to 

the 20Ne/22Ne of Ne-B (=12.5). We adopt two distinct mantle 15N/14N endmembers (3.6687 × 

10-3; δ15N = -2 ‰, 3.6815× 10-3; δ15N = +1.5 ‰), both of which fall between MORB (3.6576 

× 10-3; δ15N = -5 ‰) and sediments (3.7017 × 10-3; δ15N = +7 ‰) (Marty and Dauphas, 2003). 
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Figure VI.14: (21Ne/22Ne)EX (i.e., air-corrected 21Ne/22Ne values) versus 15N/14N values of CIR 
basalts, plotted together with binary mixing curves between a solar component and mantle 
endmember components with variable 15N enriched sedimentary contributions (see Section 5.3 
for details). The curvature of the hyperbolic mixing lines is described by r = (14N/22Ne)MORB / 
(14N/22Ne)SOLAR = ~1000.  

 

Coupled Ne-N variations can be explained by binary mixing between a solar 

endmember and a MORB-like mantle endmember, modified by variable 15N enriched 

contributions – consistent with addition of crustal material. All N-Ne data fall on one of two 

well-defined mixing curves, between solar and mantle/crustal 15N/14N endmember 

components. The curvature of the binary mixing trajectories is controlled by the r value = 

(14N/22Ne)MORB / (14N/22Ne)SOLAR and in both cases is equal to ~1000 (Figure VI.14), which 

indicates that either higher relative 14N or lower 22Ne contents occur in the mantle endmember 
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versus the solar endmember. Significantly, only very small amounts of solar contributions (< 

0.2 %) are required to explain the observed Ne-N isotope systematics. All but one on-axis CIR 

sample plots on a solar-mantle mixing curve, where the mantle endmember δ15N component is 

~ -2 ‰ (15N/14N = 3.6687 × 10-3). In contrast, both off-axis samples and on-axis sample D8-2, 

require mixing with a 15N enriched mantle endmember component (15N/14N = 3.6815 × 10-3; 

δ15N = ~ +1.5 ‰). The disparity between necessary mantle endmembers δ15N components 

suggests that off-axis samples require a larger 15N-enriched component to explain their 

combined Ne-N systematics. By assuming a MORB starting value of -5 ‰ and a sedimentary 

end member of +7 ‰ we estimate that on-axis samples have ~ 20 % of sedimentary-derived N 

and that off axis samples have ~ 50 % sedimentary-derived N.  

If we assume that off-axis samples are more heavily influenced by recent plume 

contributions (Füri et al., 2011), then the occurrence of positive δ15N values is consistent with 

previous findings (Marty and Dauphas, 2003; Fischer et al., 2005), which show that 

OIB/plume-influenced systems have 15N-enriched sources. In addition, on-axis sample D8-2 – 

which plots on a mixing trajectory with off-axis samples in Figure VI.14 – was previously 

characterized as having been influenced by a “fossil” Réunion component based on high 

La/Sm and radiogenic 3He/4He ratios (Füri et al., 2011). Trace element and radiogenic isotopic 

compositions of CIR samples from ~18.1º S have also been explained by binary mixing 

between regional depleted MORB mantle and a recycled OIB/seamount component (Ulrich et 

al., 2012). Thus, we conclude that the enriched on-axis sample may have acquired larger 15N 

enriched contributions compared with other on-axis basalts, due to plume-ridge interaction 

and perhaps due to recycling of a 15N enriched component. 

 

VI.6.3 Source of 15N enriched component? 
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In this section, we investigate possible sources of the 15N enriched sedimentary 

component identified in plume-related CIR basalts. Enriched crustal δ15N signatures can 

potentially be integrated in two distinct ways: (1) through incorporation of recycled oceanic 

crust and ocean sediments, into the convecting mantle by subduction (e.g., Hofmann and 

White, 1982; Marty and Humbert, 1997; Marty and Dauphas, 2003; Day et al., 2009), and/or 

(2) by shallow-assimilation within the existing crust during magma eruption (Shaw et al., 

2004; Macpherson et al., 2005). 

Nitrogen in the mantle is considered to be predominantly recycled (Marty and 

Dauphas, 2003) on the basis of N2/K and N2/36Ar ratios (Marty and Dauphas, 2003). 

Potassium is a strongly recycled, nonvolatile, and highly incompatible lithophile element and 

N2/K ratios are nearly constant between the exosphere and the various mantle reservoirs. 

Conversely, the ratio between N and 36Ar – an extremely volatile element – varies over three 

orders of magnitude in these same reservoirs (Marty, 1995; Marty and Dauphas, 2003). In 

contrast, Ne and He are not efficiently recycled into the mantle source (Moreira et al., 2003; 

Ballentine et al., 2005; Mukhopadhyay, 2012). 

Due to the recycled nature of mantle nitrogen, it serves as an excellent tracer of deep 

crustal recycling processes (Marty and Dauphas, 2003), due in part to large isotopic and 

concentration contrasts between reservoirs. For example, MORB mantle is depleted in 15N 

versus surface reservoirs (i.e., atmosphere, sediments), and δ15N vales range from -5 ± 2 ‰ 

(Marty and Dauphas, 2003) to as low as -30 ‰ (Javoy et al., 1986; Cartigny et al., 1998a; 

Marty and Zimmermann, 1999; Marty, 2012). In contrast, plume-influenced regions sample an 

isotopically distinct 15N enriched component (i.e., δ15N = 3 ± 2; Marty and Dauphas, 2003). 

The δ15N disparity between MORB and plume-derived samples indicates that two isolated 

reservoirs exist in the mantle – presumably the depleted upper (MORB) mantle and the less 
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degassed lower mantle. In contrast, nitrogen isotopes in crustal material ranges from ~ +4 to 

+8 ‰ in kerogens and ocean sediments (Pinti et al., 2001) due to kinetic isotope fractionation 

of nitrogen associated with the dissimilatory denitrification of NO3
- in the oceans. Due to the 

isotopic similarity between crustal material and plume-derived material, Marty and Humbert 

(1997) and Marty and Dauphas (2003) suggested that the positive δ15N plume component may 

result from preferential recycling of crustal material into the plume-mantle source.  

The preponderance of isotopically high δ 15N values in plume related samples along 

the CIR indicates that 15N enriched crustal material is efficiently recycled into the Réunion-

CIR mantle source. All off-axis samples and one two on-axis samples from ~18.1º S display 

positive δ15N characteristics, consistent with significant plume contributions (Füri et al., 

2011). Based on trace element and radiogenic isotope compositions, Ulrich et al. (2012) 

suggested that samples from ~18º to 20º S can be explained by a binary mixture between 

depleted MORB mantle source and a recycled OIB/seamount source. 

In Figure VI.14, high (~1000) r-values [(14N/22Ne)MORB/(14N/22Ne)SOLAR = 1000] are 

required to explain Ne-N isotope systematics of CIR basalts, suggesting that N is recycled into 

the mantle ~1000 times more efficiently than Ne. This observation is consistent with previous 

mass balance arguments that suggest Ne is removed during the subduction process (Moreira et 

al., 2003; Ballentine et al., 2005; Mukhopadhyay, 2012). If air-like neon were recycled into 

the mantle, it would dominate the neon budget, thus significantly lowering the measured 

14N/22Ne value of the mantle.  

