UNIVERSITY OF CALIFORNIA, SAN DIEGO

Noble gas (He-Ne-Ar) and stable isotope (C-N-O)sti@ints on volatile sources at convergent
and divergent plate boundaries with examples frodohesia, Iceland and the East African Rift

System

A dissertation submitted in partial satisfactiortio#
requirements for the degree Doctor of Philosophy

Earth Sciences

by

Saemundur A. Halldorsson

Committee in Charge:

David R. Hilton, Chair
Paterno R. Castillo
James M.D. Day
Barry B. Hanan
James W. Hawkins
Mark H. Thiemens

2014



Copyright
Saemundur A. Halldorsson, 2014

All rights reserved.



The Dissertation of Saemundur Ari Halldorsson igraped, and it is acceptable

in quality and in form for publication on microfiland electronically:

Chair
University of California, San Diego

2014



DEDICATION

In memory of my dear friend, David Orn Arnarssoh.{¥.1980-11.17.2012) who was

instrumental in sparking my interest in the greahders of Mother Earth.



TABLE OF CONTENTS

SIGNATURE PAGE ... iii
DEDICATION ...ttt e e e et ettt e e e e e ettt bb e e e s e e aaaeestbnnaeeaaaesnnns v
TABLE OF CONTENT S .t eeeee et e et ettt e e e e e e e e eeesaba e e e aaeeees v
LIST OF FIGURES ...ttt bbbt e mnsae e e e e s sesseesbennnbees vii
LIST OF TABLES ... e iX
ACKNOWLEDGMENTS ..t eeeee ettt e e e e e e eab b e e e e e e eeeeens X

RV I U UP PP PPUTTTR Xiv
AB ST RACT ettt mmm e e e e e e e e e e e e e e e e e aaas XVi
CHAPTER I: INtrOQUCTION ....oeeiiiiiiiii s ettt neeesn e e e e e e e e e e 1
CHAPTER II: Resolving volatile sources along thesteen Sunda arc, Indonesia................. 21

CHAPTER IIIl: A common mantle plume source benehthdntire East African Rift System
revealed by coupled helium-neon iSotope SYSteMALCS........uuuumummmaiaaaee e eeeeeees 43

CHAPTER IV: Widespread occurrence of recycled vtdatin the East African sub-continental
lithospheric mantle — Evidence from mantle xenslith.............cccoooiiiiii e 69

CHAPTER V: Recycling of Phanerozoic oceanic crystie Iceland mantle plume: new

evidence from nitrogen elemental and isotope syatiemof subglacial basalts................... 125
CHAPTER VI: Concluding REMArKS ...........ooi et 172
REFERENCES ... .ottt e e e e e e e es 172



LIST OF FIGURES

Figure 1.1: Three iSOtOPe NEON PIOL ... ..ottt ennennne 6
Figure 11.1: Map of study area showing the samplo@glities ................cccooeiiii e, 23
Figure 11.2: Ternary plot of the non-reactive gaBBSNL-AT ..........cevvurriirerirrriiriiiennnennns - 28
Figure I1.3: Helium and nitrogen isotopes versusarmalized He/Ne ratio (X) .................. 29
Figure I1.4: CQ/*He ratios versu8™C values for all gas and water phase samples............ 29
Figure 11.5: CQ/*He, 8'°C and He isotopes versus air-corrected He condinmtsa................... 30
Figure I1.6: Profile of air-corrected He isotopesssus latitude..............ccocoviiiiiieiiiniciiinne. 32
Figure 11.7: Profile o®8"C values and C{’He ratios versus latitude .................ccceemveure... 33
Figure 11.8: Profiles of BfHe, N/Ar and3™>NC versus latitude ..............ccocveeeeeeeeeeieneen. 33
Figure 11.9: CQ/’He versu$™C for western Sunda arc Samples ............cceeeervveeeeeeeeeceenenn. 34
Figure 11.10: Plot of (L+S)/M (Cg and S/M (N) as a function of latitude..................ccom.... 35
Figure 11.11: Carbon and helium isotopes versu®gén iSOtOPES .........evvvrerrrerrrrrrnnesmmmmmneees 3D
Figure 11.12: N/Ar and CQ/*He versus CHI[%] CONENL......uueeieicce e 36
Figure 11.13 CH/PHe versus helium iSOtOPES ...........c.cvevcueeeeeereeeereeeeeeeeeeietee et seaeans 37
Figure [LA1 N/He Versus Nitrogen iSOtOPES .......eevviieiiiiiiiiiieeeee e e e et e e einreeeee s 39
Figure 111.1: Helium isotope variations in the EARS..............cccivvviiiiiieeieeeeeeeeeeee e a7
Figure I1.2: Three-isotope Ne plot of EARS lavaslxenoliths..............cccceeeiiiiiii e 49
Figure 111.3: Extrapolated neon isotopé®\Ne/*Ne.,) versus He iSotopes............cccccvcveveee... 51
Figure 11l.4: He-Ne plot incorporating primordia¢rsus radiogenic/nucleogenic isotopes ......... 53
Figure 111.S1: Plot of He concentration verstte/He ratio for EARS samples ...................! 6.1
Figure 111.S2:*°Ar/*°Ar ratios versu$'Nef*Ne ratios of EARS samples .............c....coeeme-..... 64
Figure 111.S3: Extrapolate®Ar/*°Ar (“°Ar/*°Ar.,) versusHePHe ratios ............c.ccccoveveveveucennnne. 65

Vi



Figure 111.S4:*He/°Ar* ratios versus the reciprocal OPAM] .......ccoovviiieciceeeeeeeeeeeeee, 66

Figure 111.S5:"Hef'Ne* and®'Ne*/40Ar* versus™ e OAr* ........cccoceeeeeeeeeeeeeeeeeeeeeeean, 68
Figure IV.1: Map of the East African Rift System.............cccccvviiiiiiiiiieeeeeeee e, 73
Figure IV.2: Helium istopes arfte/?Ar* ratios Versus [HE]..........ccoveevieeeeeeeeeeeeeeeeeeennn 82
Figure IV.3: Helium content arfdAr/*°Ar ratios versusAr+] .......ccccoceveeeeeeeeeceeeeeeeee 84
Figure 1V.4: Histogram Of OXYJEN ISOtOPES ....cvvuueiiiiiiiiiiiiiiiiiiiiiiiteiintiniennmmmmmeeeeeeeeeennnenees 86
Figure IV.5: Concentrations of GANA N versus FPAr .......coooviooeoeee e, 88
Figure IV.6: Carbon isotopes versus [$@nd3™N versus [N] ........cccooeeveeveeoeeeereeeneens aQ
Figure IV.7: Argon isotopes versus Nitrogen iISOBIPE ..........uuuririieeeriiiiinnrreeeeesommmmmsseeeeeeeens 92
Figure IV.8: CQ/PHe and N/°He ratios versus CIN, FAtioS .......c..cccveeeveeeveeeeeeeeseeeeememseenns 94
Figure IV.9: The reciprocal ofJArt] versus®He PAr .......cvoooeeeeeeeeeeeeeeeeeeeeeeee e, 99
Figure IV.10: CQ/°He ratios versus carbon iSOtOPES. .........ceceeemeerreveeierieereeeseeeennneenn 40
Figure IV.11: N/°He ratios versus nitrogen iSOtOPES. ........ccoceceeveeeevereueeereeeesereeeenenennns 106
Figure IV.12:*He/°Ar* ratios and L/M (CQ) versus C@*Ar* ratios. ...........ccceeveeeveeeneennnn. a0

Figure IV.13: Helium and carbon isotopes versusgén iSOtOPES. .........eevvvvvevvvvvvvenss e 115

Figure IV.14: Carbon and nitrogen iSotopes versyygen iSOtOPES. .........occvvvvrreeeeeeesiiceees 120
Figure IV.S1: Example of an alteration-free minexgparates used for laser fluorination......5. 12
Figure V.1: Map of Iceland showing sampling locai@nd the neovolcanic zones......... 130
Figure V.2: He-isotopes vVersus [[HEe]......cccoo e 135
Figure V.3: Argon isotopes affHie/°Ar* ratios versus radiogenf@Art...........c..ccccvvevveveeneenn., 137
Figure V.4: Radiogenic argon concentratioffSAf]) versus [No].......cocoveveveveeeveeeeeeeeseennns 139
Figure V.5: Nitrogen isotope valuesIN-Ny,) Versus [N].......ccovoceovrereeeeiereeeeeeeseeeeeenens 140
Figure V.6: N/AT ratioS VEISUS [B......uuerieieeeiiiiiiiiiiiie e s e e 143

vii



Figure V.7: Argon iSOtoPeBErSUSS N VAIUES ..........ccvcvieieieeeieeeesees e eenseeenseeense e e 144

Figure V.8: N/°He and N/*PAr versus™ e AT .........oviveeieecee et 146
Figure V.9:*He°Ar* and No/*CAr* ratios VErSUS™N .........cccoeovieeeeeeeeeeeeeeeeeeeseee s 151
Figure V.10: N/*PAr* ratios VErSUS TAIM™].......oveeeeee ettt 154
Figure V.11: N/*He and N/*°Ar* ratios vVersuss™N VAIUES...........ccccovevereeeireeeeeees s eeenes 157
Figure V.12: Helium isotopedHe/'He) versusd™N ValUes...........ccccoeeveeeeeeeeeeeees e 160

viii



LIST OF TABLES

Table II.1: Helium, carbon and nitrogen isotope egldtive abundance characteristics....... 25...

Table I1.2: Gas chemistry of geothermal fluids fr@wmatra, Java and Bali......................... 27
Table 11.3: Quantitative estimates of the relatt®, and N contribution ...........c.ccccceeeiieinnins 43
Table IlIl.S1: Helium abundance and isotope systiesaf mineral separates .................... SM.
Table 111.S2: East African Rift System literaturelimm isotope and abundance data........... M. S
Table 111.S3: Helium, neon and argon isotope arghdance systematics............ccccceevvviees SM
Table I11.S4: Helium, neon and argon abundanceegyatiCS ..........cccoeeevveiiiiiiieiieee e eeeeees SM
Table IV.S1: Oxygen, helium and argon abundanceisotdpe systematics ...................... SM
Table IV.S2: Carbon and nitrogen abundance andpgsosystematiCs ..............ccccvvvvvereaee. SM
Table IV.S3: Carbon abundance and isotopes ofigaxenoliths ...............cccovvvvviiiinneeee. SM
Table IV.S4: Quantitative estimates of the relatieatribution (%) of mantle ..................... SM
Table V.S1: Nitrogen, argon and helium abundanckisstope systematics. ..................... SM.
Table V.S2: Helium isotopes in subglacial bas@asses. ... SM
Table V.S3: Argon isotope and abundance systemaitiegbglacial basaltic glasses. ................ SM

SM = See Supplementary Material



ACKNOWLEDGMENTS

First of all, | would like to thank my advisdbavid Hilton, for his guidance during the
course of my PhD during the last five years. Davighthusiasm has been and continues to be the
source of enormous motivation and inspiration, laasl greatly influenced my scientific approach
and thoughts in general. Not only did David opemlaboratory to me, but he also gave my the
opportunity to be involved in many exciting progcend exposed me to tmeany sides of
geochemistry bygharing with me his enormous knowledge of the fitddaddition, he gave me
the opportunity to conduct fieldwork in geologigaéixciting regions of the world, and provided
the funding necessary for me to maintain focusrduthe last five years and complete this
dissertation. Thanks Dave, for always being thererfe.

His laboratory, the~luids and Volatiles Laboratory, has been a most pleasant work
environment during the last five years. | am foretlenkful to Peter Barry, Evelyn Furi, and
Doshik Hahm, for getting me started and trainingimtne laboratory, as well as teaching me the
skills needed in a volatile laboratory. | am parely grateful to Peter Barry for his close
friendship and for always being there to answergugstions. Keith Blackmon was instrumental
in making things work in the lab during my final petiments during the last two years by
providing tremendous help in addition to being aatdinary company. | am also very grateful to
Bruce Deck for his wealth of information and hidlwgness to supply me with all kinds of lab-
related assistance throughout the last five ydaagy Finnen also shared his wisdom in the
understanding of mass spectrometers.

I would like to thank mycommittee membersPat Castillo, James Day, Jim Hawkins,
Mark Thiemens, and Barry Hanan for their constugciomments on my thesis and their helpful
insights during our various meetings over the fast years. | am particulary grateful to Pat

Castillo and James Day for numerous science-relav@dersations and to Mark Thiemens for



opening up his lab to me, and introducing me toniggnbers. In this respect, Subrata Chakraborty
has been an exceptional co-worker and a good friend

Many thanks to all mygo-authors for their contributions to the work presented liist
dissertation; thanks to Val Troll, Toby FischerplaScarsi, Tsegaye Abebe, Jens Hopp, Subrata
Chakraborty, Peter Barry, Evelyn Firi and Karl Gadld, for their valuable comments and
suggestions which helped improve the quality of thork.

During fieldwork conducted to collect samples for the work presenie this
dissertation, | had the pleasure of interactiomwitme very inspiring individuals; | would like to
thank Karl Grénvold, Evelyn Fri, Toby Fischer, KRabin, and John Sinton for their assistance
in the field in Iceland. Val Troll and his teamcianding Lilly Freda, Esther Jolis, and David
Budd. In addition, our translator and fixer, Mashjlan deserves special thanks for great times in
Indonesia. Finally, Pat Castillo, Paolo Scarsi, ggs® Abebe, Tyler Evans, and Justin
Kulongoski provided invaluable assistance in a ipaarly memorable field expedition to
Ethiopia.

The SIO Graduate and GRD office staff; Denise Darling, Josh Reeves, Cerise Maue,
Becky Burrola, Satomi Saito, Jan Hess, Laura Sha&&ky Greer, Monica Bailey, Janet
Matsumoto, Azzure Beale, Anne Cressey, and especrtlam Petersen and Gilbert Bretado
have provided exceptional support over the lagt §iwars helping me get everything finished up.

Special thanks for my friends ancb-workers in Iceland Karl Gronvold, Niels
Oskarsson, and Gudrun Sverrisdéttir helped guidefinsy steps in this endeavor, both by
providing me the latitude to make my own mistakas,well by making time to answer my
innumerable questions. Their motivation and enapemgent have been invaluable during my
doctoral studies. Olafur Patrick Olafsson also desespecial appreciation for his support and

help throughout the process.

Xi



Also a special thanks to Tim Hecker and Lawrencglign for their music which kept
me company during long and late hours of writingry/special thanks to all of my ndwends
in San Diego Last but not least, I'd like to thank my suppestifamily. | would like to
acknowledge my parents for their everlasting suppgahank my sister, Kristbjérg and brother
Svanur, in addition to Lena RoOs borarinsdéttirdoming all the way to San Diego to help us out
with the three girls.

| will be forever grateful to my three daughtersin& Signy, Sigridur, and Svanfridur for
bringing enormous joy into my life. Finally, my deat wife, Berglind Maria Tomasd®éttir, has
always suppored my endevours in life, and thisedtation would not have seen the light of day
without her. Thank you Berglind for being who yore aand for for sharing your energy and

enthusiasm!

Xii



Chapter 11, in full, is a reprint of the materiad & appeared ifChemical Geologyas
Seemundur Ari Halldérsson, David R. Hilton, Valentith Troll, Tobias P. Fischer, 2013.
Resolving volatile sources along the western SwardalndonesiaChemical GeologyVolume
339, Pages 263-282. doi.org/10.1016/j.chemgeo.201®2. The dissertation author was the
primary investigator and lead author of this papad conducted all the analyses presented

herein.

Chapter Il has been submitted, in full, for pulttion toGeophysical Research Letters
2014, Seemundur Ari Halldorsson, David R. HiltonplBaScarsi, Tsegaye Abebe and Jens Hopp,
2014. A common mantle plume source beneath theeeBtist African Rift System revealed by
coupled helium-neon isotope systematics. The detsam author was the primary investigator

and lead author of this paper and conducted aktiadyses presented herein.