Alternatively, it is possible that positive δ15N signatures are acquired during magma 

emplacement events. The oceanic crust is heterogeneous with respect to nitrogen speciation 

and isotope characteristics, and thus there is potential for assimilation of crustal material 

during eruption events (Pinti et al., 2001; Busigny et al., 2005b; Li et al., 2007). Magma 
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mixing with isotopically distinct N2 in the shallow crust would be expected to result in 

variable amounts of crustal addition, likely depending on the thickness of the crust. In this 

way, off-axis samples may acquire an isotopically higher δ15N signature due to more 

interaction with thicker oceanic crust during emplacement. However, if contamination during 

eruption were the source of the crustal 15N enrichment we would expect to observe the highest 

δ15N values in the highest N2 concentration samples, but no clear relationship is evident 

between these two parameters (Table VI.3). Furthermore, the fact that all 15N enriched CIR 

basalts show ancillary evidence (e.g., He-isotope and/or La/Sm enrichments) that they are 

plume-derived, suggests that the crustal component is integrated into the mantle source. 

Moreover, the observation that the positive δ15N component is detectable in both modern and 

fossil plume-related settings indicates that the source of the 15N enrichment is long-lived in the 

mantle source. The confluence of these factors leads us to favor the former (i.e., recycling) 

explanation for crustal enrichments.  

In summary, we conclude that the coupled N-Ne isotope characteristics of CIR basalts 

can be explained by mixing between an extremely small (< 0.2 %) solar contribution and 

mantle contributions that have been variably (20-50 %) modified by crustal nitrogen additions. 

The occurrence of positive δ15N in plume related samples, together with the overwhelming 

evidence for the recycled nature of mantle nitrogen leads us to conclude that crustal nitrogen is 

likely recycled into the Réunion-plume source and is detectable along portions of the CIR due 

to plume ridge interaction.    

 

VI.6.4 Additional constraints on mantle mixing 
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Additional constraints on mantle mixing processes are available through coupling Ne 

and He isotope data, measured on the same sample suite. This approach allows us to assess if 

He-Ne co-variations observed in CIR basalts and Réunion xenoliths can also be explained by 

binary mixing between plume-type and MORB-like mantle He/Ne endmembers.  

 

VI.6.4.1 He-Ne isotope variability 

In Figure VI.15, the air-corrected 21Ne/22NeEX values of CIR basalts as well as 

Réunion xenolith samples are plotted against He-isotopes, together with a series of binary 

mixing trajectories between postulated primordial (PRIM) and MORB end-members. Notably, 

21Ne/22NeEX values in Réunion xenoliths range from 0.0325 ± 0.0108 to 0.0513 ± 0.0120, and 

fall in the range previously measured in Réunion lavas (Hanyu et al., 2001; Trieloff et al., 

2002; Hopp and Trieloff, 2005). The 21Ne/22Ne of PRIM (i.e., primitive solar component) is 

again assumed to be 0.03118 (Trieloff and Kunz, 2005) and the MORB 21Ne/22Ne endmember 

value is estimated to be 0.0594 by extrapolating the MORB trajectory (Sarda et al., 1988) to 

the 20Ne/22Ne of Ne-B (=12.5), in the same way as in the previous section. In the case of He-

isotopes, we assume a MORB endmember 4He/3He ratio of 90,000 (=8 RA) (Graham, 2002), 

and a PRIM He-isotope endmember value of 280 RA (Black, 1972; 4He/3He = 2580) in order 

to be consistent with the Ne-B component (i.e., both values were measured in gas-rich 

meteorite samples; Black, 1972). The curvature of binary mixing trajectories are controlled by 

the r value = (3He/22Ne)MORB / (3He/22Ne)PLUME. For reference, we also plot 21Ne/22NeEX versus 

4He/3He data fields for previous studies of Réunion lavas (Hanyu et al., 2001), and Iceland 

(Füri et al., 2010), which represent the Réunion-plume component as well as an archetypal 

plume-MOR interaction.  
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Figure VI.15: (21Ne/22Ne)EX (i.e., air-corrected 21Ne/22Ne values) versus 4He/3He values of 
CIR basalts and Réunion xenoliths, plotted together with binary mixing curves between a 
primordial mantle endmember (PRIM) and a MORB-like component (see Section 5.3 for 
details). The curvature of the hyperbolic mixing lines is described by r = 
(3He/22Ne)MORB/(3He/22Ne)PRIM. In addition, data fields are shown for Réunion lavas (Hanyu et 
al., 2001) and Iceland subglacial basalts (Füri et al., 2010). 

 

The observed variations between Ne and He isotopes can be described by binary 

mixing between a primordial mantle endmember (PRIM) and a second endmember similar to 

MORB-mantle. However, unlike Ne-N relationships, CIR basalt and Réunion xenolith 

samples do not fall on a single Ne-He mixing curve, but rather require r-values between 0.4 

and 30 to explain observed variations (Figure VI.15). Apart from an obvious outlier, on-axis 

CIR samples plot close to PRIM-MORB mixing curves with an r-values between 1 and 30, 

whereas the majority of off-axis samples fall between 1 and 5, with one outlier with an r-value 
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of 30. The fact that all basalt samples require r-values greater than unity, implies a 

higher 3He/22Ne ratio of the MORB endmember compared to the 3He/22Ne ratio of the 

primordial mantle component (i.e., (3He/22Ne)MORB > (3He/22Ne)PRIM).  

If we assume that the MORB endmember 3He/22Ne ratio is constant throughout the 

CIR, then lower r-values in off-axis samples suggest a higher relative PRIM 3He/22Ne 

endmember in the plume source. In this regard, CIR basalts resemble other plume-related 

glasses (e.g., Iceland; Füri et al., 2010). Significantly, all Réunion xenolith samples plot closer 

to the PRIM endmember compared with CIR basalt samples and overlap with Réunion lavas 

(Hanyu et al., 2001), consistent with a higher 3He/22Ne plume contribution in the admixture. 

Notably, mixing trajectories for xenolith samples span the entire range observed in CIR 

basalts (i.e., r-values between ~ 0.4 and 30), however, this range is bracketed by Réunion lava 

samples (Hanyu et al., 2001), which span an even broader range (Figure VI.15). The single 

outlying on-axis basalt sample (Figure VI.15; D8-2) falls outside the mixing envelope defined 

by the series of binary mixing curves between PRIM and MORB endmembers; D8-2 is 

marked by lower than MORB He-isotopes and thus an additional endmember (with 

low 3He/4He) is required to account for the He–Ne systematics; radiogenic He (accompanied 

by insignificant nucleogenic Ne) produced within the crust is a possibility. This observation in 

agreement with the conclusions of Füri et al. (2011), who explained low He-isotope (i.e., 

3He/4He < MORB) samples observed in the ~18.1 ºS portion of the CIR by closed system 

radiogenic 4He in-growth in a “fossil” Réunion mantle component. Furthermore, this finding 

is consistent with larger contributions from the Réunion-like (i.e., plume) component, which 

were identified in the Ne-N isotope systematics of sample D8-2.  

An alternative explanation for variations in 21Ne/22Neex values between presumed 

upper and lower mantle reservoirs is elemental He/Ne heterogeneities in the mantle. For 
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example, Moreira et al. (2001) proposed that different mantle reservoirs (i.e., MORB versus 

PRIM) could have evolved from the same He and Ne isotope compositions but with 

distinct 3He/22Ne ratios and that subsequent ingrowth of nucleogenic 21Ne and radiogenic 4He  

have produced the observed range in 21Ne/22Neex and 3He/4He values. Nucleogenic 21Ne is 

generated by the 18O (α,n) 21Ne and 24Mg (n,α) 21Ne reactions (Wetherill, 1954), resulting in an 

increase in the 21Ne/22Ne ratio and δ21Ne values over time. Since the α-particles are derived 

from U and Th decay, the production of radiogenic 4He and nucleogenic 21Ne (21Ne∗) should 

therefore be directly coupled, and high 4He/3He (i.e., low 3He/4He) ratios would therefore 

correlate with high 21Ne/22NeEX values. However, in CIR basalts and Réunion xenoliths, 

measured 3He/22Ne ratios vary over 2 orders of magnitude (0.02 to 3.93). If mantle 

heterogeneities were the origin of these variations it would imply that the 3He/22Ne ratio in the 

mantle source varied by a factor of ~200. However, there is no mechanism know to exist that 

can preserve such large 3He/22Ne disparities within a single mantle domain for such long 

durations (i.e., over Earth history). Therefore, we propose that the He–Ne characteristics of 

CIR basalt and Réunion xenolith samples are better explained by the binary mixing scenario 

presented in Figure VI.15. 

 

VI.6.4.2 Solar and nucleogenic Ne variations 

The observation that endmember 3He/22Ne compositions used in the binary mixing 

model above are different (r ≠ 1) and variable (0.4 < r < 30) indicates that the He/Ne ratio in 

either one or both mantle endmembers of the CIR (i.e., the PRIM and/or MORB mantle 

component) was fractionated prior to mixing (Hopp and Trieloff, 2008). We can assess this 

fractionation hypothesis for the CIR samples by considering the 4He/21Ne∗ and the 3He/22NeS 

ratios. The ratio of primordial 3He to solar 22NeS (Graham, 2002) is calculated using: 
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22NeS = [22Ne]M × f22          (4) 

 

3He/22NeS = (3He/4HeM × [4He]M) / 22NeS       (5) 

 

The amount of mantle-derived nucleogenic 21Ne (i.e., 21Ne∗) in a sample is given by: 

 

21Ne∗ = 22NeS (21Ne/22NeEX-21Ne/22NeS)       (6) 

 

Again, we use the isotope composition of Ne-B as the value for “solar” mantle neon in order 

to calculate 3He/22NeS and 4He/21Ne∗. 

Figure VI.16a shows the relationship between of 3He/22NeS and 4He/21Ne∗ for CIR 

basalt and Réunion xenolith samples of this study. Also plotted for comparison are data fields 

for lavas of Réunion (Hanyu et al., 2001), Iceland (Füri et al., 2010), and MORB (Sarda et al., 

1988; Moreira et al., 1998). Réunion xenoliths (this study) and previously characterized 

plume-derived materials (e.g., Réunion and Iceland fields – Figure VI.16a) display distinctly 

lower He/Ne ratios versus the mean primordial 3He/22NeS value of 7.7 (Honda and McDougall, 

1998) and the theoretical radiogenic 4He to nucleogenic 21Ne (i.e., 4He/21Ne*) production 

ratio of 2.2 × 107 (Yatsevich and Honda, 1997) proposed for Earth’s mantle (= Mantle EM; 

Figure VI.16a), consistent with a significant contribution from a mantle component that is 

depleted in He relative to Ne. Hopp and Trieloff (2008) and Füri et al. (2010), suggested that 
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plume-derived materials may exhibit lower He/Ne ratios due to a helium deficit which they 

attribute to the more compatible behavior of He relative to Ne (and Ar) during partial melting. 

In this way, a small amount of He-deficient plume-derived melt mixes with a larger degree of 

MORB melt to produce the observed variability in He–Ne isotope compositions in plume 

related systems.  
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Figure VI.16: (a) 3He/22NeS and (b) 4He/40Ar* versus 4He/21Ne* of CIR basalt and Réunion 
xenoliths. In addition, we plot MORB (Sarda et al., 1988; Moreira et al., 1998), Réunion 
(Hanyu et al., 2001) and Iceland (Füri et al., 2010) fields. The grey square represents assumed 
values for Earth’s mantle: 4He/21Ne* = 2.2 x 107 (Yatsevich and Honda, 1997), 3He/22Ne = 7.7 
(Honda and McDougall, 1998), 4He/40Ar* = 2 (Jambon et al., 1986; Marty and Zimmermann, 
1999). All 3He/22NeS and 4He/21Ne* ratios are calculated under the assumption that Ne–B is 
representative of the primordial, “solar” neon component. 
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In contrast, the majority of CIR basalts have elevated He/Ne (Figure VI.16a) ratios 

versus the proposed mantle endmember value and overlap with glasses previously 

characterized in MORB settings (Sarda et al., 1988; Moreira et al., 1998). This observation 

indicates significant recent elemental fractionation which has enriched CIR glasses in both 

primordial 3He and radiogenic 4He relative to mantle Ne. Honda and Patterson (1999) 

suggested that the systematic He enrichment observed in MORB glasses may reflect the 

preferential concentration of helium, liberated from the crystallizing oceanic crust, into the 

relatively small volume of residual magma that is erupted to form glasses. Alternatively, more 

extensive vesicle loss in MORB magma (versus plume-derived magma) during degassing 

could enable preferential loss of Ne relative to He, due to lower Ne solubilities in magma 

(Sarda and Moreira, 2002). In both cases, the linear correlation (slope = ~1) between 

3He/22NeS and 4He/21Ne∗ of all sample suites, including CIR basalts and Réunion xenoliths, 

suggests that any He–Ne fractionation must have occurred relatively recently in order to 

preserve distinct 4He/21Ne∗ values, i.e., ≠ mantle production values (i.e., Mantle EM; Honda 

and Patterson, 1999). In turn, the timing of He–Ne fractionation restricts the subsequent 

mixing event between mantle endmembers to the relatively shallow mantle and/or eruption 

site, suggesting that degassing fractionation during eruption may be the most viable 

explanation. In the following section we further investigate degassing losses using an 

equilibrium degassing model.   

 

VI.6.4.3 Relative noble gas (He-Ne-Ar) variations 
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In Figure VI.16b, we plot 4He/40Ar∗ (see Section 5.1.4) values as a function 

of 4He/21Ne∗ ratios for CIR basalts, Réunion xenoliths together with fields for Réunion lavas 

(Hanyu et al., 2001), MORB (Sarda et al., 1988; Moreira et al., 1998) and Icelandic subglacial 

glasses (Füri et al., 2010). Most CIR basalts plot close to a linear array with an observed slope 

of ∼1, defined by MORB and plume-derived samples, which include the mantle endmember, 

defined by the theoretical 4He/40Ar∗ and 4He/21Ne∗ production ratios (Jambon et al., 1986; 

Marty and Zimmerman, 1999; Yatsevich and Honda, 1997). Réunion xenolith samples of this 

study display 4He/40Ar∗ and 4He/21Ne∗ values close the assumed mantle production values 

(i.e., Mantle EM) and overlap with Réunion (Hanyu et al., 2001) and Iceland values (Füri et 

al., 2010).  