Xiii



VITA

2001-2004 B.Sc. Geology,
University of Iceland

2005-2007 M.Sc. Geology,
University of Iceland

2005-2007 Teaching Assistant,
University of Iceland

2007-2008 Research Fellow,
Nordic Volcanological Center, University of Iceland

2008-2014 Graduate Research Assistant,
Scripps Institution of Oceanography, UniversityGa#liforna, San Diego

2010-2013 Teaching Assistant,
Scripps Institution of Oceanography, UniversityGaliforna, San Diego

2014 Ph.D. Earth Sciences,
Scripps Institution of Oceanography, UniversityGa#liforna, San Diego

PUBLICATIONS

Seemundur Ari Halldérsson, Niels Oskarsson, Karl Grénvold, Gylfi Sigurdssd@udrun
Sverrisdotttir and Sigurdur Steinporsson, 2008tolse-heterogeneity of the Thjorsa lava —
implications for mantle sources and crustal proegssithin the Eastern Rift Zone, Iceland.
Chemical Geologywolume 255, Issues 3-4, Pages 305-316. doi:16/L6hemgeo.2008.06.050.

Evelyn Furi, David R. HiltonSeemundur Ari Halldérsson, Peter H. Barry, Doshik Hahm,
Tobias P. Fischer and Karl Grénvold, 2010. Appamrdetoupling of the He and Ne isotope
systematics of the Icelandic mantle: The role of Hiepletion, melt mixing, degassing
fractionation and air interactioGeochemica Cosmochimica Actéglume 74, Issues 11, Pages
3307-3332. doi:10.1016/j.gca.2010.03.023.

David R. Hilton,Saeemundur Ari Halldorsson, Peter H. Barry, Tobias P. Fischer, J. Maarten de
Moor, Carlos J. Ramirez, Fredrick Mangasini andi®@&earsi, 2011. Helium Isotopes at Rungwe
Volcanic Province, Tanzania and the Origin of EAfican Plateaux.Geophysical Research
LettersVolume 38, L21304, doi:10.1029/2011GL049589.

Peter H. Barry, David R. HiltorSeemundur Ari Halldérsson, Doshik Hahm and Kurt Marti,
2012. High precision nitrogen isotope measurem@ntsceanic basalts using a static triple

Xiv



collection noble gas mass spectromet&eochem. Geophys. Geosystl3, Q01019,
doi:10.1029/2011GC003878.

Halim Mutlu, Nilgiin Guleg, David R. Hilton, Haruny#lin, Seemundur Ari Halldérsson, 2012.
Spatial variations in gas and stable isotope coitipos of thermal fluids around Lake Van:
implications for crust-mantle dynamics in Easteurkey. Chemical GeologyVolume 300-301,
Pages 165-176. doi:10.1016/j.chemge0.2012.01.026.

Seemundur Ari Halldérsson, David R. Hilton, Valentin R. Troll, Tobias P. Eler, 2013.
Resolving volatile sources along the western SwardalndonesiaChemical GeologyVolume
339, Pages 263-282. doi.org/10.1016/j.chemgeo.R0142.

Peter H. Barry, David R. Hilton, Evelyn FiBgemundur Ari Halldérsson and Karl Grénvold,
2014. Carbon isotope and abundance systematiceetdndic geothermal gases, fluids and
subglacial basalts with implications for mantle mpktrelated C@ fluxes. (accepted for
publication inGeochemica Cosmochimica Acta).

Seemundur Ari Halldérsson, David R. Hilton, Paolo Scarsi, Tsegaye Abebe aexs Hopp,

2014. A common mantle plume source beneath theeeBtist African Rift System revealed by
coupled helium-neon systematics. (accepted forigatiin inGeophysical Research Letters).

XV



ABSTRACT OF THE DISSERTATION

Noble gas (He-Ne-Ar) and stable isotope (C-N-O)st@ints on volatile sources at convergent
and divergent plate boundaries with examples frodohesia, Iceland and the East African Rift

System

by

Saemundur A. Halldorsson

Doctor of Philosophy in Earth Sciences

University of California, San Diego, 2014

Professor David R. Hilton, Chair

Studies of volatile elements and their isotopeshaovided fundamental constraints on
the formation and evolutionary history of the maiyerse chemical reservoirs that together form
the primary building blocks of planet Earth. Thisdely stems from significant differences in
volatile abundances and isotopic characteristicsEafth’'s dynamically evolving reservoirs,

which are prone to modifications following the tsfar of volatiles between them. In this
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dissertation, | discuss how different volatile sz# in the solid Earth can be resolved by means
of a combined noble gas and stable isotope apprdacivestigate different volatile source
regions in the silicate Earth, and the transferadétiles from source regions towards the exterior
of Earth in various tectonic settings. These sgdtimclude the western Sunda arc, Indonesia, as
an example of a divergent plate boundary, in amlditio two prominent plume-influenced
divergent plate boundaries; the East African Ryt8m (EARS) and Iceland.

Chapter | is intended to provide a general intréidacto the use of noble gas and stable
isotopes as geochemical tracers, with particulgstersis on their utilization in the elucidation of
processes, timescales and source-specific fedtuthe solid Earth. Following this overview, we
discuss the main objectives of the various studieghich this dissertation consists.

Chapter 1l examines the combined He-£NQ abundance and isotope systematics of
geothermal fluids and gases from volcanic centkmsgathe western Sunda arc, Indonesia. We
assess controls on volatile provenance in this msjdduction system by resolving volatiles
associated with the sub-arc mantle, that inclutlessubducting slab and mantle wedge, from
inputs derived from the over-riding arc crust.

Chapter Il describes a combined He-Ne-Ar isotopglys of mantle-derived xenoliths
and lavas from different segments of the EARS. Thigpled approach provides a powerful tool
with which to identify volatile provenance from tleep mantle versus shallow lithospheric
sources, which allows for a unique investigatiortt@f number of plume sources located in the
East African mantle, and the ultimate source oftsneéing supplied to the different segments of
the EARS.

Chapter IV is a detailed study of noble gases dmadstable isotopes of carbon and
nitrogen trapped in fluid inclusions of mantle-dexd xenoliths from the EARS. In considering

their coupled systematics, we evaluate a numbemaftle/crustal features controlling their
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elemental and isotope characteristics, and sepdm@tearious sources contributing to the volatile

components trapped in the fluid inclusions.

Chapter V focuses on the, Motope and abundance systematics of subgladiged
basalts from the Iceland hotspot. After charaction of the nitrogen elemental and isotopic
signals of the Iceland mantle plume, we investigetationships with other isotope and relative
abundance systematics in order to discern nitrepanacteristics of the mantle source underlying
one of Earth’s most prominent hotspots.

Finally, Chapter VI provides concluding remarks these studies and discusses some
future prospects and ways of addressing outstargliegtions by, for example, further chemical

and isotope characterization of the same sample disicussed in this dissertation.
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Chapter I: Introduction



Major volatiles, such as GOand HO, play a fundamental role in initiating melt
generation in the mantle but also in governing sdvghysical properties of erupted lavas at the
surface (Holloway and Jakobsson, 1986; Dasguptair&chmann, 2010). Mantle-derived melts
also contain several trace (rare) gases, most Iyatitbogen (N) and the noble gases (He, Ne,
Ar, Kr, Xe, Rn). Upon transfer from a mantle soureservoir towards the surface, mantle-
derived volatiles are exsolved from a melt in a ne@ndescribed by their solubility in a melt
phase leading to partitioning into a vapor phakes process is regarded as the major factor
controlling the transport of volatiles on the tstral planets (e.g., Holloway and Jakobsson,
1986). Outgassing of trace gases, such as the galkes, generally requires the loss of other
(major) volatile components which subsequently atcarriers for the noble gases from the
mantle source region and to Earth’s surface (Pb&dallentine, 2002). At the surface, mantle-
derived volatiles are mainly released in passivé/anactive gas manifestations or following
magmatic activity, either directly or indirectlyn ivolcanic regions on Earth. In addition, a
significant fraction of mantle-derived volatilescalso be transported as dissolved constituents in
groundwater and geothermal systems (e.g., Kulongbsklton, 2011).

These rare gases, in particular the noble gasespauwerful geochemical tools for
constraining various geological processes that rodcuing volatile transfer (e.g., Hilton and
Porcelli, 2014). Significantly, noble gases providformation not readily available from major
element chemistry, due to inherent complexitiesthese other systems. Thus, noble gas
geochemistry has been of enormous use in undeistatite evolution of Earth (Allégre, 2008;
Ozima & Podosek, 2002Moreover, the integration of major and minor elaimghemistry, their
isotopes, as well as relative abundance ratiof)lenassessment of the origin and interaction
history of volatiles between chemical reservoisated in Earth’s interior and exterior reservoirs,

as well as their evolution over time. Notably, thgproach often allows for the identification of



intrinsic mantle characteristics, which can be oiliee obscured due to modifications that occur
during melt mixing, degassing, and shallow-leveitamination.

To a certain extent, the use of noble gases as angn® constrain processes and
timescales in the solid Earth is analogous to the af lithophile trace elements to constrain
processes in igneous petrology. As with commorofitiile trace elements in mantle melts, the
noble gases have relatively low abundances anchigidy incompatible in silicate minerals.
However, unlike lithophile trace elements, the eobhses have near-perfect chemical inertness
and thus do not form any compounds in nature. Eumibre, the noble gases have a very large
isotopic contrast between most major chemical veser on Earth (Ozima & Podosek, 2002;
Hilton and Porcelli, 2014) - significantly greatedative to variations provided by the relatively
few lithophile elements exploited in a similar mannin the following discussion, we will
provide a general overview of the key isotope tracilized in this dissertation to resolve mantle
volatile sources, starting with the three light leoffases: He, Ne and Ar.

Helium has two stable isotopes. Its heavier isotdige, is the stable radiogenic daughter
product of the radioactive decay of U- and Th-segkements. Significant enrichment in U and
Th in the continental crust, relative to the mantias thus resulted in the accumulation of
significant amounts ofHe with time. In contrastHe has been trapped in the terrestrial mantle
since its formation and is thus regarded as primabid origin (Lupton & Craig, 1975; Ozima &
Podosek, 2002)The isotope’He is also generated by bombardment of highly exiergharged
particles, known as cosmic rays, in any materiglosed to their impact, thus providing a
powerful way of determining exposure ages of safmatures (Kurz, 1986; Cherling & Craig,
1994; Dunai, 2010). Additionally’He can be created by spallation reactions involliigich
material in Earth’s crust, i.e., via the nucleaaton: ®Li(n,a)—*H(p)—>He (Ozima & Podosek,

2002). However, relative to the primordidle currently degassing from Earth’s mantle in



volcanically- and tectonically-active regions, thgsocesses do not significantly modify intrinsic
®*He characteristics of degassing mantle-volatiles.

Helium isotopes are traditionally reported using thtio of'He over'He (R) relative to
the present atmospherile/He (Ra: 1.4 x 10), i.e., RampdRar. Due to the fact that He is not
gravitationally bound to Earth, all He brought tarta's surface by magmatism is eventually lost
to space. Therefore, adopting the present atmasphaio as the basis for normalization of
measured ratios is an elegant way of reportingdd®pe variations, as it can be safely assumed
that the helium content and isotope ratios of Emritmosphere have remained essentially
invariable over recent time, although the subjem$ been the focus of several inconclusive
studies (e.g., Sano et al., 2010; Lupton & Evaf8422013 Brennwald et al., 2013).

Because of the accumulation e over time, the U- and Th-rich continental materi
has R/R values lower than those of air, and generallyesabetween 0.01 to 0.1, RO'Nions
and Oxburgh, 1988). In contrast, Earth’s upper-teards sampled at mid-ocean ridges, was
shown in the mid-1970s to display values both $icgmtly higher than air, but also values that
are somewhat uniform (Lupton & Craig, 1975; CraigL&pton, 1976). Extensive studies on
oceanic basalts have now shown that mid-ocean gjdgeinfluenced by any input of mantle
plume material, displayHe/He values between 7 and 9 Rsee reviews by Graham, 2002;
Moreira, 2013). These studies have also shownntizattle-derived volatiles from oceanic, but
also mid-plate, continental hot-spots are markedRB3, values that significantly exceed values
characteristic of mid-ocean ridges. For exampleselof the most prominent hot-spots on Earth,
Galapagos, Iceland, and Hawaii show values as &8gB8R (Hilton et al., 1999). Furthermore,
the proto-Ilceland mantle plume, as sampled in 662anillion year-old volcanic rocks from
Baffin Island and West Greenland, reaches valuese nian five times higher than values
commonly observed along mid-ocean ridges — up By %8tuart et al., 2003). Such high ratios of

the primordial to radiogenic He-isotopes are regdrals a key argument supporting the existence



and survival of a reservoir deep within Earth, whias remained largely un-degassed since its
accretion (e.g., Jackson et al., 2010; White, 20R6tent experimental work has also highlighted
the possible role of Earth’s core, particularly teely core, in contributing He to the overlying
mantle (Porcelli & Halliday, 2001; Bouhifd et a013), presumably by means of a diffusion-
related mechanism (Hayden & Watson, 2007).

Neonhas three stable isotopes which, when combinedbeaused in a powerful manner
to identify primordial volatile components in Edghmantle, and their interactions with
nucleogenic and atmospheric neon components (Oamikh Podosek, 2002). The two stable

isotopes -

Ne and®Ne — are predominantly primordial in origin, andighrepresent trapped
primordial volatile components of Earth’s primarwilding blocks. In contrast?'Ne is
predominantly a nucleogenic-produced isotope —ige@e by the interaction of and n particles
on®0, and by n and particles interacting with'Mg. It should also be noted thaNe and®Ne
can also be produced at Earth's surface by cogpaidasion reactions on Mg, Na, Si and Al, and
by o and n particle reactions df0 and'F (e.g., Dunai, 2010). These are, however, generall
insignificant in studies of mantle-derived matersald, if present, can be largely avoided by
means of vacuum-crushing.

Neon isotopes are traditionally displayed usindnrae isotope neon plot, i.e., a plot of
“INef’Ne versus®Nef?Ne (Figure 1). Air is a ubiquitous feature of materials erupieuto

Earth’s surface and largely unavoidable. Consedyientost mantle-derived material form a

trajectory intersecting at the air valu@Nef’Ne = 9.8;*'Nef’Ne = 0.029), as a reflection of



different degrees of contamination of such materialith air-derived Ne.
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Figure 1.1: Three isotope neon plot. The upper horizontal tem@esents the sol&iNe/*Ne ratio
(Benkert et al., 1993), the lower horizontal représ the®Nef*Ne ratio in the Neon-B meteorite
component (e.g., Black, 1972; Trieloff et al., 2D0B=Galapago (red); I= Iceland (green); L-K
Lohii-Kilauea (blue). The two solid black lines indte the solar (left) and DMM trends. Notably,
all trends intersect at aif’lNef’Ne = 9.8,”Nef’Ne = 0.029). Modified from Jackson et al.,
(2009).

Thus, the measured Ne-isotope values likely repteséinary mixture between air and different
mantle end-members, allowing for straightforwartr&olation to air-free values (e.g., Moreira
et al., 1995). However, the end-memb@Né&F’Ne) value for the most primitive Ne-component

found in Earth’s mantle (i.e., Ne captured durig formation) is still debated, with two

possibilities prevailing: (i) solar wind compositi® or (ii) Neon-B-like (i.e., compositions



identical to those in primitive gas-rich meteorjtda any case, and irrespective of the primitive
mantle end-member, the utility of Ne is primarilgsed on the large contrast associated with
different mantle reservoirs (Moreira, 2013; Hilt&nPorcelli, 2014). For example, samples from
oceanic islands, such as Galapagos, Iceland, amagiH@ oihi-Kilauea) generally have much
steeper trajectories relative to depleted MORB tea(®MM) — i.e., for a giver®Ne/Ne,
oceanic island basalts (OIB) samples have a higghier”’Ne ratio than samples associated with
DMM (Figure 1) — consistent with the idea that the OIB source haintained a higher
proportion of primordial (solar) gas componentsts over time nucleogenftNe in-growth has
had less effect on the findNef*Ne ratio relative to the DMM reservoir (e.g., Saedal., 1988;
Honda et al., 1991).