However, all but one CIR basalt sample displays He/Ne ratios higher than the mantle 

production value, indicating elemental fractionation associated with degassing. Furthermore, 

the correlation observed in Figure VI.16b supports the conclusion from the previous section 

that He/Ne variations likely result from degassing. Similar observations were previously made 

in MORB samples (Honda et al., 1993b; Honda and Patterson, 1999) and recently in the Lau 

Basin (Hahm et al., 2012). If the Réunion plume component were dominant in all off-axis 

basalt samples, we might expect lower 4He/40Ar∗ and 4He/21Ne∗ values, overlapping with 

Réunion xenoliths and other plume related localities that possess similarly high 3He/4He 

values. Significantly, the outlying sample (D37-2) also has the most primitive 3He/4He ratio 

(9.67 RA) of all basalts reported here (Füri et al., 2011). Based on these results we conclude 

that CIR basalts are primarily characterized by MORB-like He-Ne-Ar and have substantial 

fractionated due to degassing processes. 

In summary, we conclude that the majority of CIR basalts have been modified by 

degassing processes but retain He/Ne and He/Ar characteristics of the MORB mantle (i.e., plot 



 

   
 

196 

within the MORB field in Figure VI.16; Sarda et al., 1988; Moreira et al., 1998). In contrast, 

Réunion xenoliths and several off-axis CIR basalt samples overlap with plume like values – 

defined by the Réunion and Iceland fields (Figure VI.16). Observed He/Ne ratios help 

constrain the timing and location of mantle mixing – indicating that it occurred recently in the 

upper-most crust, which is consistent with elemental degassing fractionation. In the following 

section, we investigate the effects of degassing on the CO2 and volatile element ratios in more 

detail.  

 

VI.6.5 CO2 solubility and degassing 

During magma ascent, confining pressures are reduced and CO2 is degassed from the 

melt (Bottinga and Javoy, 1989; Dixon et al., 1995; Jendrzejewski et al., 1997), forming 

vesicles in the basalt (Delaney et al. 1978; Mysen et al. 1975; Stolper and Holloway 1988). 

CO2 has the lowest solubility among major volatile species and thus vesicles are comprised 

mainly of CO2. As a result, virtually all oceanic basalts become CO2 supersaturated (Sarda and 

Graham, 1990). CO2 solubility is also directly related to eruption (water) depth and basalts 

erupted at shallower depths will typically lose a greater proportion of their primary volatile 

inventory. This process is observed along the CIR, where the highest CO2 and major volatile 

contents occur in basalts erupted at the greatest eruption depth (~4,000 m; Table VI.4). Water 

content can also potentially exert an addition control on CO2 solubility, as the two are 

inversely related (Dixon et al., 1995); however, H2O contents are relatively homogeneous in 

all CIR basalts, suggesting hydrostatic confining pressures (eruption depths) are the primary 

control on extent of degassing.   
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Degassing occurs in either an open or closed system (Dixon et al., 1995; Gerlach and 

Taylor, 1990) or as a combination (two-stage) of both processes (Gerlach and Taylor, 1990; 

Macpherson and Mattey 1994; Shaw et al., 2004; Macpherson et al., 2005). Batch equilibrium 

degassing (BED) takes place in a closed system, whereby vesicles which form in a rising melt 

stay in contact with the melt, facilitating constant isotopic exchange (Macpherson and Mattey, 

1994). In contrast, fractional equilibrium degassing (FED) occurs in an open system, where 

vesicles form in equilibrium with the surrounding melt but are removed as degassing 

progresses. Degassing will lead to isotopic exchange between CO2 partitioned between the 

vesicles (CO2
v) and residual dissolved CO2 (CO2

d) in the magma (Pineau et al. 1976; Javoy et 

al. 1978), with the extent of isotopic exchange controlled by degassing type (i.e., FED versus 

BED). As a result, variations in residual CO2 content and δ13C values can be used to constrain 

the extent of degassing within a given magmatic system. 

 

VI.6.5.1 Dissolved CO2: equilibrium degassing modeling  

Using a degassing model (after Macpherson and Mattey, 1994), we estimate the initial 

carbon isotope and abundance characteristics of the CIR mantle source, assuming that 

measured CO2 values result from primary mantle source features which have been modified 

by secondary processes such as degassing and crustal assimilation. Additionally, this type of 

model assumes that all samples are derived from a distinct parental melt composition and that 

isotopic exchange between dissolved and vesicle sited carbon can be explained by a common 

fractionation factor (Δ vapor-melt). In this way, primary CO2 contents and δ13C values of the 

magma source, prior to degassing, are estimated using the following equations (after 

Macpherson and Mattey, 1994): 
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δrBED = δp − △(1 − (CrBED/Cp))       (7) 

 

δrFED = δp + △(ln(CrFED/Cp))         (8) 

 

where δrBED and δrFED correspond to the isotopic composition (δ13C) of CO2 remaining 

dissolved in the melt following BED and FED, CrBED and CrFED are the residual 

concentrations of CO2 for BED and FED, Cp and δp represent the primary carbon 

concentration and isotopic composition of CO2 dissolved in the melt prior to BED and FED, 

and △ = δ13Cvapor – δ13Cmelt. Because one δr corresponds to two residual CO2 concentrations 

(CrBED and CrFED) for the two types of degassing (BED and FED), the two equations can be 

combined: 

 

lnCp + (CrBED/Cp) = 1 + lnCrFED        (9)  

 

and Cp can then be calculated using CrBED and CrFED values corresponding to two different 

residual isotopic compositions (δr1 and δr2), using: 

 

Cp = (CrBED1 − CrBED2)/ln(CrFED1/ CrFED2)       (10) 
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CO2 characteristics were determined for a total of 30 CIR basaltic glasses, which display a 

wide range in δ13Cd and CO2
d contents (Table VI.4). A fractionation factor of (Δ=) ~2.2 was 

estimated by calculating the slope of a best fit regression line through on-axis samples D3-3, 

D8-2 and D17-1 and off-axis sample D22-1, which are assumed to represent a FED trajectory. 

On-axis sample D12-2 (CrBED
1 = 239.9 ppm, δr

1 = −5.8 ‰) and off-axis sample D25-2 (CrBED
2 

= 300.8 ppm, δ r
2 = −5.7 ‰) were selected to define a BED trajectory and subsequently used to 

calculate CrFED1 and CrFED2 using the FED regression line (δr = 2.12 ln(CrFED) – 19.63; R2 = 

0.9996), which defines the Δ-value for both the BED and FED trajectories. Using CrBED1 & 

CrFED1 and CrBED2 & CrFED2, Cp can then be estimated using Equation (10) and δpBED1, 

δpBED2, δpFED1, and δpFED2 using Equations (7) and (8), respectively. The estimated 

CO2 composition of pre-eruptive melt is (Cp) = 1293 ppm, with a corresponding average δp = -

4.2 ± 0.2 ‰ (i.e., average of δpBED1, δpBED2, δpFED1, and δpFED2; see Table VI.6).  

Notably, CO2 source estimates for CIR basalts are higher than typical MORB 

estimates of ~ 400 ppm CO2 (Macpherson and Mattey, 1994; Shaw et al., 2004) and overlap 

with the lower end of previous estimates for the Indian Ocean, which extend from ~1,100 ppm 

CO2 to as high as ~5,000 ppm CO2 (Cartigny et al., 2001a) in the mantle source. These same 

authors estimated starting δ13C values of -4.5 ± 0.2 ‰ in the Indian Ocean mantle source. In 

contrast, more recent estimates (e.g., Hirschman et al., 2006; Dixon et al., 2008; Marty, 2012) 

suggest that the mantle source may be as low as 20-120 ppm CO2. Clearly, a consensus has 

not been formed regarding CO2 source estimates in the mantle, due in part to the various 

approaches and modeling techniques employed to make these estimates. 
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Table VI.6: Calculations of CO2 in pre-eruptive melts. 

 CrBED1 (D12-2) CrBED2 (D25-2) CP δP 

δr (‰) -5.8 -5.7 1293c -4.1d 

CrBED (ppm) 239.9 300.8  -4.1e 

CrFED (ppm) 673.1a 705.6b  -4.4f 

    -4.4g 

 

aCalculated from δr
1 and the regression line (FED trajectory). 

bCalculated from δr
2 and the regression line (FED trajectory). 

cCalculated from Eq. (10). 

dCalculated from Eq. (7) using δr
1 and CrBED1. 

eCalculated from Eq. (7) using δr
2 and CrBED2. 

fCalculated from Eq. (8) using δr
1 and CrFED1. 

gCalculated from Eq. (8) using δr
2 and CrFED2. 

 

VI.6.5.2 Coupled assimilation and fractional equilibrium degassing (CAFED) 

Figure VI.17 demonstrates that all on-axis CO2 data and most (i.e., 9 of 14) off-

axis data can be adequately described by the above two-stage degassing model. Of the five 

off-axis outliers, three samples (D20-5, D29-1 and D34-1) display the lowest δ13C values 

along the entire CIR, well below the FED trajectory, and thus cannot be explained by 

degassing fractionation alone. For example, sample D29-1 is characterized by an extremely 

low CO2
d content (<5ppm) and δ13C value (-29.5 ‰). These outlying values can potentially 

result from extensive degassing, however, when a significant proportion (>99 %) of primary 

CO2 has been degassed the sample is also more susceptible to post- or syn-eruptive CO2 

additions. Samples D20-5 and D34-1 are distinct in that they display rather low δ13C values 

considering their relatively high CO2
d contents (~190-320 ppm), suggesting assimilation of 
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isotopically low carbon. In contrast, two other off-axis samples (DR08-1b and D30-3) display 

relatively high δ13C values and plot above the BED line. Isotopically high values indicate that 

samples are either derived from a magma source with a different source composition or have 

been subjected to contamination. The observation that the highest and lowest δ13C values are 

observed in the Gasitao and Rodrigues ridges effectively rules out source heterogeneity as the 

basis for isotopic variation. Instead, we conclude that extreme δ13C values in off-axis samples 

are derived from similar pre-eruptive magma which has been extensively degassed and 

subsequently acquired low δ13C during interaction with the crust. The fact that all on-axis 

samples can be explained by the two stage degassing model suggests that significant crustal 

interaction only occurs primarily in off-axis portions of the CIR crust. This observation is 

consistent with increased crustal thicknesses with distance from the ridge axis. Similar 

assimilation of shallow crust has been observed in the submarine ridges that are suspected to 

be interacting with a mantle plume (Macpherson et al., 2005).  
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Figure VI.17: Carbon-isotopes (δ13C) as a function of dissolved CO2 content (ppm) in CIR 
basalts. Calculated BED and FED mixing trajectories (solid line) are superimposed over CO2 
data assuming starting compositions of ~1300 ppm CO2, with a δ13C value of -4.2 ± 0.2 ‰. In 
addition, two CAFED trajectories are shown (dashed lines) which considers assimilation (300-
500 ppm) of isotopically light carbon (δ13C = -30 ‰) in concert with FED. 

 

In order to simulate the concurrent processes of degassing and wall rock assimilation, 

we adopt the methods of Macpherson et al. (2010) and implement a coupled assimilation and 

fractional equilibrium degassing (CAFED) model in which FED occurs in increments of 1%, 

followed by assimilation with a contaminant CO2 = 300-500 ppm and δ13C = -30 ‰. FED was 

selected as the preferred mechanism of degassing due to the longer storage and eruption times 

in an open system, which should promote interaction between melts and contaminants. This 

model also assumes that the thick oceanic crust is heterogeneous with respect to carbon 
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speciation and isotope characteristics. This assumption is supported by oceanic drilling in the 

CIR region that has identified a number of organic-carbon-rich-sediment beds, some of which 

contain up to 26 % marine-derived organic carbon (Meyers and Dickens, 1992). These 

sediments are expected to be characterized by isotopically low δ13C values of -20 to -30 ‰ 

(Schubert and Calvert, 2001). In addition, drill cores from the Indian Ocean also show 

abundant carbonates, clays and mixed-layer chlorite-smectites (Dick et al., 2000), which are 

expected to be characterized by higher δ13C values. Alternatively, we postulate that 

isotopically low (δ13C) organic signatures in crustal wall rocks may result from deep 

hydrothermal circulation of organic material (Lang et al., 2006). Figure VI.17 illustrates that 

the (n=2) low δ13C samples could be explained by CAFED (dashed lines) with CO2 = 300-500 

ppm and δ13C = -30 ‰.  

 

VI.6.5.3 Vesicle CO2 elemental fractionation and assimilation 

In addition to new CO2 isotope and abundance data presented here, all samples were 

previously characterized for vesicle-sited He isotopes and abundances (Füri et al., 2011) as 

well as Ne-Ar isotope and abundance systematics. By combining measured abundances of 

various different species, we calculate volatile ratios (i.e., CO2/3He; CO2/40Ar*; 4He/40Ar*) 

which, when evaluated together, may reveal valuable information about the degassing 

histories of the magmas. 

The extent of degassing is approximated using the 4He/40Ar* ratio (Marty and 

Tolstikhin, 1998), assuming a 4He/40Ar* production ratio of ~2 (Jambon et al., 1986; Marty 

and Zimmermann, 1999) (see Section 5.1.4 for details). Füri et al. (2011) demonstrated that 

low helium contents are not coupled with low 3He/4He ratios in CIR basalts, which implies 
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that crustal contamination has a negligible effect on He, and thus 4He/40Ar* is only expected to 

increase due to degassing effects. 

In the previous section, we identified samples with CO2 abundance and isotope 

characteristics that had been modified by both degassing and crustal assimilation processes. 

Here, we further evaluate these processes by plotting elemental ratios (Figure VI.18a-c) of 

various vesicle-sited volatile species (4He, 40Ar* and CO2). By investigating coupled elemental 

ratio variations we assess the extent of solubility fractionation between different chemical 

species during vesicle formation (i.e., degassing). Elements are predicted to fractionate based 

on their relative solubility differences in basaltic melts of 2.4 (SHe/SCO2; Hilton et al., 1998) 

and 4 (SCO2/SAr; Cartigny et al., 2001a), resulting in an increases in 4He/40Ar∗ and 

CO2/40Ar∗ and a decrease in CO2/3He in the residual phase as degassing progresses.  
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Figure VI.18: Elemental ratios for vesicle derived gases of CIR basalts. (a) – 4He/40Ar* 
versus  CO2/3He (b) – CO2/Ar* versus CO2/3He; (c) – 4He/40Ar* versus CO2/Ar*. 
Superimposed on each subplot are equilibrium degassing trajectories (FED-BED; solid lines) 
and coupled assimilation fractional equilibrium degassing (CAFED; dashed lines) scenarios. 
The CAFED assumes 1% degassing increments from a given starting composition (e.g., D13-
1), followed by addition of contaminant. CO2/3He and CO2/Ar* values of the crustal 
contaminant are assumed to be enriched by a factor of ~20-350 and the ratio of assimilated 
CO2 to degassed CO2 is assumed to be the same as the enrichment factor. Following the 
assimilation step, the degassing step is repeated from the new starting composition. 
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Figure VI.18 continued 
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We begin by assuming that the lowest 4He/40Ar* CIR sample D13-1 (4He/40Ar* = 3.0; 