Argon has three stable isotopd8Ar, **Ar and *°Ar, with the two latter being stable,
whereas the heaviest isotof®#r, represents a radiogenic daughter isotope thstalecumulated
in the Earth system as a result of the deca{ftothrough time. Argon isotope ratios involving
the two stable isotopes 8tAr and *°Ar, have, for the most part, been mostly disregarite
terrestrial mantle studies. However, with the adveh multi-collector noble gas mass
spectrometers, this ratio can now be analyzed fsittbetter precision than before, potentially
yielding insight into primordial volatile heterogaties inherited from the early Earth, such as the
presence of a possible sof8Ar/*°Ar in the mantle, or lack thereof (Raquin and Maxe2009:;
Moreira, 2013). Largely due to the accumulation®®fr over Earth history, the K-Ar isotope
system (i.e. thé°Ar/*°Ar ratio) has proven most useful for constrainihg timing and extent of
degassing on Earth since its formation, and thesesypent evolution of Earth's atmosphere
(Allégre, 2008). As®Ar represents a primordial isotope, tar/*°Ar ratio bears witness to the
time integrated K/Ar ratio of a given chemical nesér. For example, an extreri®r/*°Ar in the
DMM reservoir (as high as 40,000: Burnard et @97, Graham, 2002), relative to the uniform

ratio that characterizes the modern atmosphemyidence of an ancient degassing process from



the solid Earth. Additionally, the uniform atmospheatio of 298.6 (Lee et al., 2006) is much
higher than the initial ratio of the solar systeri){ consistent with the notion that Ar in the
atmosphere is predominantly radiogenic and thatasigg must have occurred after Earth
accreted (Ozima and Podosek, 2002; Allégre, 20a8geih, 2013).

In a manner analogous to He and Ne isotopes, Aopss are generally thought to have
preserved differerffAr/*°Ar values among reservoirs within the solid Eaghy(, Allégre, 2008).
Thus, considerable efforts have been made to ussofapes to identify different mantle sources.
The lower-mantle source, as sampled at oceaninds|ahas been shown to dispf&r/*°Ar
ratios that are somewhat closer to the atmospkafie relative to the same ratios of the DMM
reservoir. For example, the Iceland mantle souppears to hav&®Ar/*°Ar ratios no higher than
~6000 (Mukhopadhyay, 2012). Assuming that the hlanantle source represents to some
extent the volatile characteristics of the lowemti®, such low ratios are consistent with the idea
that the lower mantle has preserved a more prieifiv isotope composition relative to the
upper-mantle. Alternatively, these low ratios, tiglato DMM, could indicate that Iceland mantle
source has been influenced by contributions froawséer-derived argon that was subducted into
the deep mantle (Holland & Ballentine, 2006). Hoaewo consensus has been reached on
whether this signature has any bearing on soureeHsp features of the lower mantle,
particularly since*Ar/*°Ar closer to the atmospheric value could also oéflatmospheric
contamination associated with shallow eruptionifess of oceanic island basalts (Graham, 2002;
Moreira, 2013).

Finally, a particularly powerful approach favoredrmoble gas geochemists is to combine
noble gas relative abundances as they can revealiamt information about source features as
well as the mode and extent of degassing. For eleantfegassing can be constrained by
considering the'He/°Ar* ratio (where * is air-free, radiogenic Ar). Tée ratios will be

thoroughly discussed throughout this dissertatiorgeneral, samples wittHe/°’Ar* above the



estimated production ratio for Earth’s mantle (ledw ca. 2 to 5) can be considered more
degassed relative to samples vyieldfie/°Ar* ratios closer to the production ratio (Hilton &
Porcelli, 2014).

Carbon has two stable isotope¥C and'*C, and one radioactive isotopC, with a
half-life of ~5730 years. The ratio of the two dealsotopes is generally reported relative to a
Vienna Pee Dee belemnite (VPDB) limestone and jsressed in delta notation a8’ Cops
(Sharp, 2006). Unlike the noble gases, carbon &natally reactive and forms a number of
carbon-bearing species at different levels in Eantiantle and in the atmosphere. For example,
as the solubility of carbon in iron-rich metal mnsiderable, it has been proposed that carbon may
form stable compounds (e.g., cohenite) in the ddosvever, the carbon content of Earth’s core is
not well-constrained (Ni & Keppler, 2013; Wood &t 2013). The reduced lower mantle (660-
2960 km) probably contains a number of possibleomapn carbide minerals — whose population
may expand greatly with depth (Dasgupta & Hirschm&®10; Dasgupta, 2013): this could also
apply to Earth’s transition zone (410-660 km). Huerm in the oxidized upper-mantle, carbon
dioxide prevails and constitutes the second moshddnt major volatile species in the upper-
mantle after HO, and is thus the most common form of carbon imthaafluids sampled at
Earth’s surface. Carbon also forms part of the diadrbearing mantle beneath the continents
(Dasgupta, 2013).

Due to its highly incompatible behavior in basaftielts, CQ strongly partitions into a
melt phase, formed during melt extraction (Jamid®@94). Indeed, during magmatic processes,
CQO; is generally thought to behave like Nb — a highigompatible lithophile element (e.g., Saal
et al., 2002). Thus, GINb is an excellent indicator of mantle source abtaristics but also
degassing-induced G@oss. Furthermore, due to its low solubility irshlic melts, the Cgrich
vapor phase readily exsolves during decompressidrifams a carrier phase for all other mantle

volatiles (Holloway and Jakobsson, 1986). The psgive loss of volatiles upon transfer from
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the mantle source region towards the surface aridgimagma emplacement leads to C-isotopic
fractionation, so that residual G& magma becomes progressively depleteiGnas degassing
progresses (Javoy et al. 1978; Mattey, 1991). Intrast to He and Ne, there appears to be no
clear isotopic distinction between various manéservoirs, with the DMM reservoir having a
meand'*C of about -5%0 + 1 %o (Marty and Zimmermann, 199@yt@ny, 2005) which largely
overlaps reported estimates for the OIB sourcet@-63%.: Exley et al., 1986; Gerlach and
Taylor, 1990; Hilton et al., 1997; Aubaud et aD03; Aubaud et al., 2006; Barry et al., 2014). In
part, this could be a reflection of the physioctmahiprocesses governing the isotopic
fractionation of CQ upon degassing, such that the carbon isotope s@pecific characteristics
have been extensively modified and are therefordonger diagnostic of their source (e.g.,
Mattey, 1991).

Nitrogen has two stable isotope¥N and N, with the ratios between them reported
relative to ambient air (i.e5"Nar: Sharp, 2006). Although a major component of Esrth
atmosphere, nitrogen is found only at relatively Ebundances in the solid Earth (i.e., ppm-level
or sub-ppm-level: Cartigny & Marty, 2013). Recentperimental work has confirmed the
slightly-to-moderately siderophile behavior of ngen at high pressure and temperature, and has
demonstrated relatively high partitioning coeffiti® of nitrogen between metal and silicate,
indicating that some nitrogen can be sequestratdioei core (Roskosz et al. 2013). Furthermore,
nitrogen appears to have complex speciation inguglter high pressure (Roskosz et al. 2006; Li
et al.,, 2013; Li & Keepler, 2014). For example ridiés are probably the dominant speciation
form of nitrogen under very reducing conditionsnigr to those prevailing in the lower mantle,
as well as in the lower part of the upper mantiedntrast, nitrosyl (NO) appears to dominate the
nitrogen budget under the more oxidizing conditiafishe upper-mantle. Thus, the nitrogen
storage capacity of the upper-mantle may have beelerestimated, as nitrogen species other

than N have been shown to have higher solubility in uppantle minerals (Li et al., 2013).
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Among mid-ocean ridge basalts, nitrogen)(bbrrelates well withi°Ar, the daughter product of
K, but not with primordial®®Ar, indicating that the source of mantle nitrogenthe DMM
reservoir is tied to the subduction of crustalogegn (Marty, 1995; Marty and Humbert, 1997;
Marty and Dauphas, 2003; Cartigny & Marty, 2013).

Measurements af">N in MORB range from about -10 to +8%., with a meatue close
to -5%o (e.g., Cartigny & Marty, 2013). Such a meatue is also evident from multiple studies
on peridotitic diamonds, indicating that the DMMeevoir has a fairly homogenous composition.
However, the nitrogen isotopic composition of Earfbrimitive deep-mantle as sampled by OIB
is much more controversial than that of the uppanthe (e.g., Tolstikhin & Marty, 1998;
Cartigny and Marty, 2013). Largely based on oxyg@tope constraints, Javoy (1995) proposed
that Earth accreted with nitrogen primarily (~70¥grived from enstatite chondrites with a
primordial 3N value as low as ~ -40%o, but that this pristingnaiure has been progressively
diluted as it has interacted with recycled slalsughout Earth’s history. In order to explain the
large nitrogen isotopic contrast between mantletemth’s surface, Javoy (1997; 1998) proposed
a model invoking heterogeneous accretion of Eavttiatiles in which a late veneer composed of
chondritic material, with5'°N values as high as ~ +40%o, supplied about ~30%Eath’s
nitrogen. Mantle degassing would have progressikmigreds™N of Earth’s surficial reservoirs,
whereas recycled slabs would have increased thdaaiN value.

Following measurement of highly deplet&tl values in Genesis solar wind samples,
Marty (2012) also suggested that a solar N componesy be present in Earth’s mantle.
However, if the early mantle and/or solar nitrogemponent(s) was primarily composed of such
depleted nitrogen isotope signatures, the pertigeestion arises as to whether this primordial
signature may still be preserved in the deep-marRlecent studies of deep diamonds shbiN
values that extend to such low values and may béaess to the survival of this primordial

nitrogen in the deep mantle (Palot et al., 2012)difionally, *°N values in geothermal gases
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from the Hengill region in Iceland (Marty et al991) show a large range from -0.5%o to -10.5%o,
consistent with the presence of a nitrogen compiottet is significantly depleted relative to
DMM.

Exley et al. (1986), however, reported that basaltisses from Loihi Seamount, Hawaii,
had positive5™N values and Dauphas and Marty (1999) also measwositive 3N values (+
6.5%0) in deep mantle-derived carbonatites from Kloda Peninsula (380 Ma). Thus, at face
value, these latter results are inconsistent viaghsturvival of a relict primordi@IlSN value of ~ -
40%o. High8'°N values (> air) of the deep mantle have gainethéirsupport from additional
studies. Adoptingn vacuocrushing techniques, Marty and Dauphas (2003) stdWwat nitrogen
isotopes in OIB glasses have positive values, ugbttho. Marty and Dauphas (2003) noticed that
such positive5™N values show close association with values of miyenatter evident in post-
Archean sediments, as well as with values from sadtioh-related meta-sediments and
metamorphosed oceanic crust (Marty and Dauphas3;2d@lama et al., 2010, 2012). This
observation led Marty and Dauphas (2003) to proplaepositive3™N values in mantle plumes
result from recycling of ancient (< Proterozoicljrogen from Earth’s surface and into the deep
mantle by subduction processes.

Oxygenhas three stable isotopé¥®, 'O, and'®0, with the ratios of the heaviest and the
lightest isotope (e.g*®0/*®*0) conventionally reported a8®Osvow relative to standard-mean-
ocean water (SMOW: Sharp, 2006). The VPDB limeststamdard is also used as a standard
when oxygen isotopes are reported for carbonateriaht(i.e., 5'%0ppg) — this is commonly
adopted in studies on paleoclimate. It should bEsmoted that oxygen isotope values involving
0 (i.e.,3''0) are not considered in this study. As a primadeynent in the building blocks of
silicates (Si@"), the utility of oxygen isotopes in mantle relatgtddies is primarily based on
their sensitivity to fingerprint material which haedergone low-temperature alteration at or near

the surface of the solid Earth, but has since Isdijected to injection to deeper levels, for
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example, into the mantle during subduction at djeat plate boundaries (e.g., Taylor &
Sheppard, 1986; Eiler, 2001).

The mantle is by far the largest reservoir for axygso any assessment of the oxygen
isotopic composition of the mantle is of great imipoce in determining the isotopic composition
of Earth. However, this has not proven a straightfod task and it has been particularly
challenging to evaluate the degree of variance amtha-derived material (Eiler, 2001). Oxygen
isotope studies of mantle-derived material undetwgmificant changes with the advent of laser-
based extraction methods, which allowed for muabatar precision relative to conventional
extraction methods (Sharp, 1990). Basaltic lavasodten affected by input from crustal rocks
and hydrothermally altered material (Taylor & Sheyap) 1986), whereas direct mantle-derived
samples such as xenoliths, have proven signifigamtbre useful in constraining the oxygen
isotopic composition of the mantle. Using laserdaagechniques, Mattey et al. (1994), conducted
a detailed study of the oxygen isotope compositibmafic mineral separates from a number of
mantle peridotite xenoliths, which clearly demoatgd that the mantle is relatively homogeneous
in its oxygen isotope composition, with an estirdabelk composition of ~ 5.5 £ 0.4%0. Only a
very minor difference (~ 0.5%0) was evident amongegsting mafic minerals (olivine, clino-
and ortho-pyroxenes), largely consistent with tkpeeted fractionation between these minerals
at mantle temperatures (Matty et al., 1994).

A uniform oxygen isotope composition of the uppexntte reservoir (DMM) of ~ 5.5 +
0.4%0 (Mattey et al., 1994) was also confirmed indgs conducted by Harmon and Hoefs
(1995), in a compilation of conventionat®0 data available at that time, and later by Eiler
(2001), who compiled high-quality laser-based datly. Such high-quality'®0 data, analyzed
with laser-based methods, have been the subjechomber of studies postulating the occurrence
of recycled material in the mantle source regiohsaganic islands and mid-ocean ridge (e.g.,

Eiler, 2000a; Eiler, 2001; Macpherson et al., 20D&ylwall, 2006; Day et al., 2009). Although
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many oceanic island basalts have m&¥® values that are near identical to that of peitielot
xenoliths, they often display a significantly geratange of values, both higher and/lower than
the canonical DMM value of ~ 5.5%. (Eiler, 2001; Ndderson et al., 2005; Thirlwall, 2006; Day
et al., 2009). In particular, island arc basales @@mmonly shifted towards more positi&®&0
values relative to DMM, consistent with the invatvent of previously subducted and recycled
sedimentary material in their source regions (Eteal., 1998; Eiler, 2001; Eiler, 2000b).

From the discussion above, pertaining to the geodda tracers utilized in this
dissertation, it has become evident that elemduaitsetxist in more than one oxidation state (e.g.,
C and N) and form a wide variety of compounds anhtheaand crustal conditions, are major
constituents of fluids and solids in the solid Ba$ignificantly, due to their chemical nature,
these elements can be subjected to recycling heomantle at subduction zones, as they are
bound in crustal rocks and marine sediments (Higorl., 2002; Marty and Dauphas, 2003).
Both carbon and nitrogen appear to be particularbne to recycling, and several studies have
shown that large fractions of these elements éhtemantle, potentially reaching all the way to
the deep-mantle (Hilton et al., 20021 contrast, noble gases, in particular the lighlble gases
He and Ne, appear not to be recycled into the maattlsubduction zones in any significant
amount. In this respect, the concept of the ‘subduodarrier’ was developed to describe the
resistance of noble gases to entering the mangfenioethe region of arc magma generation
(Staudacher & Allégre, 1988). However, to what pkieeavier noble gases are recycled to the
(deeper) mantle remains a field of active researchseveral recent studies have challenged the
concept of a ‘subduction barrier’, postulating treturn of heavy noble gases through the
subduction barrier (Holland & Ballentine, 2006; Kdeick et al., 2011). A recycled origin of the
heavy noble gases in the mantle, for example beaafuheir incorporation into hydrous minerals
such as serpentinite or amphibole, is a possiblgiso to the dilemma of Ne, Ar, Kr and Xe in

some mantle-dervied material having an isotopic pasition very similar to that of the modern
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atmosphere, as well as containing contributionmfradiogenic and solar components (Holland
& Ballentine, 2006; Kendrick et al., 2011; Jacksdral., 2013). Furthermore, experimental work
has also shown that due to its relatively high lsiity in amphibole, He can potentially be

transported back into the mantle (Jackson et @L3R However, the notable absence of air-like
He isotope composition in any mantle-derived matewould argue strongly against this

possibility.