CO2/40Ar = 5.3 × 104; CO2/3He = 1.5 × 109) can be used to approximate the least degassed 

sample, and thus provide an accurate starting point to consider degassing and coupled 

assimilation in CIR basalts. The observation that D13-1 is slightly higher than the mantle 

production ratio of 4He/40Ar∗ ∼ 2 (Jambon et al., 1986; Marty and Zimmermann, 1999), 

suggests that it may have experienced some very moderate degassing, most likely during the 

transfer process from the mantle source to shallower reservoirs in the crust. This assumption is 

consistent with dissolved carbon isotope (-5.6 ‰) and CO2 abundance (201.3 ppm) 

systematics of D13-1 (Table VI.4), which also suggest small degrees of 

degassing/modification. Using D13-1 as the starting composition, we plot BED and FED 

trajectories. As degassing progresses, relative solubility differences between volatile species 

causes increases in 4He/40Ar*and CO2/40Ar* and a decrease in CO2/3He in the residual phase.  

As seen in Figure VI.18a-c, BED and FED degassing trajectories provide a reasonable 

fit to a relatively small proportion of samples, and thus an additional process must be 

considered. For example, we identify sample D37-2, which has a distinctly high CO2/3He 

value of ~2.2 × 1010, accompanied by relatively low 4He/40Ar* value of ~18 (Figure VI.18a). 

Such elevated CO2/3He values cannot be produced by degassing alone; as such a process 

would require unrealistically high starting CO2/3He values or volatile solubilities that are 

considerably different than experimentally derived values. However, assimilation of crustal 

material (CO2/3He = 1 × 1011, 4He/40Ar* = 3) could provide a mechanism to produce the values 

observed in D37-2, and assimilation of a contaminant with CO2/3He < 1 × 1011 could explain 

the values that plot between the FED and CAFED trajectories. Using the same approach as 

was adopted in Section 5.5.2, the CAFED model assumes FED of CO2 in 1% increments from 

a given starting composition (e.g., D13-1), followed by addition of a contaminant. 
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Assimilation of wall-rock CO2 into the melt during transfer to the surface would be a likely 

mechanism, occurring concomitantly with degassing. CO2/3He and CO2/Ar* values of the 

crustal contaminant are assumed to be enriched by a factor of ~20-350, which is consistent 

with their crustal provenance (e.g., CO2/3He = ~1 × 1011 – 1 × 1013; O’Nions and Oxburgh, 

1988). The ratio of assimilated CO2 to degassed CO2 is assumed to be the same as the 

enrichment factor. Following assimilation, the degassing step is repeated from the new starting 

composition. The results of this model are plotted as dashed lines in Figures 18a-c. We 

conclude that CAFED is necessary to explain the majority of CIR samples and, as a result, we 

consider wall rock interaction as an important control on the volatile systematics of the CIR. 

However, this approach does not account for low CO2/3He values of off-axis samples 

(D20-5 and duplicate and D26-2), which cannot result from degassing (assuming D13-1 as the 

starting value) and/or through CAFED. We suggest instead that these two samples may have 

preferentially lost CO2 versus He, due to formation of CO2-rich minerals (e.g., calcite) 

following eruption, an observation consistent with abundant carbonate occurrence in the 

region (Meyers and Dickens, 1992; Dick et al., 2000). Alternatively, small heterogeneities in 

initial elemental ratios (i.e., a starting CO2/3He of ~9 × 108) could explain the off-axis 

elemental ratio variations, however this is inconsistent with recent studies (Shaw et al., 2004) 

which indicate that CO2/3He ratios of high 3He/4He mantle (i.e., 3He/4He > MORB) are equal 

to or greater than MORB-like values of ∼2 × 109. Another possibility is that small variations 

in CO2/3He (and not 4He/40Ar*) may result from assimilation of pure CO2 in the largest 

vesicles in the magma, followed by preferential selection of small vesicles in smaller pieces of 

glass (Hahm et al., 2012). 

In summary, the elemental characteristics of vesicle-sited CO2 and other volatiles are 

compatible with degassing and assimilation of crustal material in all but two off-axis samples. 
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We conclude that parent magma is stored in crustal magma chambers where addition of 

CO2 (enriched by a factor of ~20-350) can occur, most likely due to wall rock interaction. 

Using this approach we are able to identify intrinsic CO2 and relative volatile characteristics of 

the CIR mantle source. 

 

VI.7 Summary and concluding remarks 

In conclusion, we highlight the following points: 

1) Volatiles (i.e., Ne-N-Ar-CO2) measured in basaltic glasses of the CIR are heterogeneous 

with respect to both abundance and isotope characteristics, however a combined analytical 

approach suggests plume-ridge interaction is occurring between the Réunion hot spot and the 

CIR. 

 

2) CIR samples have distinct Ne-isotope anomalies and plot intermediately between MORB 

and Réunion on a Ne three-isotope, suggesting a solar-derived Ne component in the CIR 

mantle source. Ne-He mixing relationships suggest that both a primitive/solar and MORB-like 

mantle components are present in the CIR mantle.   

 

3) Nitrogen in the mantle is mostly recycled and thus N-isotopes in mantle-derived rocks are 

useful tracers for crustal recycling into the mantle. N-isotopes of CIR basalts range from -2.91 

to +1.80 ‰ and are > MORB, suggesting that 15N enriched oceanic sediments are recycled 

into the CIR mantle source. Ne-N mixing relationships indicate CIR basalts can be explained 

by mixing of a mantle component (with 20-50 % recycled sedimentary contributions) and a 



 

   
 

210 

relatively small (< 0.2 %) proportion of a solar component. Significantly, higher sedimentary 

contributions are observed in samples which show ancillary evidence (e.g., high 3He/4He 

and/or La/Sm) for plume contributions. 

 

4) CIR basalts retain He/Ne and He/Ar characteristics of the MORB mantle. In contrast, 

Réunion xenoliths and one high 3He/4He off-axis basalt sample (D37-2) overlap with plume 

like values. Observed He/Ne ratios (i.e., 3He/22NeS and 4He/21Ne∗) likely result from degassing 

processes, and elemental deviations from production ratios suggests degassing occurred 

recently and most likely in the upper portions of the crust. 

 

5) The highest CO2 concentrations (>800 ppm) were observed in on-axis CIR basalts collected 

just north of the Marie Celeste FZ, with lower concentrations measured along the CIR to the 

south and in off-axis lineaments. However, these CO2 values represent residual traces 

following magmatic degassing and additions of extraneous volatiles (from air, seawater, 

and/or crustal contamination), which act to mask intrinsic mantle source characteristics. Using 

an equilibrium degassing model, we reconstruct primary CO2 contents prior to degassing by 

combining constraints imposed by CO2–δ13C variations, in order to estimate primary 

CO2 concentrations for the CIR mantle source (CO2 = ~1300 ppm; δ13C = -4.2 ± 0.2 ‰).  