In this dissertation, we address some of theseesssu solid Earth geochemistry by
resolving volatile sources at convergent and mapitlene influenced continental and oceanic
divergent plate boundaries, using the geochemiaetts listed above. We investigate the origin,
transport and behavior of volatiles using a comthineble gas (He-Ne-Ar) and stable isotope (C-
N-O) approach, at three different tectonic settirgndonesia, an area of active subduction, b)
the East African Rift System, an area of activem@influenced continental rifting, and c)
Iceland, a ridge-centered hotspot.

Chapter Il describes the chemical and He-C-N isotope charaat®n of fumaroles and
hydrothermal fluids from the summits and flanks & passively-degassing volcanic centers
along the western Sunda arc, Indonesia. Largeosesatif this arc system, the Sumatra segment in
particular, are underlain by thick, Mesozoic coetital crust (Hamilton, 1979), composed mainly
of granitoids and siliciclastic and carbonate sedlita (Hamilton, 1979; Gasparon and Varne,
1995). This unique arc system thus presents &#sst of volatile provenance associated with arc
volcanism, such as inputs from the over-riding @la¢rsus the sub-arc mantle (subducting slab
and mantle wedge). As noted in previous studiethefregion (Gasparon and Varne, 1998), a
clear-cut resolution between slab-related volaalditions to the mantle source (primary
contamination) and shallow-level crustal contamoratof magmas en route to the surface
(secondary contamination) is not straight-forwayigen the chemical and isotopic similarities of

incoming sediments on the slab and the arc crastf.itOur approach to the problem lies in
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applying coupled studies of He, g@nd N (isotopes and relative abundances) to resolveruppe
crustal influences and their potential contributiom arc volcanism. We consider various
processes that can occur in the hydrothermal sgstelmich can act to modify intrinsic mantle-
source features such as hydrothermal phase separedicite precipitation, and degassing. A key
finding of this study is that despite the fact thahick granitic basement underlies large sections
of the western Sunda arc, helium isotopes poirthéomantle wedge as the principal source of
He, with the over-riding crust and associated sedis) adding minimal volatiles to volcanic
centers. Furthermore, a clear latitudinal effecapparent in carbon isotope and £Be ratios,
with higher and more variable values to the norttSomatra, which we relate to subducted
sediment, particularly the Nicobar Fan.

Chapter Il examines combined He-Ne-Ar relative abundances &utopes
relationships in mantle-derived xenoliths and lafrasn different segments of the East Africa
Rift System. A remarkable finding by Craig and Lapt{(1977) was that helium isotope ratios in
geothermal fluids from the Ethiopian Rift displayel@ isotope values exceeding the range of
values obtained from normal Mid-Ocean Ridge basdltsey noted that such high values
approached those of fumarolic gas from the Kiladekeano in Hawaii, which had the highest
*HefHe ratios at the time. Later work by Marty et dl996) and by Scarsi and Craig (1996)
confirmed such ratios using mineral separates aodbed them to a lower mantle component
that contributed to petrogenesis throughout Etlaiopiotably, such high helium isotope values
were firmly confined to the Ethiopian rift until kbn et al. (2011) reported helium isotope ratios
greater than the canonical DMM value in Rungwe ¥nic Province (RVP), at the southern tip
of the propagating western rift of the Kenya DoiHewever, the case was made that He isotopes
alone cannot distinguish between the presence sifigie plume source, sampled via multiple
upwellings, or different mantle plumes that coulghgly magma individually to each segment of

the EARS. The key aim of this study was to conagoeasurements of He-Ne-Ar isotopes, to test
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whether lavas and xenoliths erupted along diffesmgments of the EARS possessed the same
unique coupled He-Ne isotopic signature that cadéshtify a single mantle plume source, or if
differences between various rift segments refledividual plumes which have evolved different
He-Ne characteristics over time. We show that |lara$ xenoliths from the EARS have distinct
Ne-isotope anomalies, and a number of samples iagstavith the two segments of the Kenya
rifts plot between DMM and trajectories definedrbginy oceanic islands on a neon three-isotope
plot. Notably, a number of samples associated Wt Ethiopian Rift overlap with OIB
trajectories, suggesting the presence of a soliweteNe component in the East African mantle
source. We show that coupled He-Ne systematicbeaxplained by admixture between a single
mantle plume source, common to the entire EARS, aititer a DMM or sub-continental
lithospheric mantle (SCLM) source. Additionally, wiow that the plume source is characterized
by low ®*He*Nes ratios, a feature characteristic of oceanic hdasspach as Iceland. We propose
that the origin of these unique signatures is tiiecdn Superplume (Hansen et al., 2012), which
influences magmatism throughout eastern Africa,hwihe Ethiopia and Kenya domes
representing two different heads of the same maihilme source.

Chapter IV examines the He, GON, and Ar (isotopes and relative abundances)
characteristics of trapped volatile componentsasgd within fluid inclusions of mantle xenoliths
from nine localities along the strike of the EARSeveral studies on xenolith suites from the
EARS (e.g., Rudnick et al. 1993; Baker et al. 19B&wson, 2002; Aulbach et al., 2011;
Beccaluva et al. 2011), have ascribed their eleaheamd isotopic composition to mantle
metasomatism, i.e., incompatible element enrichraéatnormal peridotite mantle which results
from the invasion of a mantle fluid, and the asstmd influx of volatile-rich silicate and/or
carbonate melts to the SCLM. For example, clinopgna from Olmani in southern Tanzania is
consistent with derivation from reactions betweendotite and carbonate melts (Rudnick et al.

1993). However, the origin of the metasomatic medtsains somewhat speculative and is largely
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based on comparison with experimental melts rathean natural melts. The primary aim of this
study is to identify the various sources contribgtio the volatile components trapped in the fluid
inclusions and to evaluate a number of mantle/atustctors controlling their elemental and
isotope characteristics. After considering processapable of modifying intrinsic mantle
characteristics, we show that the trapped volableponents have compositions consistent with
enrichment of the East African SCLM by gfich mantle fluids from subducted carbonatitic
material. Notably, the CQ(and N) enrichments are associated with 1880 values of crystals
hosting the fluid inclusions. Such observationsfiaice the link between metasomatic fluids and
subducted slab fluids. Xenoliths with higHe/He ratios from northern Ethiopia and the Red Sea
are also associated with recycled £@h mantle fluids (i.e., carbonate-melts) anditpoes 5™°N
values, implying that the deep-seated African Spipere supplies the EARS with a mixture of
primordial and recycled volatiles. The occurrentesgycled volatiles in the East African SCLM
is thus widespread and must be associated withge-kcale mantle process (i.e., the African
Superplume) currently supplying mantle materialh® EARS. Finally, a key observation is the
fact that trapped volatile components, pointingdoycled material, are predominantly found in
fluid inclusions from pyroxenite xenoliths, and veiscuss the potential link between the
formation of a pyroxenite-hybrid mantle source aedycled volatiles on magma genesis along
the EARS.

Chapter V focuses on the N\systematics, involving both isotope and relatikeradance
characteristics, of subglacial basaltic glassem ffceland. We report new nitrogen data for 43
subglacial basaltic glasses collected from the oleawic zones of Iceland, a key locality in
studies of mantle plume sources and crust-manteegses. We also report new helium and
argon data from new samples to combine with preshopublished noble gas (He-Ne-Ar: Furi et
al., 2010) and carbon characteristics (Barry et 2014) on the same sample suite, allowing

elemental ratios (e.g., ;K°Ar*) to be calculated for individual samples. Catesiable
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uncertainties remain regarding the origins and wiarary history of nitrogen in the mantle
(Marty, 2012; Cartigny & Marty, 2013), particularthe deep-mantle. For the most part, the
current discussion is centered on a possible relichordial signature derived from enstatite
chondrites with a'N value as low as ~ -40%. (Javoy, 1995), and/or asipte solar N
component (Marty, 2012). On the other hand, otlmerge postulated the importance of dense
subducted slabs, which submerge into the deep eamtl controlling its nitrogen isotopic
composition (Marty and Dauphas, 2003). By carefaligluating a large set of subglacial basalts
from Iceland, we aim to better constrain nitrogéemental and isotopic signals of the Iceland
mantle plume, as they may provide a new perspedaiigethe volatile composition of the deep
mantle. Our results demonstrate that subglaciaisgia show a wide rangedhN values, from -
2.91 to +11.96%.. In addition, we identified a numbgprocesses that have extensively modified
original mantle source compositions. In particulae, note that samples subjected to a large loss
of gas are highly susceptible to shallow-level taumteraction. However, the combined use of
*He/°Ar*, N,/*°Ar*, and §'°N allows us to identify (and remove) samples paddigtaffected by
degassing-induced fractionation, air interactioml/an crustal contamination. Furthermore, by
investigating simple binary mixing scenarios invoty both the relative abundance systematics
and nitrogen isotopes (i.e.RHe- Ny/*°Ar*-3'°N systematics), we show that our filtered dataset
is consistent with binary mixing involving a highdiheterogeneou$°N end-member and the
DMM reservoir. In addition, we compare our néd#N dataset with recent data from the
Reykjanes Ridge and consider coupled He-N isotgptematics. A key finding of this study is
that recycled and heterogeneous N-component(s) beer integrated into and/or entrained by
the Iceland plume source. Finally, by comparisoithwavailable radiogenic isotopes from
Iceland, and by consideration of extremg*®r* ratios, in addition to the very higst°N values
that characterize Icelandic melts, we are ableffer @ possible age of the recycled material

entrained by the Iceland plume.
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Chapter VI is the final chapter of the dissertation. It sumiges the main findings and
conclusions of each study and addresses some |gods#rctions of future research, based on the

findings and uncertainties in Chapters 1l to V.
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ARTICLE INFO ABSTRACT

Article history: We present the chemical and isotope (He—C—N) characterization of active fumaroles and hydrothermal

Accepted 15 September 2012 gases and waters from the summits and flanks of 19 volcanic centers along the western Sunda arc, Indonesia.

Available online 4 October 2012 Samples were collected over two field expeditions (1991 and 2010) and cover 13 volcanic centers in Sumatra,
5 in Java and one in Bali. In addition, we present data from three geothermal sites in Sumatra associated with

Key word;: active fault systems in-between volcanic centers (IBVC). The overall aim is to resolve volatiles associated with

Subduction zones . . . L

Indonesia the sub-arc mantle (subducting slab and mantle wedge) from inputs derived from the over-riding arc crust.

Volatile recycling The western Sunda arc is a prime locality to assess controls on volatile provenance at subduction zones due to

Helium isotopes changes in composition and thickness of over-riding crust and variations in sediment input rates along the

Carbon isotopes strike of the arc.

Nitrogen isotopes The dry gas chemistry of the majority of volcanic samples is dominated by CO, with inert gas variations

(He-Ar-N) typical of subduction zone gases. However, there is a strong crustal control on the He - CO, iso-
tope and relative abundance systematics on a number of volcanic centers: this effect is most clearly observed
at flank localities and in water phase samples. Filtering the entire database for modifications due to air con-
tamination, degassing-induced fractionation (C-isotopes and C0O,/>He ratios) and crustal contamination asso-
ciated with volatile transport within shallow-level hydrothermal systems allows recognition of the magmatic
volatile signature of individual volcanoes along the arc. Helium isotopes at all but two volcanic centers
(Talang and Dempo on Sumatra) range from 5.3 Ra to 8.1 Ry (Ra=air >He/*He) pointing to the mantle
wedge as the principal source of He but with a small input of crustal (radiogenic) He at some localities. Sam-
ples from Java and Bali span an even more limited range (6.6 to 7.9 R,) implying a relatively smaller input of
crustal He. Carbon isotope and CO,/*He ratios vary from — 1.4%. to —6.4%. and 4.38 to 150 (x 10°), respec-
tively, with higher and more variable values to the north of Sumatra. This latitudinal effect is not apparent in
air-corrected N-isotope values (8'°Nc= —3.91 to + 5.92%.) or various elemental ratios such as N,/Ar and N,/He.
The three IBVC sites, all located in Sumatra, have significantly lower *He/*He ratios (<3.6 Ra) with CO,/*He
values both higher and lower than volcanic centers. Their 5'C, 5'°N¢ and gas ratios overlap with the volcanic
centers.
The elemental and isotopic characteristics of carbon and helium have been modified at IBVC sites due to
crustal processes. However, based upon relationships between CH4 and He as well as co-variations between
He—-C- N isotopes, the over-riding crust and associated sediments add minimal volatiles to volcanic centers
throughout the western Sunda arc. In turn, subducted sediment, particularly the Nicobar Fan which supplies
Himalayan-derived sediment to the slab off Sumatra, exerts a strong control on the magmatic CO, character-
istics although it is less influential for N,. In spite of large sections of incoming sedimentary material being
off-scraped during subduction, our data suggest that a significant fraction must enter the trench, enhancing
fluid/melt production in the mantle wedge. We propose that subduction-related source contamination plays
the dominant role over thick/old crustal basement in supplying the major volatile output budget of the west-
ern Sunda arc.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction sediments and underlying crust), and the crust through which
magmas are erupted (Marty et al., 1989; Poreda and Craig, 1989;

Carbon dioxide and other volatiles erupted at arc volcanoes trace Varekamp et al., 1992; Sano and Marty, 1995; van Soest et al.,
their origins to the mantle wedge, the subducting slab (including 1998). By resolving contributions from each of these reservoirs to
the volcanic arc output, it is possible to constrain the proportion of

" Corresponding author. carbon recycled between trench and arc (shallow recycling) versus
E-mail address: shalldorsson@ucsd.edu (S.A. Halldérsson). the proportion which bypasses the zone of magma generation and

0009-2541/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.chemgeo.2012.09.042
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is recycled into the deep mantle (deep recycling) (Hilton et al.,
2002).

In this contribution, we present new results on the volatile charac-
teristics of nineteen passively-degassing volcanic centers in the west-
ern Sunda arc of Indonesia. Large sections of this arc system, the
Sumatra segment in particular, are underlain by thick, Mesozoic con-
tinental crust (Hamilton, 1979) composed mainly of granitoids and
siliciclastic and carbonate sediments (Hamilton, 1979; Gasparon and
Varne, 1995). Gasparon et al. (1994) and Gasparon and Varne
(1998) argued that contamination of arc-related magmas by the
crust increased in significance from east to west along the Sunda
arc, and that the role of subducted sediment on magma chemistry
diminished in a complementary fashion. Thus, the western Sunda arc
presents a unique test case of volatile provenance associated with arc
volcanism, vis-a-vis inputs from the over-riding plate (particularly the
crust) versus the subducted slab. Central to this issue, however, is the
similar chemical (e.g., trace elements) and radiogenic isotope traits of
incoming sediments on the slab and the arc crust itself (Gasparon and
Varne, 1998). This also complicates resolution between slab-related
volatile additions to the mantle source (primary contamination) and
secondary/shallower crustal contamination of magmas en route to the
surface.

Coupled studies of He, CO, and N, (isotopes and relative abun-
dances) can be used in a powerful manner to resolve upper crustal
influences and their potential contribution to arc volcanism (e.g., Fischer

et al,, 2002; Hilton et al., 2002). Applying such an approach to the west-
ern Sunda arc is therefore of great interest given the antiquity and com-
position of the Sundaland crustal core (Fig. 1) and the presence of
well-documented sedimentary provinces on the subducting oceanic
parts of the Indo-Australian plate, off-Sumatra and west Java (Moore
et al., 1980). In this respect, it is of particular interest to compare the
Sumatra segment of the Sunda arc with that of Java/Bali where the
over-riding crust is thinner and more oceanic in nature (Hamilton,
1979). Thus, our aim is to identify the various sources contributing to
the volatile output in the western Sunda arc and to assess first-order
controls on their isotopic and abundance characteristics.

2. Geological setting of the western Sunda arc and the
Sumatran segment

Indonesia is one of the most volcano-dense regions on Earth with
widespread volcanism resulting from the ongoing subduction of the
Indian-Australian Plate beneath the Eurasian Plate (Hamilton, 1979;
McCaffrey, 2009) (Fig. 1). The continuous Myanmar-Andaman-
Sunda-Banda subduction system makes up the present-day volcanic
arc, which has been active since the Cretaceous (Hamilton, 1979). In
Indonesia, there are two major crustal regimes which are separated
at the Progo-Muria fault zone in central Java (Smyth et al., 2007).
The western segment of the Sunda arc consists of Sumatra and west
Java where the down-going plate is subducting obliquely beneath
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Fig. 1. Map of study area showing the sampling localities (black symbols = Sumatra volcanic centers, yellow triangles = in-between volcanic centers (IBVC) geothermal sites and
green boxes = Java/Bali volcanic centers). Sedimentary provinces (Ganges vs. Indonesian) of ocean floor sediments and the Sundaland crustal core are shown for reference. Small
inset picture shows the general tectonics of Indonesia, the major plates and arc systems involved. Active and quaternary volcanoes are represented by open symbols (after Gertisser

and Keller, 2003).
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relatively thick over-riding quasi-continental crust, consisting of the
Mesozoic Sundaland core and/or the Sunda Shelf which are composed
of continental block fragments. The eastern Sunda and Banda arcs
(east Java, Flores, Timor) are built on considerably thinner oceanic
crust. In the easternmost part of the arc, the leading-edge of the
Australian continent is being subducted (Fig. 1).

The Indo-Australian Plate subducts beneath the Sunda Trench at
an orthogonal convergence rate of 50 mm/yr in Sumatra which is
considerably lower than ~75 mm/yr in Java and Flores (Von Huene
and Scholl, 1991). The age of the subducting lithosphere varies from
50 to 90 Ma from north-to-south along Sumatra and from 100 to
135 Ma from west-to-east in Java (Widiyantoro and van der Hilst,
1996). The dip of the subducting slab changes from ~40° beneath
Sumatra to ~60° below Java (Widiyantoro and van der Hilst, 1996).
The overall structure and age of the subducting lithosphere strongly
influences the style of crustal deformation and associated seismicity
along the Sunda arc (Sieh and Natawidjaja, 2000; McCaffrey, 2009).
The relatively young age of subducted lithosphere beneath Sumatra
has drastic consequences for the depth distribution of earthquake
foci, with no earthquakes deeper than ~300 km. In contrast, earth-
quake focal depths beneath Java extend to the 670 km mantle transi-
tion zone (Widiyantoro and van der Hilst, 1996).

Sumatra is situated on the south-western margin of the so-called
Sundaland crustal core composed of granitic rocks up to 240 Ma
(Gasparon and Varne, 1995). Crustal thickness in Sumatra varies
between 25 and 40 km (Sieh and Natawidjaja, 2000; McCaffrey,
2009). During the Triassic to early Jurassic (~250-200 Ma), Sumatra
was part of the northern edge of Australia (north of New Guinea) but
later rifted from the Australian mainland to form a stable continental
margin where it remained until subduction began in the Cretaceous
(Hamilton, 1979). The influence of the Sundaland core is clearly evident
in the radiogenic isotope systematics of volcanic rocks from Sumatra
(e.g., Whitford, 1975). For example, the most radiogenic 3’Sr/%6sr
values along the entire Sunda arc are found in lavas of the great Toba
eruption in northern Sumatra (Gasparon and Varne, 1998).

The presently-active volcanic front runs parallel to the Sunda
Trench along the length of Sumatra, and coincides with the Barisan
Mountains and the Sumatran Fault (McCaffrey, 2009). Recent esti-
mates of sediment delivery rates are 83 km?/Myr for Sumatra and
54 km?>/Myr for Java (Clift and Vannucchi, 2004). Additionally, a mas-
sive accretionary prism has formed offshore Sumatra—forming the
Mentawai islands on the fore-arc Simeulue-Enggano ridge, as well
as a number of offshore fore-arc basins (Moore and Curray, 1980).

Relatively few petrological and geochemical studies have been
reported for Sumatra: however, exceptions include regional studies of
Whitford (1975, 1981), Gasparon et al. (1994), Gasparon and Varne
(1998) and Turner and Foden (2001). The Toba eruption in northern
Sumatra (~75,000 years ago) and the petrology/geochemistry of associ-
ated tuffs has been the focus of detailed work (e.g., Chesner et al., 1991;
Chesner, 1998; Vazquez and Reid, 2004).

3. Sampling and analytical techniques

Sampling of the western Sunda arc was undertaken in two field
expeditions—in 1991 and 2010. In the 2010 expedition, we collected
35 geothermal fluid samples (including 17 duplicates) from 16 localities
along a ~2000 km transect of Sumatra, from Rajabasa volcano in the
south to Sibayak volcano in the north (see Budd et al, 2012a and
Fig. 1). Sampling included the following historically-active stratovol-
canoes (from south to north): Dempo, Kaba, Talang, Marapi, Sorik
Marapi, Singabung, and Sibayak as well as Rajabasa, Sekincau, and
Bual Bauali volcanoes where there is no historical record of eruptive
activity (Gasparon, 2005). Three sampling localities are associated
with massive caldera-forming lakes and/or caldera floors: Seminung
(Ranau caldera) and Panururan (Toba caldera) and the Ratai hydrother-
mal field by the Hulubelu caldera (Gasparon, 2005). These 13 volcanic

centers, which are all passively-degassing, were supplemented by
in-between volcanic center (IBVC) geothermal sites associated with
active fault systems: from south to north, the Dusan Baru field near
Kerinci volcano, the Rimbo Panti field adjacent to Talakmau volcano,
and the Helatoba-Tarutung fumarole field. We also collected gas sam-
ples from the historically-active Tangkuban Parahu volcano on Java.

The 1991 expedition included Sumatra (including many of the same
sampling sites visited in 2010) in addition to five volcanic centers on
Java and the island of Bali. With the exception of Talagabodas, all of
the volcanoes from Java and Bali (Guntur, Papandayan, Galunggung
and Batur) are known to be historically-active. Results of the earlier
study helped direct sampling in the 2010 expedition and provided a
useful perspective on temporal changes at individual sites over a
two-decade period. Thus, the entire sample set (39 gas phase samples
and 23 water phase samples) is composed of summit fumaroles
(100 °C) from Marapi, Sibayak, Singabung and Papandayan volcanoes,
which are classified as volcanic fluids (e.g., Taran and Giggenbach,
2003). The remaining samples are classified as hydrothermal fluids as
they were sampled from volcano flanks and/or IBVC. In total, fluid
samples were collected from (i) 9 fumaroles, (ii) 12 bubbling acid
springs, (iii) 11 hot water springs, making a total of 56 samples (with
duplicates) from 32 individual localities on Sumatra. Additionally, 4
fumaroles and 2 water springs from 6 different localities were sampled
along the Java/Bali segment (see Table 1).

Sampling protocols and analytical procedures adopted during the
1991 expedition follow closely those described in Hilton et al. (1993).
The 2010 samples were similarly collected in evacuated low-He diffu-
sivity glass flasks (1720- or AR-glass) and/or annealed copper tubes,
with adoption of the inverted funnel method to collect gas phase
samples. Evacuated ~200 mL pyrex flasks, aka Giggenbach bottles,
were used for major gas chemistry (2010) or an aliquot was prepared
from the AR-glass bottles (1991 expedition).

Analytical protocols for the 2010 samples follow closely those
described by Shaw et al. (2003) and Ray et al. (2009). Briefly, samples
were released into an ultra high vacuum (UHV) stainless steel purifica-
tion line where non-condensable gases (He — Ne - N,) were cryogenical-
ly separated from condensable gases (H,O and CO;). The light noble
gases (He—Ne) were then isolated from the active and heavy noble gas
fraction by exposure to an activated charcoal trap at —196 °C and a
Ti-getter held at 700 °C, with a calibrated aliquot (~0.5%) transferred to
a MAP-215 noble gas mass spectrometer for He isotopic and He/Ne rela-
tive abundance analysis. Calibrated aliquots of air, run under identical
conditions to samples, were used to gauge mass fractionation and to
assess machine sensitivity.

The condensable gas fraction (CO,) was isolated from water vapor
and transferred to a dedicated Pyrex-glass vacuum line for further puri-
fication and manometric measurement in a calibrated volume to obtain
the total abundance of CO,. Following measurement, the CO, was split
and transferred in Pyrex® glass breakseal to a Thermo-Finnigan
Delta™“sXP isotope ratio mass spectrometer for 5'>C analysis.

During the course of this study, a new protocol was developed for N,
isotope measurement of gas and fluid samples. An additional aliquot of
gas was collected in a Pyrex glass breakseal on the stainless steel extrac-
tion line without exposure to either the charcoal trap or Ti-getter. The
aliquot was then transferred to a dedicated N-purification line attached
to a static noble gas mass spectrometer (VG5440; Craig et al,, 1993). A
description of the purification system to prepare the samples for
N-isotope measurement is given by Barry et al. (2013-this issue). Brief-
ly, the bulk gas in the breakseal was expanded into the line where resid-
ual condensable gases were isolated using a cold finger held at liquid-
nitrogen temperature. Gases were then exposed to hot (850 °C) CuO
for 10 min in the presence of a Pt-foil catalyst, held at 1000 °C, to
enhance the reaction between O, and carbonaceous (CO, C;H4) and
nitrogenous (NO) species, to CO, and NO,, respectively. Excess oxygen
was then reabsorbed back onto the CuO finger in two steps, first at
600 °C and then at 450 °C. Throughout the process, the condensable
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Table 1

Helium, carbon and nitrogen isotope and relative abundance characteristics of geothermal fluids from Sumatra, Java and Bali.

Location? Sample Sample Latitude Longitude T  °He/’He X 3He/*He CO,/°He &'C (CO,) 8'°N (Na) &'°N (N,) [*He]c cm>STP/
D (S/N) (E) (°C)
Type© Ry/Ra? Re/Ra" (x10%)  (%)VPDB  (%)AIR  (%o)cAIR® gH,0 (x10~ )M
Sumatra—volcanoes
Rajabasa SUM10-2 G-as  S05°44'536" 105°36'583" 32 805 252 808 9.33 -3.0 3.48 349+046
SUM10-3  W-fs  $05°45'07.0" 105°38'03.0" 54 3.46 6.52 391 1023 —4.1 nd nd 62.8
725 W-fs  $05°4507"  105°38'03" 58 5.2 9.33 6.06 2003 —47 nd nd 43
681 W-fs  $05°44’54"  105°36'58" 65 3.37 1.77 645 724 -23 nd nd 6.7
726 W-fs 3.03 161 637 665 —27 nd nd 9.5
Ratai (Hulubelu) ~ SUM10-4 G-as  S05°19'535" 104°34229" 86 525 7.66 5.88 5.03 -37 1.55 1.63+0.36
SUM10-6  G-as 5.48 919 6.02 438 —45 0.79 0.76+0.74
Sekincau SUM10-5 G-as  S05%05212" 104°18'263” 101 593 60.1 6.01 9.60 —48 413 4184030
SUM10-7 G-as 5.46 243 565 9.00 —42 1.52 1.54+040
694 G-as  S05°0521”  104°1826" 27 6.41 797 7.19 75.3 —34 nd nd
746 G-as 6.33 811 7.08 704 —34 nd nd
Seminung SUM10-8 W-fs  S04°52/38.9" 103°55'54.0” 58 3.50 559 4.04 229 -89 nd nd 106
SUM10-9  W-fs 2.49 3.80 3.02 210 —62 401 508051 167
690 W-fs  $04°52'39"  103°55'54" 59 2.53 137 6.69 141 —63 nd nd 30.8
649 W-fs 2.6 132 7.22 169 —63 nd nd 325
Dempo SUM10-10 W-fs  S04°10'01.1” 103°04'046" 95 128 457 135 200 —32 —0.06 —036+047 520
SUM10-14 W-fs 1.00 2,62 1.00 16.7 —96 nd nd 470
705 W-fs  $04°10'01”  103°04'05" 92 2.06 872 2.08 70.6 nd nd nd 255
756 W-fs 2.06 652 2.08 632 nd nd nd 302
Kaba SUM10-11 W-fs  $03°27'41.2" 102°34'10.7" 48 627 275 647 59.2 —6.9 5.74 5924043 713
SUM10-12 W-fs 5.79 151 613 60.6 —82 nd nd 765
Talang SUM10-15 W-fs S 00°55'03.5" 100°40"50.9” 45 1.66 335 1.95 442 —56 3.88 511+048  93.1
SUM10-17  W-fs 1.56 337 180 471 —47 nd nd 104
Marapi SUM10-18 G-sf ~ S00°23'169" 100°27'38.7" 89 697 1265 698 114 —26 —2.07 —2.07+046
SUM10-20  G-sf 7.09 319 711 14.1 —14 —217 —2.18+028
674 G-sf  S00°23'17"  100°27'39" 92 6.15 235 638 225 —24 nd nd
680 G-sf 6.47 662 648 233 —26 nd nd
Sorik Marapi SUM10-22 G-ff N 00°42'09.2" 099°33'462" 59 5.64 102 6.14 384 —53 2.29 2434053
SUM10-23 G-ff 6.69 57.8 6.79 406 —6.4 4.08 4134038
SUM10-27 G-as N 00°42'20.4" 099°34'43.0" 94 3.46 203 347 16.2 —53 1.48 1.48+0.36
Cu-tube-2 G-as 2.89 215 2.99 27.1 —38 0.15 0.114+0.41
701 G-ff  N00°42'09" 099°33'46" 88 652 658 6.6 325 —3.0 nd nd
565 G-as  N00°42'20" 099°34'43" 90 3.32 408 3.38 344 nd nd nd
741 G-as 333 227 346 53.3 —3.1 nd nd
Bual Buali SUM10-24 G-ff  NO1°33'594" 099°16'052" 92 592 201 618 163 —14 —338 —3614+053
SUM10-25 G-ff 1.08 280 1.12 609 —28 —2.16 —391+059
615 G-ff  NO01°33/59" 099°16'05" 94 6.47 730 655 25.8 nd nd nd
675 G-ff 6.51 887 6.58 27.3 —53 nd nd
Panururan SUM10-29 G-as N 02°37'06.6" 098°40'22.7" 62 1.80 447 203 215 —16 0.27 0.06+0.64
SUM10-30 G-as 5.29 253 530 369 —23 3.76 3.774+0.53
665 G-as  N02°37'07" 098°4023" 60 5.06 160  5.08 56.8 —46 nd nd
Singabung 734 G-sf  N03°100"  098°23/30" 120 5.98 340 6.14 150 —37 nd nd
Sibayak SUM10-26 G-sf ~ N03°14'22.9" 098°30'165" 95 6.74 1863 6.74 5.74 —38 433 4334038
SUM10-28 G-sf 6.74 292 676 5.96 —28 5.52 5.54+0.36
Cu-tube-5 W-fs N 02°57'40.9" 098°52'31.0" 64 4.64 536 547 46.9 —37 nd nd 19.0
Cu-tube-6  W-fs 6.40 456 6.52 54.5 —4.1 nd nd 119
Cu-tube-7  W-fs 6.11 242 633 43.1 —4.0 nd nd 155
667 W-fs  NO02°57'41"  098°52'31" 44 631 7.22 717 12.0 -39 nd nd
733 G-sf  N03°1423" 098°30'17" 106 6.68 1431  6.68 11.5 nd nd nd
Sumatra—IBVC?
Dusan Baru SUM10-13 G-as  S01°59'18.9" 101°21'28.1” 58 2.02 437 203 14.2 —6.7 3.49 3.50+0.38
SUM10-16 G-as 2.00 394 2.00 14.0 —8.0 325 3.26+0.55
731 W-as  $01°59'19"  101°2128" 94 2.03 151 210 279 —56 nd nd 67.8
Rimbo Panti SUM10-19 G-as N 00°20'52.6" 100°04'06.9" 92 3.62 295 362 0.38 —49 1.75 1.75+0.38
SUM10-21 G-as 3.71 312 372 nd nd 1.83 1.83+0.32
Sumatra—IBVC*
Helatoba-Tarutung  Cu-tube-3 G-as N 02°04'31.0" 098°56'395" 63 1.71 387 173 1107 —21 —0.90 —0.95+048
Cu-tube-4  G-as 1.62 386 164 1505 —18 —054 —058+1.19

gases (mostly CO,, SO, and H,0) were adsorbed onto a cold finger held
atliquid nitrogen temperature. The purified N, was then expanded into
a VG-5440 mass spectrometer where the ratio of N to N was
analyzed by measuring m/z ratios of 28, 29, and 30, allowing calculation
of the N-isotope ratio (6'°N) and application of a comprehensive
CO correction to all samples (Barry et al, 2012). Hydrocarbon
interferences at masses 28 and 29 are considered negligible. An internal
pure N, standard, calibrated relative to Scripps-pier air, was repeatedly

measured throughout the 23-day run of the western Sunda sample set.
In addition, repeated measurements (n = 6) of the Scripps-pier air stan-
dard during these runs, following exactly the same analytical protocol
as samples, allowed evaluation of uncertainties associated with both
sample preparation and mass spectrometer measurement. We take
the average reproducibility of our in-house air standard 8'°N value of
40.26%. (10) as the best estimate of the external reproducibility of
our nitrogen system. Throughout the sample runs, procedural N, blanks
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Table 1 (continued)

Location® Sample Sample Latitude Longitude T  >He/’He X°¢ 3He/*He CO,/°He &'3C (CO,) &'°N (N;) &'°N (N,) [*He]c cm?STP/
D (S/N) (E) (°0)
Type© Ru/Ra? R/Ra" (x10%)  (%)VPDB  (%)AIR  (%o)cAIR®  gH,0 (x10~9)M
Java—volcanoes
Tangkuban Parahu SUM10-1  G-sf $06°45'41.2" 107°37'32.9" 51 7.91 338 7.93 13.8 —52 1.6 1.6+0.54
Guntur 721 G-ff S 07°8'36" 107°50'23” 98 6.75 58.1 6.85 16.4 —24 nd nd
Papandayan 696 G-sf S 07°18'53" 107°43'57" 105 6.61 851 6.62 282 nd nd nd
Galunggung 711 W-fs  S07°15'0" 108°3'30" 48 5.44 3.68 7.10 172 —55 nd nd 3248
Talagabodas 673 G-ff S 07°12'30" 108°40" 95 7.68 1144 7.69 20.2 nd nd nd
Bali—volcano
Batur 724 W-fs  S08°15'03”  115°24'03" 32 6.81 645 7.87 252 nd nd nd 200

nd = not determined.
2 Sample locations given from south to north. IBVC = In-Between Volcanic Centers.