 

6) The observed elemental ratios (i.e., CO2/3He, CO2/40Ar* and 4He/40Ar*) in some CIR 

basalts can be explained by simple degassing from a mantle like starting composition, 

however a small amount of shallow level crustal contamination is required to explain several 

outliers. Using this approach we are able to evaluate mixing dynamics of mantle components 

Peter Barry
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in the CIR-Réunion region, together with the effects of shallow level magmatic processes such 

as degassing and crustal assimilation. 
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CHAPTER VII: Concluding Remarks 
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This dissertation has discussed laboratory and field-based instrumentation advances as 

well as the origin, transport and behavior of volatiles (noble gases, CO2 and N2) at three 

different geologic settings: a) the Rungwe Volcanic Province (RVP), southern Tanzania, an 

area of active continental rifting, b) Iceland, a ridge-centered hotspot, and c) the Central Indian 

Ridge, a mid-ocean ridge segment near an off-axis hotspot. 

In Chapter II, we discussed the development and initial test deployment of a syringe 

pump apparatus for the retrieval and temporal analysis of helium (SPARTAH). We 

demonstrated that the use of SPARTAH can produce time-series records of geochemical 

perturbations in groundwater systems and that SPARTAH provides several advantages over 

conventional sampling strategies, including long-term deployment and monitoring ability. The 

instrument requires little-to-no maintenance, and changing of Cu-coils in the field can prolong 

the monitoring period indefinitely. Sample resolution can be controlled by two independent 

parameters: (1) the withdrawal rate and/or (2) the length of Cu-tubing sectioned, and thus both 

short- (days to weeks) and long-term (up to 6 months) deployments can be achieved. Sampling 

with SPARTAH is continuous and no hiatus exists in the time record. Irrespective of the 

duration of a geochemical anomaly, SPARAH will capture any event, transient or long-term. 

For example, in the case of a seismic event occurring sometime during a SPARTAH 

deployment, the tubing can be subsequently collected and sectioned to reveal He isotope 

variations prior to, during and/or after the event. Additionally, SPARTAH reduces analytical 

efforts considerably in that samples of interest can be preferentially targeted for analysis. 

Finally, we emphasize that use of SPARTAH is not restricted to He or any other dissolved gas 

and can be used to investigate trace elements, stable isotopes or any other intrinsic water 

property of interest.  
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Chapter III described a newly constructed nitrogen extraction and purification system, 

interfaced to a noble gas VG-5440 mass spectrometer designed for simultaneous triple 

collection of nitrogen isotopes. We demonstrated the advantages provided by our new 

extraction system when used in conjunction with a static triple collection technique. Triple 

collection improved overall precision by enabling shorter analytical times, thus allowing 

standards and samples to be better characterized prior to sample measurement. Moreover, 

shorter analytical times helped minimize sample depletion and memory effects in the mass 

spectrometer. We also carried out an individual CO and blank correction on all runs, 

improving both precision on individual measurements and accuracy of results. The new 

system was tested with a series of oceanic basalts, which were analyzed for δ15N, 

N2 concentration and N2/Ar ratios. Based on these results, we concluded that static triple 

collection, utilizing simultaneous-collection on two Faraday and one Daly collector, provides 

clear advantages over peak jumping methods as is demonstrated by the highly reproducible 

nature of both internal and external standards as well as unknowns (i.e., samples).   

Our study of He-CO2 isotope and abundance characteristics at Rungwe Volcanic 

Province (RVP; Chapter IV) demonstrated that RVP fluids and gases are characterized by a 

wide range of 3He/4He and CO2/3He ratios, and a narrow range in δ13C (CO2) values, reflecting 

variable mantle and crustal contributions. We showed that phase-separation within the 

hydrothermal system has a clear influence on fluid-phase samples and likely exerts the 

principal control on CO2/3He ratios and δ13C values. Fluid samples are particularly susceptible 

to radiogenic helium additions following gas (He) loss and subsequent 4He addition due to 

prolonged interaction with the crust during fluid transport. A somewhat surprising finding of 

the study was that several cold CO2 mazuku-like gas vents display He-CO2 characteristics 

typical of MORB/SCLM. The low temperatures, rarity, and occurrence of mazuku at 

stratigraphic contacts, suggests that they may be derived from an isolated source that is 
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decoupled from the modern hydrothermal system. In addition, we used a CO2/3He–δ13C model 

to quantitatively assess mantle and crustal CO2 budgets and calculate CO2 fluxes for fluid 

samples. We suggest that the extent of crustal contamination in samples is regionally 

controlled by proximity to volcanic edifices and extent of hydrothermal interaction; however, 

rift zone evolution (e.g., stage of rifting) also heavily influences observed regional trends as it 

acts to control the extent of 4He addition from old, He-rich reservoir rocks. Finally, we 

concluded that the apparent He-isotope disparity between mafic phenocrysts and hydrothermal 

fluids does not exist on small spatial scales and that the absence of hydrothermal 

manifestations and/or mazuku-like features in close proximity to high 3He/4He phenocryst 

localities is a possible explanation for this apparent He-isotope disparity at RVP. 

Chapter V examined the CO2 systematics (isotope and relative abundance 

characteristics) of geothermal fluids and subglacial glasses from Iceland. Crustal assimilation 

appears to be ubiquitous in all geothermal fluid and gas samples and in some basalt samples. 

Significantly, basalts are modified by a 13C-depleted (organic/sedimentary) component – 

presumably at depth, whereas geothermal fluids and gases are primarily affected by a 

limestone-like contaminant, with δ13C close to ~ 0 ‰. Low-temperature (LT) off-axis samples 

are more significantly fractionated (i.e., lower δ13C and CO2/3He) vs. high-temperature (HT) 

axial rift zone samples, which generally display the highest CO2/3He values measured. 

Modified δ13C and CO2/3He characteristics in LT areas were attributed to calcite precipitation. 

At localities where both fluid and gas phases were collected, fluid samples displayed 6 to 450 

times higher CO2/3He values vs. gas phases, suggesting that Eastern Rift Zone (ERZ) fluid 

samples have been modified by hydrothermal phase separation processes. Using subglacial 

basalt data, we calculated pre-eruptive CO2 source estimates of ~531 ± 64 (ppm) and pre-

eruptive δ13C (δp) estimates of -2.5 ± 1.1 ‰, both consistent with previous E-MORB/plume 

endmember estimates. Furthermore, elemental ratio variations (i.e., CO2/3He; 4He/40Ar*; 
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CO2/40Ar*) can be explained by degassing and assimilation of crustal material. Finally, CO2 

flux estimates were made using three independent approaches. The first two approaches 

produced an estimate between 2 – 23 × 1010 mol a-1 for the whole of Iceland and the third 

approach was used to approximate the CO2 output from the Köldukvíslabotnar region (ERZ), 

producing a CO2 flux of ~ of 0.9-1.8 × 108 mol a-1 – consistent with estimates from other 

geothermal/volcanic regions of Iceland. 