> SUM10- and Cu-tube- sampled in October/November 2010, GPS datum WGS84; numbers sampled February/March 1991, map coordinates.

¢ Abbreviations: G = gas; W = water; sf = summit fumarole; ff = flank fumarole; as = gas from acid spring; fs = flank spring.

¢ Ry/Ra notation where Ry, =sample *He/*He ratio and R, = atmosphere *He/*He ratio (= 1.4x107%).

¢ X=(“He/*°Ne)n/(*He/*°Ne).i; x BNe/BHe, where M is the measured “He/?’Ne ratio, > represents the Bunsen solubility coefficient assuming a recharge temperature of 15 °C

(Weiss, 1971).
f Re/Rp is the air-corrected He isotope ratio = [(Ry/RaxX) —1]/(X—1).

2 §'5N (Ny) (%o)c is the air-corrected N isotope ratio=[(8'°NxX) —1]/(X—1). See appendix.
" Helium abundance data are corrected for air contamination where [He]c = ([HeJyx (X —1))/X.
! All errors are reported at the 10 level; Re/Ra uncertainty is estimated <+ 3%, CO,/*He uncertainty is estimated + 5%, 6'>C uncertainty is estimated <= 0.5%, [*He] is estimated at

+5%.

where monitored prior to each sample analysis. Except for two samples
(from Helatoba-Taratunga, blank ~9%), blank contributions were
always less than 5% of sample yields and less than 2% in most cases.

Major gas chemistry of the 2010 samples was measured by a
GC-quadrupole system at UNM. In this system, CO;, Ny, Ar+ O,
CHy, and CO are measured on a Gow Mac Gas Chromatograph with
Discharge Ionization Detector (DID) [Heyesep and MolSieve col-
umns]. The Ar and O, concentrations are measured on a Pfeiffer quad-
rupole mass spectrometer in dynamic mode. Major gas chemistry of
samples from the 1991 expedition (listed in Table 2, identified with
numbers only) was measured in the same laboratory using methods
outlined previously (Zimmer et al., 2004; Elkins et al., 2006). For
that system, samples with very high O, concentrations are likely to
yield unreliable Ar data due to the difficulty of separating Ar and O, in
a saturated O, separation column (see discussion in Zimmer et al,
2004 and Elkins et al., 2006). Two samples reported in Table 2, shown
in italics and underlined, have unusually low N/Ar ratios
(Seminung = 14.8 and Dempo = 14.6) and are not included in the fol-
lowing discussion.

4. Results

We report He/*He, CO,/>He, C- and N-isotopes, and He abundance
results (water phase only) in Table 1 with the major gas chemistry in
Table 2. Sample locations are given in Fig. 1, with a filtered version of
the dataset (see Section 5.2) plotted as a function of latitude in Figs. 6
to 8.

4.1. Major gas chemistry

The majority of samples is dominated by CO, with 34 out of 39 gases
and waters having over 80% (dry gas) CO, (Table 2). The only localities
showing considerably lower CO, content are the IBVC Rimbo Panti
hydro-thermal site where N, dominates the dry gas budget (~58%)
and Ratai (~72%). Nitrogen is the most abundant gas among the
non-condensable gases but, with the exception of Rimbo Panti and
Ratai, is always less than 15% of the total gas budget. Only three locali-
ties (Sorik Marapi, Pangururan and Tangkuban Parahu) show hydrogen
concentrations higher than 1%, whereas only four of 21 localities (Sorik
Marapi, Ratai, Seminung, and Marapi) have greater than ~5% oxygen.
Methane is variable but the majority of samples contain less than 1%
methane. However, two IBVC hot spring localities, Dusan Baru and

Rimbo Panti, have significant amounts of CH, (~5% and ~ 7%, respective-
ly). We also note the relatively high CH, (1.5%) at the Sorik Marapi flank
locality. Notably, all three of these localities are characterized by rela-
tively low >He/*He ratios (2.1 Ra to 3.7 Ra).

In addition to these general features of the major gas chemistry, we
use the ternary N, — He— Ar inert gas plot (Fig. 2) to distinguish between
“mantle-derived” and “arc-type” gases (after Giggenbach, 1996). Arc-
related geothermal fluids tend to have high N,/He (>1000) and N,/Ar
(>83) when compared to mantle-derived fluids as a result of addi-
tion of sedimentary-derived nitrogen from the subducting slab
(e.g., Giggenbach, 1996). Most samples of the present study fall
within the field of arc-related gases but with some notable excep-
tions: i) gas phase samples from Rimbo Panti (RP) and Sibayak
(SII) and water phase samples from Batur (B) have low N;/Ar ratios
and thus fall below the field for mantle-derived gases, ii) samples
from Sorik Marapi (SM1), Helatoba-Taratung (HT) and Ratai (R)
all have very high ratios of N/He (>10,000), iii) samples from
Guntur (G), Sorik Marapi (SM) and Singabung (S) all fall outside
the proposed field for arc- and mantle-derived fluids, iv) a few
samples (e.g., Pangururan and Sibayak) have N, - He — Ar systemat-
ics consistent with mantle-derived gases.

4.2. 3He/*He ratios and dissolved helium in water spring samples

Helium isotope results for 32 localities on Sumatra and 6 on Java/Bali
are given in Table 1. We plot all measured He isotopes (Ry/Ra)
(including duplicates) versus solubility-corrected, air-normalized
He/Ne ratio (X) to assess the integrity of the He isotope results
(Fig. 3a). Measured *He/*He ratios (reported as Ry/Ra where Ry =
measured *He/*He of sample and Ry = *He/*He of air; 1.4x107°)
have been corrected (to R¢/Ra) for the presence of atmospheric com-
ponents using the air-normalized He/Ne ratio multiplied by the ratio
of the Bunsen coefficients, assuming an air-equilibration tempera-
ture of 15 °C (= X value—see Table 1 footnote for details plus an
estimate of the analytical uncertainty). For the most part, the correction
results in only minor (<0.3 Ra) changes to the measured >He/*He
(Rm/Ra) ratio. However, where X values are low (<2), correction to
measured values can be large, up to 3.1-4.6 R, for two water samples
(Rajabasa and Seminung). We note also that agreement between
duplicate samples generally falls within 0.5 Ra; however, 13 of 24
duplicates agree within 0.1 Ra. In contrast, some samples show
poor agreement e.g., Sibayak (5.5 Ra vs. 6.5 Ra), Bual Bual (1.1 Ra
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Table 2
Gas chemistry of geothermal fluids from Sumatra, Java and Bali (vol.% dry gas).

Location Sample ID* Type® CO, He [ppm]© H, Ard 0, N, CH4 N,/Ar N,/He CHa4/*He (x107)
Sumatra—volcanoes
Rajabasa G-SUM10-1 G-as 91.86 8.70 nd 0.023 0.29 738 0.46 318 8478 4.63
725 W-fs 99.96 0.077 nd nd nd 0.036 nd nd 4675.3 nd
681 W-fs 99.79 0.12 nd nd nd 0.21 nd nd 17500 nd
726 W-fs 99.64 0.17 nd nd nd 0.36 nd nd 21176 nd
Ratai (Hulubelu) G-SUM10-3 G-as 12.92 3.12 0.0010 0.61 14.0 724 0.049 118 232280 1.87
Sekincau G-SUM10-4 G-as 89.64 111 0.16 0.11 1.03 8.44 0.61 743 7610 6.55
694 G-as 99.17 1.31 nd 0.011 nd 0.79 0.04 70.1 6031 2.79
746 G-as 94.79 1.36 nd 0.010 441 0.75 0.04 76.0 5515 2.70
Seminung 690 W-fs 72.01 0.55 nd 0.034 26.8 0.51 nd 148 9273 nd
649 W-fs 98.85 0.58 nd 0.019 nd 1.13 nd 58.0 19483 nd
Dempo 705 W-fs 93.62 4.56 nd 0.41 nd 593 0.040 14.6 13004 3.03
756 W-fs 99.22 5.40 nd nd nd 0.78 nd nd 1444 nd
Marapi 674 G-sf 7223 3.59 nd nd 26.7 0.56 nd nd 1560 nd
680 G-sf 99.97 473 nd nd nd 0.032 nd nd 67.7 nd
Sorik Marapi G-SUM10-9 G-as 81.63 104 5.18 0.012 1.60 10.08 1.50 875 9727 29.7
G-SUM10-10 G-ff 84.36 2.56 0.0070 0.019 2.04 13.48 0.091 694 52748 3.76
701 G-f 99.87 332 nd 0.0015 nd 0.13 0.0007 87.5 392 0.024
565 G-as 89.99 5.54 nd 0.014 9.18 0.78 0.055 553 1408 2.09
741 G-as 99.08 3.86 nd 0.00033 0.66 0.23 0.046 703 596 249
Bual Buali G-SUM10-11 G-ff 91.77 6.51 0.076 0.027 245 5.20 0.47 195 7999 8.39
615 G-ff 99.98 422 nd nd nd nd 0.019 nd nd 0.49
675 G-f 99.00 3.94 nd nd nd 0.98 0.019 nd 2487 0.52
Pangururan G-SUM10-13 G-as 92.29 3.37 3.66 0.0025 0.98 2.55 0.52 1022 7569 20.80
665 G-as 99.88 247 nd 0.0022 nd 0.1 0.017 46.2 405 0.94
Singabung 734 G-sf 99.91 0.78 nd 0.00086 nd 0.095 nd 110 1218 nd
Sibayak G-SUM10-15 G-sf 97.23 17.9 0.0060 0.00011 0.61 1.96 0.17 17083 1091 1.02
G-SUM10-16 G-sf 96.59 171 0.011 0.00016 045 2.64 031 16469 1544 1.89
733 G-sf 99.96 9.30 nd 0.00086 0.035 0.007 40.6 376 0.076
Sumatra—IBVC
Dusan Baru G-SUM10-5 G-as 81.30 20.2 0.029 0.21 0.47 11.60 6.39 55.2 5746 112
G-SUM10-6 G-as 79.98 204 0.019 0.098 1.00 11.93 6.95 122 5847 122
731 W-as 99.54 121 nd nd nd 0.43 0.028 nd 3554 7.80
Rimbo Panti G-SUM10-7 G-as 30.14 156 0.0031 1.80 5.05 57.86 5.14 322 3701 6.48
G-SUM10-8 G-as 30.52 156 0.0021 1.77 3.93 58.22 552 329 3724 6.79
Helatoba-Tarutung G-SUM10-12 G-as 98.81 0.37 0.054 0.0014 032 0.74 0.075 534 20159 84.10
Java—volcanoes
Tangkuban Parahu G-SUM10-2 G-sf 86.05 5.62 8.15 0.0013 0.56 5.08 0.16 3894 9034 2.62
Guntur 721 G-ff 96.94 5.46 nd 0.00030 283 0.17 0.005 573 311 0.10
Galunggung 711 W-fs 99.87 0.58 nd nd nd 0.13 nd nd 2241 nd
Talagabodas 673 G-ff 99.97 4.59 nd nd nd 0.033 nd nd 719 nd
Bali—volcano
Batur 724 W-fs 99.08 3.57 nd 0.023 nd 0.9 nd 383 nd nd

nd=not determined.

2 G-SUM10- samples were analyzed with an updated GC system at UNM whereas samples listed with numbers only were analyzed on the old GC system in the same lab.
b Abbreviations: G = gas; W = water; sf = summit fumarole; ff = flank fumarole; as = gas from acid spring; fs = flank spring.

¢ Helium conc. are calculated from the *He/*He ratios, CO,/*He ratios and the CO, vol.% dry gas.

9 Underlined values in italics have been removed from the discussion as the Ar data are not considered reliable.

vs. 6.2 Ra) and Panururan (2.0 Ra vs. 5.1 R4). We note that the X
values for some of these samples are exceptionally low and thus
these samples have experienced significant atmospheric contamina-
tion (see discussion in Section 5.1.1).

Helium isotope (*He/*He) values vary considerably along the
western Sunda arc, from 1.0 Ra to 8.1 Ry (Table 1), and thus demon-
strate a significant contribution of mantle-derived helium, from 13%
to 100% (assuming a binary mixing between MORB (8 R4) and crustal
component (~0.01 Ry)). The majority of fluid samples from volcanic
centers in Sumatra have *He/*He ratios in the range 5.0 to 7.2 Ra, typ-
ical of arcs worldwide (Hilton et al, 2002). The one exception is
Rajabasa (south Sumatra) where *He/*He is coincident with MORB
(8.1 Rp). Significant additions of radiogenic helium (>>50% using
the same end-members and assuming a binary mixture as above)
are found in geothermal fluids from the flanks of Rajabasa (3.9 Ry, 1
sample), Seminung (3.0-4.0 Ra, 2 samples), Dempo (1.0-2.1 Ry, 4
samples), Talang (1.8-2.0 Ra, 2 samples) and Sorik Marapi (3.0-3.5

Ra, 4 samples). Of these, only Dempo and Talang do not show corre-
spondingly higher *He/*He ratios from different flank and/or summit
fumaroles. Radiogenic He additions are also evident in two gas phase
samples from Ratai hydrothermal field near Hulubulu caldera (6.0 Ra).

Fluids from hydrothermal sites associated with fault systems which
lie between volcanic centers (IBVC) tend to also show significant
radiogenic additions, e.g., Dusan Baru (2.1 Ra, 3 samples), Rimbo Panti
(3.6 Ra, 2 samples) and Helatoba-Tarutung (1.7 Ra, 2 samples). Other
general features of the He isotope results is that the Java and Bali sam-
ples show little evidence for significant radiogenic additions, and span
a limited range of 6.6 to 7.9 R. Finally, there are not significant differ-
ences in He isotope systematics between different sample types (gas
versus water phase) from the same locality (e.g., Sibayak, Dusan Baru).

The measured dissolved helium abundances in water spring sam-
ples (n=22) are corrected for atmospheric He and reported in
Table 1. They range from 11.9 to 765 ncm? STP/gH,0. Thermal springs
from the flanks of Kaba volcano show the highest helium contents
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Fig. 2. Ternary plot of the non-reactive gases He—N,—Ar. The fields for mantle-derived and arc-type gases, as well as N,—Ar ratio of air (83) and air-saturated groundwater
(ASW-45) are shown (after Giggenbach, 1996). See text for details on sample identity. Gas phase samples (closed symbols) and water phase samples (open symbols) from volcanic
centers on Sumatra are separated from samples collected in-between volcanic centers (IBVC) (yellow triangles). Samples from Java/Bali are shown as boxes: green boxes for gas

phase and open boxes for water phase samples.

and they also have amongst the highest He/*He ratios for the water
samples (6.1-6.5 Ra). The Kaba springs also had one of the lowest mea-
sured temperatures (48 °C).

4.3.8'3C (€0,) values

The 6'3C (CO,) values of all gas and water phase samples (including
duplicates) are shown in Fig. 4 (plotted vs. CO,/>He). The 6'3C values
range from — 1.4%. to —9.7%. with only 6 of 53 samples showing
values lower than the mean MORB value of —6.5% (Sano and
Marty, 1995). Among the gas phase samples, only samples from the
Dusan Baru hydrothermal area (Kerinci Valley) show low 6'3C values
(—6.7 to —8.0%.) whereas the lowest value is found in a water phase
sample from Dempo (—9.7%). The highest observed values are — 1.4%.
in flank fumaroles at Bual Buali and summit fumaroles at Marapi. Water
phase samples do not demonstrate systematically different 5'>C values
compared to gas samples: water samples vary from —2.3%. to —9.7%.
whereas gas phase samples vary from —1.4 to —8.0%.. In contrast to
He isotopes, the C isotope values observed at IBVC locations show good
correspondence with values from the volcanic centers.

4.4. CO,/°He ratios

The molar ratio of CO,/>He varies by over 4 orders of magnitude for
the western Sunda arc samples (Fig. 4), from ~0.4x 10° to ~2x 10" and
are thus, with the exception of one sample from Rimbo Panti
(0.38x10%), higher than the global mean for MORB (2x 10°) (Marty
and Jambon, 1987). Indeed, the majority of samples have ratios greater
than the mean value for worldwide arcs (16+11x10°) (Sano and
Williams, 1996). In contrast to He and C isotopes, water phase samples
have significantly higher CO,/>He ratios relative to corresponding gases
(Fig. 4), presumably because gas samples are less likely than waters to
experience elemental fractionation (see Section 5.1.2).

Two samples clearly stand out from the general range of 4.4-150
(x10°) observed for gas phase samples: Rimbo Panti acid spring
(0.38x10°) and Helatoba-Tarutung hydrothermal area (1107-1505
(x109)). Notably, both these localities are at a considerable distance
from volcanic centers. In contrast, the Dusan Baru hydrothermal site
agrees well with ratios generally observed at volcanic centers. Finally,
with the exception of the water sample from Galunggung (172x10°),
the Java/Bali samples show a limited range of ratios—14-28 (x10°),
coincident with the global mean for arcs worldwide (16 10°).

4.5. 5'°N (Ns) values

In Fig. 3b, we plot measured &'°N versus the air-normalized He/Ne
ratio (X value—see section 4.2 and Table 1 footnote for details). The
measured nitrogen isotope data from the 2010 sampling campaign
(which includes one value from Tangkuban Parahu on Java) ranges
from —3.38% to +5.74% (Fig. 3), with the majority of samples
displaying values greater than air - consistent with values found
previously at other arc-related volcanoes (up to + 7%, e.g., Sano et al.,
1998; Fischer et al.,, 2002; Clor et al., 2005; Elkins et al., 2006; Mitchell
et al., 2010). Four samples show isotope values identical to that of air.

Measured 6'°N values (reported as 6'°N in Table 1) have been
corrected for the presence of atmospheric nitrogen using an approach
similar to that used for He isotopes: in the following discussion, we
use the air-corrected 5'°N ratio (6!°N¢) based upon this correction.
However, an alternative approach to account for air-derived N, is
based upon measured N,/He ratios (e.g., Fischer et al., 2002). In the
Appendix A, we contrast these two approaches specifically for our
dataset.

The most positive &'°Nc values for our dataset are for a water sample
from Kaba volcano (5.92%.) and a summit gas samples from Sibayak
volcano (5.54%.). Bual Bual volcano has the lowest (duplicate) values
in the dataset: —3.61%. and —3.91%.. Along with Marapi (—2.07 and
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Fig. 3. a) Plot of measured He isotopes versus solubility-corrected, air-normalized He/Ne
ratio (X) to assess the integrity of the He isotope results. Curves represent mixing between
air-saturated water (1 Ra, X=1) and MORB (8 Ra), Arc (5.4 Ra) and crust (0.05 Ra). Notably,
samples with low X values (<4) and low *He/*He ratios are severely air-contaminated. Sim-
ilarly, samples with high X values and low *He/*He ratios are contaminated with radiogenic
helium due to crustal contamination. R & S are water samples from Rajabasa and Seminung.
b) Plot of measured &'°N versus the same X value to assess the integrity of the 5'°N results.
Tie-lines connect samples from the same locality Curves represent mixing between
air-saturated water (0% 6'°N, X=1) and MORB (— 5%, '°N) and sediments (+ 7%.
§'°N). We note that when duplicate samples from the same locality show poor agree-
ment, the sample with the lowest X almost generally plots closer to the N isotopic
composition of air (0%o).

—2.18%0) and Helatoba-Tarutung (—0.58 and — 0.95%.), these are the
only volcanoes to have solely negative values. We do not observe any
marked difference between water and gas samples (Fig. 3). Out of
four water phase samples analyzed, Dempo overlaps with the
N-isotopic composition of air whereas the remaining three (Seminung,
Kaba and Talang) all show positive values (up to 5.92%).

5. Discussion
5.1. Sample integrity

In this section, we adopt a step-by-step filtering protocol to test the
integrity of individual samples to identify those unrepresentative of
magmatic gas, due to air contamination, shallow-level crustal contami-
nation and/or elemental fractionation within the hydrothermal sys-
tems. This approach is an essential prerequisite to revealing those
samples/localities with isotopic and relative abundance He—- C- N char-
acteristics of the magma system. Only in this way is it possible to assess
the relative importance of mantle source vs. crustal controls on the vol-
atile systematics.

5.1.1. Air contamination

Atmospheric gases can act to mask and/or overwhelm the volatile
characteristics of magmatic systems: this is particularly the case for
He- and N-isotopes but not so for CO, due to the relatively low CO,

content of air. One way to identify atmospheric contributions is to uti-
lize sample He/Ne ratios (Fig. 3a). For example, two water phase sam-
ples from both Rajabasa and Seminung have low X-values so are
subject to a large air-correction to measured He isotope compositions.
In addition, poor agreement between duplicate samples from these
localities further suggests that one or both have experienced severe
air-contamination. Generally, when duplicate samples display poor
agreement for He-isotopes (>1 Ra), we select the duplicate sample
with the higher X value, such as in the case of samples SUM10-29
from Panururan and SUM10-25 from Bual Bauli, as being the least
compromised due to air additions.

An alternative approach is to identify atmospheric contributions
through the major gas chemistry. For example, No/Ar values lower
than air (83) but higher than or equal to air-saturated water (ASW)
(45) are considered to be contaminated with air and/or affected by
mixing with ASW. In this respect, mixing with ASW may apply to
the following: Sekincau (G-SUM10-4, 694 and 746), Sorik Marapi Il
(565), Seminung (649), Dusan Baru (G-SUM10-5) and Pangururan
(665). In addition, three samples have N,/Ar ratios within uncertainty
of ASW: gas phase samples from Rimbo Panti (N,/Ar ~32) and Sibayak
Il (~41), and a water phase sample from Batur (N,/Ar ~38). Further-
more, we note that a number of samples have high O, which also
implies severe air contamination, e.g., sample 690 from Seminung
G-SUM-10-3 (Ratai), 674 (Marapi) and 565 (Sorik Marapi II) with O,
content up to 27%.

The third criterion for identifying air-contaminated samples is the
combination of N isotopes, overlapping with air values, and low X
values (see Fig. 3b). Two samples fall under this category: Dempo
(SUM10-10) and Panururan (SUM10-29).

5.1.2. Processes affecting water phase samples

5.1.2.1. Hydrothermal degassing. Phase separation processes within the
hydrothermal systems have the potential to modify original magmat-
ic values, particularly with respect to CO, (e.g., Ray et al., 2009). Three
localities (Rajabasa, Dusan Baru, Sibayak) allow a direct comparison
of He - CO, characteristics between gas and water phases. At each of
these localities, water phase samples are characterized by higher
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Fig. 4. Plot of CO,/*He vs 6'°C for all gas and water phase samples. Trajectories show the
effect of temperature dependent calcite precipitation (c. p.) at 25 °C and 192 °C (dashed
lines) and magmatic degassing (solid line) from the water and gas phase samples which
best represent the arc mantle: Kaba (CO,/*He=59.2x10°, 6'*C= —6.9%.) was used in
the c. p. model, whereas Dusan Baru (CO,/*He =14.2x 10°, §'*C= —6.7%.) was used for
the magma degassing model. Observations are inconsistent with both models. The effects
of elemental fractionation (E.F.) of CO,/*He ratios (vertical line) and isotope fractionation
(LE.) of §"3C (horizontal line) are also shown. Note the low CO,/*He ratio in a sample from
Rimbo Panti (RP) and the high CO,/*He ratios in samples from Helatoba-Tarutung (H-T).
Dusan Baru = DB. Symbols as in Fig. 3.
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CO,/He ratios, consistent with phase separation being an active pro-
cess in fractionating CO,/>He ratios. Because of its low solubility in
aqueous fluids, helium preferentially enters the vapor phase relative
to CO, and consequently the C0,/>He ratios increases in the residual
water phase (Ozima and Podosek, 2002).

Degassing of water phase samples in a hydrothermal system can
be readily identified in a plot of CO,/3He vs. air-corrected He concen-
trations (Fig. 5a). There are two notable observations: first, there is a
general trend of increasing CO,/>He ratios in the water samples with
lower He contents. Second, independent of He content, all samples
show CO,/>He ratios significantly higher than the average values of
arcs worldwide (GAA-global arc average) (Sano and Williams,
1996). These observations are consistent with water phase samples
containing He and CO, which are residual following phase separation
event(s).

Phase separation within a hydrothermal system can also potentially
fractionate C-isotopes. We plot &'>C values vs. He concentrations for all
water phase samples in Fig. 5b to test for this possibility. The general
negative correlation between 6'3C values and He concentrations is con-
sistent with a simple model of degassing-induced isotopic fractionation
of '3CO, from '?CO,. Indeed, a simple model of open-degassing
(Rayleigh fractionation) taking into account the solubility difference
between CO, and He in water and the carbon isotope fractionation
between gaseous CO, and various carbon-bearing species dissolved in
the geothermal water is in good agreement with the relationship
between [He]c, CO,/*He and $'3C (Fig 5a and b).

Finally, we note that three out of the four water samples analyzed for
N isotopes have relatively high [He]c concentrations (>90 ncm>STP/g
H,0) (Table 1). Although empirical evidence of N isotope fractionation
is unavailable, these samples appear relatively undegassed making
it unlikely that hydrothermal phase separation has affected their
N-isotope values. However, one water phase sample (SUM10-10
from Dempo) has a relatively low He content (52 ncm>STP/g H,0),
alow X value, and an air-like N isotope composition: taken together,
these features are consistent with hydrothermal degassing, followed
by late-stage contamination by an air-like N component.

5.1.2.2. Calcite precipitation. Temperature-controlled precipitation of
calcite at depth can also potentially modify CO,/*He ratios and &'3C
values in water phase samples (Hilton et al., 1998a; van Soest et al.,
1998; Ray et al., 2009). In Fig. 4, we compare the CO,/*He and §'3C
characteristics of water and gas phase samples. We select Kaba sam-
ple SUM10-11 (CO,/*He =59.2x 10°, $'3C = —6.0%.), as an illustra-
tive example to model this processes as it has relatively unmodified
arc-like characteristics (e.g., Hilton et al.,, 2002). We superimpose
two temperature-dependent calcite precipitation trajectories (c.p. at
25 °Cand 192 °C) to show the potential fractionation effects associat-
ed with calcite precipitation. Notably, none of the water samples fall
between the trajectories indicating they are likely unaffected by cal-
cite precipitation. Even selecting a starting point with higher §'*C
(e.g., —3.9%. e.g., Sibayak sample 667) fails to encompasses the vast
majority of the water samples.

5.1.2.3. Crustal contamination. Low >He/*He ratios (<8 R,) accompa-
nied by high He/Ne values could reflect a dilution of magmatic He
components with crustal He in the hydrothermal system. This effect
could be caused by (a) gas loss from fluids, with (residual) waters
consequently more susceptible to contamination by crustal volatiles
rich in *He (e.g., van Soest et al., 1998) and (b) significant transit dis-
tances between fluid discharge points at the surface and the point
where He exsolves from a magmatic system (e.g., Sano et al., 1984).

To test for crustal contamination within the hydrothermal system,
we take advantage of three localities which allow a direct comparison
between He isotopes in gas and water phases. At Rajabasa, a gas
phase He isotope value of 8.1 Ry is higher than that measured in
water samples (3.0 to 5.5 Ra), consistent with preferential addition
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Fig. 5. a) Plot of CO,/*He vs. air-corrected He concentrations for water samples only.
Except for 3 samples from Sibayak volcano, there is a general trend of decreasing
helium concentration in the water phase with higher CO,/*He ratios. The global arc
average (GAA—red dashed line) is from Sano and Williams (1996). b) Plot of §'*C
values vs. He concentrations for water samples only. The negative correlation is consis-
tent with degassing-induced isotopic fractionation of carbon. c) Plot of He isotopes vs.
He concentrations for all water samples. Except for a few samples (e.g., Kaba and
Batur) there is a general negative correlation consistent with addition of radiogenic
(crustal) He to water phase samples. The range for MORB of 8 + 1R, is from Graham
(2002). Trajectories for open-degassing are shown as blue dashed curves in panels a
and b. The model on panel a uses the equation: (CO2/He)gna = (COo/He )inigiarx f 1
where fis the fraction of He remaining after degassing and « is the fractionation factor
calculated at 71.4 °C=3.00x10"2 (following Weis, 1971,1974 and de Leeuw et al.
2010). Similarly, the model in Fig. 5b was constructed using the equation: §'">Ces=
[(1/2) x (6"3Cini +1000) x f (1/*~D]—1000 where f is the fraction of He remaining
after degassing and « is the isotopic fractionation factor between aqueous bicarbonate
and gaseous CO, calculated at 95 °C=1.347 (following Szaran, 1997). Two samples
from Kaba (SUM10-12) and Dempo (SUM10-14) with the highest [He] are used as
starting points for the degassing trends. For model details see de Leeuw et al. (2010).
Symbols as in Fig. 3.

of radiogenic He to the water phase. However, the case is more equiv-
ocal for both Dusan Baru hydrothermal site, where He isotopes show
excellent agreement between the two phases, and Sibayak volcano
where summit samples show consistent values of 6.7 Ry, overlapping
with water phase samples (5.5 and 7.2 R,) located on the flanks.