Chapter VI investigated plume-ridge interaction between the Central Indian Ridge 

(CIR) and the Réunion hotspot. We measured stable isotope (C-N) and noble gas (Ne-Ar) 

characteristics in basalts collected on the CIR spreading axis between 17 ºS and 21 ºS, and 

along the adjacent Gasitao, Three Magi, and Rodrigues ridges to the west of the CIR. We 

demonstrated that CIR samples have distinct Ne-isotope anomalies and plot intermediately 

between MORB and Réunion on a Ne three-isotope, suggesting a solar-derived Ne component 

in the CIR mantle source. Ne-He mixing relationships suggest that both a primitive/solar and 

MORB-like mantle components occur in the CIR mantle. Coupled Ne-N mixing relationships 

indicate CIR basalts can be explained by mixing of a mantle component (with 20-50 % 

recycled sedimentary contributions) and a relatively small (< 0.2 %) proportion of a solar 

component. CIR basalts retain He/Ne and He/Ar elemental characteristics of the MORB 

mantle. In contrast, Réunion xenoliths and a single high 3He/4He off-axis basalt sample 

overlap with plume-like values. Observed He/Ne ratios likely result from degassing processes, 

and elemental deviations from production ratios suggests degassing occurred recently and 

most likely in the upper portions of the crust. Using an equilibrium degassing model, we 

reconstruct primary CO2 contents prior to degassing by combining constraints imposed by 

CO2–δ13C variations and estimated primary CO2 concentrations for the CIR mantle source 

(CO2 = ~1300 ppm; δ13C = -4.2 ± 0.2 ‰). In addition, we explained elemental ratio variations 
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by simple degassing from a mantle-like starting composition, together with a small amount of 

shallow level crustal contamination. 

Finally, we briefly discuss some possible directions of future work. A considerable 

amount of this dissertation focused on field and laboratory instrumentation developments and, 

as a result, we have opened the door to numerous possibilities for future research. However, 

there is still a significant amount of work to be done to ensure that the capabilities of these 

systems are fully utilized in the future. Furthermore, as we gain a better understanding about 

volatile source features and geochemical behavior, we are able to identify uncertainties in 

many of the assumptions, which are build into our models. For example, the latter two 

chapters depend heavily on experimental volatile solubility coefficients and isotopic 

fractionation factors as well as assumptions about endmember compositions in the mantle. 

Better constraints on these parameters will enable more robust geochemical studies in the 

future and help geochemists more accurately interpret isotope and relative abundance results.  

In Chapter II (reprint of Barry et al., 2009), we argue that SPARTAH has the potential 

to revolutionize the approach to time-series geochemical monitoring. In this initial study, we 

successfully completed two test deployments in San Bernardino, California and Selfoss, 

Iceland and demonstrated the capabilities of SPARTAH for capturing all geochemical 

perturbations, irrespective of deployment duration. Following the initial test period, 

SPARTAH has been deployed in two locations along the San Jacinto Fault for the past three 

years, both within the city of San Bernardino, California. However, in order to increase the 

likelihood of detecting a geochemical anomaly related to seismic activity, the distribution of 

SPARTAH devices must be expanded. To this end, plans are currently in place to deploy 

SPARTAH in two additional seismically-active regions of California as well as in the 

seismogenic forearc region of Costa Rica, in order to determine temporal patterns of He and 
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CO2. The aims of these studies will be to ascertain if dissolved He and CO2 respond to any 

crustal disturbances and/or seismic activity. Previous studies at Kobe, Japan (Sano et al., 

1998), the Georgian Caucasus (Areshidze et al., 1992), the North Anatolian Fault in Turkey 

(de Leeuw et al., 2010), Oshima Volcano, Japan (Sano et al., 1995), and Umbria-Marche, Italy 

(Italiano et al., 2001) are examples where monitoring of helium trends in aqueous fluids has 

identified stress readjustments in aquifers, resulting in changes in fluid provenance, mixing 

and/or flow histories related to specific seismic events. As a result, we view these localities as 

potentially ideal locations for future deployments of SPARTAH.  

In Chapter III (reprint of Barry et al., 2012a), we describe a newly constructed N2 

extraction and purification system as well as the simultaneous triple collection technique 

employed for measuring nitrogen isotopes. With the addition of this system, the Fluids and 

Volatiles Laboratory at SIO has become the only US-based laboratory measuring N-isotopes 

in such low concentration rock samples, and one of just a handful world-wide with these 

capabilities. Through continued use and additional refinement to the system, we intend to 

further improve analytical and procedural blanks associated with the line. The biggest 

challenge moving forward will be measuring N-isotopes in phenocrysts and xenoliths, which 

contain extremely small amounts of N2 – a feat that will require extremely low background 

levels. To date, only a single study (Fischer et al., 2005) has reported N-isotope data from 

mantle-derived mineral separates, thus there is enormous potential for future studies. We will 

be able to better characterize distinct regions of Earth’s mantle and address fundamental 

questions in isotope geochemistry. For example, due to the recycled nature of nitrogen in the 

mantle, we plan to characterize mantle-derived samples that show ancillary evidence for 

recycled components in their mantle source. This work will form the basis of my postdoctoral 

research, which is slated to occur at SIO over the next two years.   
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Chapters V and VI utilize coupled assimilation and fractional equilibrium degassing 

(CAFED) models which rely heavily on experimentally-derived solubility and isotopic 

fractionation coefficients. However, uncertainties associated with the determination of 

experimentally-derived solubility coefficients can potentially result in significant changes to 

model predictions. Such uncertainties could result from compositional differences between 

magmas, speciation differences, as well as temperature and pressure variations. As a result, 

more solubility coefficient data is essential if realistic models of the distribution and transport 

of mantle noble gases are to be constructed (Jambon et al., 1986; Lux et al., 1987; Pan et al., 

1991; Dixon and Stolper, 1995; Jendrzejewski et al., 1997; Hilton et al., 1998a; Cartigny et al., 

2001a). Similarly, the predicted isotopic fractionation between 13C and 12C during degassing 

and/or in the hydrothermal system will vary depending on the fractionation factor that is 

employed (Bottinga, 1969; Vogel, 1970; Mook, 1974; Drever, 1982; Szaran, 1997). Carbon-

isotope fractionation factors are also experimentally-derived and subject to the same 

uncertainties as mentioned above. For example, carbon isotope fractionation in hydrothermal 

systems is highly temperature dependent. Continued experimental work in these fields will 

allow geochemists to refine their modeling techniques and better explain their data. 

In addition, there is on-going debate regarding the source of solar-like components in 

Earth’s mantle. For example, the solar Ne component could be derived from solar nebula gas 

(Benkert et al., 1993; Kallenbach et al., 1997) or, alternatively, implanted solar wind, (e.g., 

Ne- B), sampled by gas-rich meteorites and in lunar soils (Black, 1972; Trieloff et al., 2000; 

Trieloff et al., 2002; Ballentine et al., 2005). Similar debates are also on-going with regard to 

which primitive/solar He- and N-isotope endmember component is most appropriate. Model 

results will vary significantly if proto-solar He-isotope values of 120 RA (Mahaffy et al., 1998) 

are selected as opposed to meteoritic ratios of 280 RA (Black, 1972). With regard to nitrogen 

isotopes, Javoy et al. (1986) suggested that the composition of Earth’s mantle can be 
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explained by accretion of enstatite chondrite material surrounded by a small veneer (< 1-2% of 

the upper mantle's mass) of C1- or C2-type chondrite material. More recently, Marty (2012) 

suggested a solar N component may be present in Earth’s mantle, following measurement of 

highly depleted 15N values in Genesis solar wind samples (Marty et al., 2011). Significantly, 

the solar N hypothesis is consistent with the occurrence of solar-Ne in the mantle, and thus, is 

the preferred endmember component used in this dissertation.
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