In Fig. 5¢, we plot He isotopes vs. He concentration for all water
samples to assess the general effects of crustal contamination. In
this respect, we assume that He addition increases as a function of
water-rock interaction within the hydrothermal reservoir such that
it represents a proxy for distance traveled from the point of
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exsolution from the magmatic system. Except for two samples from
Kaba volcano and one sample from Batur, there is a significant nega-
tive correlation consistent with addition of radiogenic (crustal) He to
water phase samples. Thus, the crustal contaminant must have rela-
tively high helium concentrations and a low *He/“He ratio. Moreover,
by comparing Fig. 5b and ¢, we note that samples with radiogenic
crustal addition displays the lowest '>C values, indicating that the
contaminant is likely to either contain carbon of organic derivation
or has fractionated §'3C values. As discussed in Section 5.1.2.1 and
illustrated in Fig. 5b, it is the high 6'>C values (low [He]) which are
consistent with degassing-induced &'C fractionated. Therefore,
unless the starting 5'>C values are unusually low (i.e., magmas are char-
acterized by organic C-like values) then the former explanation is pre-
ferred. In the case of water phase samples from Seminung (3.0 Ra)
and Talang (2.0 Ra), they also possess N isotope compositions (5'°Nc)
typical of sediments, at 5.08 and 5.11%., respectively. For these samples,
therefore, the origin of the nitrogen is likely to be shallow levels in the
crust (Inguaggiato et al., 2004). Although somewhat more equivocal,
we note that the most positive §'°N¢ value in the dataset (Kaba at
5.92%), is characterized by both high He concentrations (713 ncm®/g
H,0) and mantle-like He-isotopes (6.5 Ra) and &'C values (—6.9%.).
In this case, it is unlikely that N is derived from shallow organic material.

5.1.3. Processes affecting gas phase samples

5.1.3.1. Magma degassing. Magma degassing will affect not only the
elemental abundance of magmatic volatiles, as a function of their dif-
ferent solubilities in melt, but also the isotopic composition of specific
volatiles such as CO, (e.g., Holloway and Blank, 1994). Degassing of
magmatic volatiles will not only lower the CO,/*He ratio due to the
preferential loss of CO, relative to He, (e.g., Hilton et al., 1998b), but
also the §'3C value. Assuming an isotopic fractionation factor of 2%.
between '3CO, in the gas phase and '>CO, remaining in the melt
(Mattey, 1991), volatiles residual after degassing will be depleted
(i.e., evolve to lower §'3C values) as degassing progresses. Notably,
style of degassing (open vs. closed system) will not affect the general
fractionation trends, i.e., CO,/>He ratios and 5'3C values will always
decrease in the melt, but it will affect the magnitude of any
fractionation.

If we select Dusan Baru (SUM10-13) with a 8'3C value (— 6.7%)
representative of the mantle wedge (cf. Sano and Marty, 1995), it is
clearly seen that no samples fall along the magma degassing trajecto-
ry (Fig. 4). Even if we were to choose a different end-member compo-
sition with a more positive 5'>C value (e.g., from — 6.7%o to — 4.6%.),
magma degassing still fails to account for the 5'>C data. Magma
degassing can also be disregarded as a viable means to explain the
low CO,/*He ratio from the Rimbo Panti acid spring as its starting
compositions can be considered inappropriate for the arc mantle
(i.e., very low CO,/>He ratio of 0.38 x10°).

With respect to nitrogen, there is no consensus on degassing-
induced isotopic fractionation of nitrogen (see contrasting views in
the discussions of Cartigny and Ader, 2003 and Marty and Dauphas,
2003Db). Indeed, evidence has been presented against N isotope frac-
tionation during magma degassing based on a study of olivine and
geothermal gases collected at the same locations (Fischer et al.,
2005). This study shows similar 8'°N values for both types of sam-
pling media.

5.1.3.2. Crustal contamination. The majority of water phase samples
have been modified by crustal contamination (Section 5.1.2.3), and
the same phenomenon could potentially affect gas phase samples.
For example, two gas phase samples from IBVC, i.e., Rimbo Panti
(0.38x10°) and Helatoba-Tarutung (>1000x 10°), fall outside the
range of CO,/>He ratios typical of all other gas samples (~50x10°
to ~1x10'"). Also, samples from Dusan Baru have the lowest 5'>C
values (—6.7 and —8.0%) among the gas phase samples.

Significantly, all three localities are located a considerable distance
from volcanic summits and have large relative contributions of radio-
genic helium (°He/*He between 1.7 Ry and 3.7 R). In addition, samples
from Rimbo Panti and Dusan Baru have high CH4 contents (5 and 7 %).
Assuming that such high methane concentrations can only be produced
by inputs of thermogenically-produced CH, from crustal sediments
(Taran, et al., 1998), these observations are consistent with these sam-
ples having experienced significant crustal contamination. Other likely
processes affecting the IVBC samples include: 1) input of CO, from the
crust, from decarbonation reactions, which may well explain the high
CO,/*He ratios (>1000x10°) in samples from Helatoba-Tarutung;
and 2) loss of CO,, presumably by means of carbonate and/or calcite
precipitation, which would then produce anomalously low CO,/*He ra-
tios as observed at Rimbo Panti.

From a helium isotope perspective, the IBVC samples are the
most crustally-contaminated gas samples in the study. In this
respect, we might expect a negative relationship between He and
N isotopes—assuming that crustal contamination is fingerprinted by
high 5'°N (e.g., Inguaggiato et al., 2004). However, no such relationship
is evident (e.g., Helatoba-Tarutung has 6'°N<0) suggesting an impor-
tant role for mixing with mantle N components and a muted crustal N
input at this locality. Alternatively, mixing with secondary N in a
moderate- to low-temperature hydrothermal system at shallow levels
of the crust may explain the negative 5'°N values from Helatoba-
Tarutung (see Li et al., 2009).

5.1.4. Spatial controls on volatile integrity: flank vs. summit variations

Proximity of sampling sites to volcanic centers or summits is often
a primary criterion for sampling pristine magmatic gas, with low He
isotope ratios frequently observed at more distal discharge vents
(e.g., Sano et al., 1984; Marty et al., 1989; van Soest et al.,, 1998;
Barry et al., 2013-this issue). Three volcanoes in Sumatra allow us
to consider this issue: Sorik Marapi, Rajabasa and Sibayak. In the
case of two flank localities from Sorik Marapi volcano, sampled only
a few km apart, they show contrasting helium isotope ratios in the
same sample medium (gas), ~3 Ry (n=4) vs. 6 Ry (n=3). Such a
large difference in 3He/*He probably indicates increasing (and
heterogeneous) additions of crustal He with distance from the central
conduit of the volcano. Different samples on the flanks of Rajabasa
volcano (n=>5) vary from 3.0 R to 8.1 Ra, with the highest helium
isotope ratios (and most MORB-like ratios of CO,/*He) found in a sin-
gle gas sample from an acid spring (free gas phase)—all other samples
showing lower >He/*He ratios are (spring) water phase samples. In
contrast, flank samples (n=4) at Sibayak volcano agree well with
summit samples (n=3) in their He isotopes (and carbon abundance
and isotope characteristics). Therefore, if this ‘distance’ effect is to be
recognized for gas samples, it has to be taken on a case-by-case basis,
with volcanoes with many sampling locations (summit and flank)
likely to yield more definitive conclusions. However, for Sorik Marapi
and Sibayak, we deem the highest values at both these volcanoes as
most representative of the magmatic source with lower values
reflecting crustal additions of radiogenic He associated with the
hydrothermal system.

5.1.5. Possible temporal variations

Nine volcanic centers and one IBVC locality were sampled in 1991
and 2010, thus enabling combination of the two datasets for assess-
ment of temporal changes. However, there is some uncertainty
regarding the exact locations of sampling. Even with this caveat,
good agreement (<1 Ra) is found at Sekincau, Dempo, Marapi, Sorik
Marapi, Bual Buali, Panururan, Sibayak and Dusan Baru whereas
poorer agreement (>2 Rp) characterizes Rajabasa and Seminung.
These observations suggest that there has been limited temporal var-
iation in chemical and isotopic composition of emitted gases and
fluids over the two-decade hiatus between sampling expeditions.
For the most part, differences between the two datasets can be
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explained by varying degrees of air addition, e.g., samples from the flanks
of Seminung and Dempo. When samples of the same medium contain
very small contributions of air, i.e, have large X values, *He/*He
ratios are in excellent agreement—e.g., Sibayak has a *He/*He ratios of
6.7 Ra (1991) and 6.7-6.8 Ra (2010).

Interestingly, four summit samples from Marapi, Sumatra's most
active volcano, vary beyond analytical uncertainty (<0.2 Rs) from
~6.4 Rp in 1991 to ~7.0 Ra in 2010. GPS coordinates are unavailable
from the first sampling expedition so it is impossible to determine if
samples were from the same fumarole fields. However, it is possible
that an increase in helium isotope ratios accompanied a magma
re-charging event at the volcano prior to the renewed activity in
2011 (Smithsonian Institution, 2011).

5.1.6. Summary

In summary, in identifying samples which are likely representative
of the magmatic systems of the western Sunda arc, we have confidence
in data integrity of samples with a) X values greater than ~3, b) samples
which show good agreement between duplicates, and c¢) samples
which show significant deviations from the N isotopic composition of
air combined with relatively high X values. A total of 7 samples
have experienced sufficient modification by air-contamination that
they are unlikely to reflect primary magma characteristics: 681 and
726 (Rajabasa); 690 and 649 (Seminung); SUM10-14 (Dempo);
SUM10-25 (Bual Buali); and SUM10-29 (Panururan). However, despite
low X values, duplicate samples from Rajabasa (681 and 726) and
Seminung (690 and 649) show good agreement after air-correction.
Thus, even if water phase samples have been masked by air contami-
nation, they may still preserve He/*He ratios (after correction) that
approach primary magma characteristics. However, the majority of
water samples have been affected by phase separation within the
hydrothermal system and their 6'>C and CO,/*He values are likely
unrepresentative of the magmatic source. In addition, a number of sam-
ples located at a considerable distance from the volcanic centers (i.e., all
the IBVC localities: Dusan Baru, Rimbo Panti and Helatoba-Tarutung)
and/or at volcanic flank localities (i.e., Rajabasa, Seminung, Dempo,
Talang and Sorik Marapi) have experienced significant crustal contami-
nation in the hydrothermal system thus rendering them inappropriate
for deducing magmatic sources. Crustal contamination may possibly af-
fect carbon characteristics of gas samples but the effect becomes clear
only at low *He/*He ratios (i.e., samples from the IBVC localities). In
turn, the IBVC samples and water phase flank samples could be impor-
tant for discerning the likely volatile composition of crustal material in
Sumatra.

5.2. The western Sunda arc—along-strike variations

5.2.1. >He/*He ratios

In Fig. 6a, we plot the highest *He/*He ratio found in water and gas
samples from each sample location (summit and flank locations) as a
function of latitude. The majority of fluid samples (gas and water)
from the western Sunda arc have air-corrected *He/*He ratios in the
range of 5.1 to 8.1 Ry, typical of arcs worldwide (Hilton et al., 2002).
Significantly, additions of radiogenic helium are found in flank
water phase samples from Rajabasa, Seminung, Dempo, and Talang,
and also in gas phase samples from Sorik Marapi. Additionally, fluids
associated with major fault systems lying in between volcanic centers
(IBVC), i.e., Dusan Baru, Rimbo Panti and Helatoba-Tarutung, all have
significant radiogenic additions.

In Fig. 6b, we plot only the highest *He/*He ratio for an individual
volcano, and thus the most likely representative value of magma
source characteristics. Additions of radiogenic He are still evident
among five samples (Talang, Dempo and three IBVC localities) in
this filtered dataset. It is important to note that these two volcanic
centers are characterized on the basis of a single collection site only,
so we cannot rule out the presence of a higher He isotope ratio at
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Fig. 6. a) Profile of air-corrected He isotopes vs. latitude for the western Sunda gas and
water samples. The highest *He/“He ratio found in water and gas samples from each
location (flank and summit) is plotted. b) Filtered version of the same dataset as in
a) but with only the single highest *He/*He ratio for any given volcano plotted. Nota-
bly, only water phase samples from Dempo and Talang and samples from the IBVC
show significant additions of radiogenic helium. The range for MORB of 8 £1 R, is
from Graham (2002) and the global arc average (GAA) of 5.4 R, from Hilton et al.
(2002).

these volcanoes, especially since no summit fumaroles were sampled.
Beyond these excursions, there is no apparent N-S control on *He/*He
ratios. Interestingly, our Java and Bali samples show very little evidence
for significant radiogenic additions and span a rather limited range of
6.6 to 7.9 R, but these observations are based on a smaller sample set.

5.2.2. 6'3C (C0,) values and CO»/°He ratios

In Fig. 7a, we plot 5'>C values as a function of latitude for the same
samples plotted in Fig. 6a (i.e., summit and flank gas locations but
excluding all water phase samples). In contrast to helium isotopes,
carbon isotopes tend to show the highest values in the south and
north of the western Sunda arc. Significantly, greater heterogeneity
is evident from the northern sector of the arc, where the highest
values are observed (up to —1.4%.), compared to other sections.
Java and Bali samples and samples from IBVC also have high '3C,
i.e., they overlap with other samples of Sumatra.

In Fig. 7b, we plot CO,/>He ratios as a function of latitude for the
same samples as in Fig. 7a. Except for one sample (Rimbo Panti),
C0,/>He ratios along the west Sunda arc are always higher than the
ratios observed in MORB (~1.5x10%;, Marty and Jambon, 1987). In
fact, of the entire dataset (n=24), only eight samples plot below
the GAA (~1.6x10'%; Sano and Williams, 1996). When considering
gas phase samples from the volcanic centers only (i.e., excluding
the IBVC samples), CO,/>He ratios increase from south to north
along the Sumatran transect, where ratios significantly higher than
the GAA become generally more prevalent north of 1°S. Notable
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Fig. 7. Along-arc variations in a) 6'°C and b) CO,/>He for geothermal gases from the west-
ern Sunda arc. Note that only 5'C values and CO,/*He ratios with the highest *He/*He
ratio at any given location is plotted (i.e., Fig. 6a). Dashed and solid horizontal lines
show the MORB range of 5'°C values: —6.5+2.5 (Sano and Marty, 1995), CO,/*He
range for arcs worldwide (GAA) of 1.6x 10" (Sano and Williams, 1996) and the MORB
range of 1.5x 10° (Marty and Jambon, 1987). Symbols as in Fig. 3.

exceptions to this trend are two summit samples (~6x 10°) from
Sibayak and flank samples (~70x10%) from Sekincau. Samples
from Java and Bali either overlap with GAA or have slightly higher
ratios.

5.2.3. No/He and N/Ar ratios and 8"°N (N-) values

In Fig. 8a-c, we plot the N, characteristics (N,/Ar and N,/He and
5'°Nc) as a function of latitude. Note that for '°Nc we plot the
same samples as in Fig. 6a as we have no evidence of sampling bias
(Sections 5.1.2 and 5.1.3). Over the whole Java-Bali-Sumatra transect
N,/Ar, No/He and §'°N¢, vary from ~40 to ~17,000, ~40 to ~2x 107,
and —3.91 to +5.92%., respectively, consistent with the range
found previously in arc-related volcanoes (e.g. Fischer et al., 2002;
Elkins et al., 2006; Mitchell et al., 2010). The data, therefore, fall with-
in reported ranges of possible sources contributing to the nitrogen
inventory of gases in volcanic arcs, i.e., from typical mantle values
(i.e,, Marty and Dauphas, 2003a) to values significantly higher, akin
to those found in oceanic sediments (see Peters et al., 1978; Fischer
et al., 2002). These high ratios, as well as positive 5'°N¢, are often
attributed to a large contribution from degrading organic-rich oceanic
sediments on the down-going slab (Fischer et al., 2002; Taran and
Giggenbach, 2003). No systematic changes are observed in the N,/Ar
and N,/He ratios and 6'°N¢ systematics along the strike of the arc but
in agreement with observations for 6'3C values, both higher and
lower N,/Ar ratios and &'°N¢ values are observed in the southern and
northern segments of the arc. The data from the Java and the Bali seg-
ments fall within the Sumatra range.
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Fig. 8. Profiles of a) N,/He, b) N,/Ar and c) 6'°Nc vs. latitude for geothermal gases and
fluids from the western Sunda arc. Only 5'°Nc values with the highest *He/*He ratio at
any given location are plotted. The solid horizontal lines in a) shows ratios for air
(83.5) and air-saturated water (ASW) (45). Dashed, horizontal lines in b) represents
the GAA and MORB N,/He range (based on Mitchell et al., 2010). The MORB range in
c) is from Marty and Dauphas, 2003a. Symbols as in Fig. 3.

5.3. Major gas provenance along the western Sunda arc segment

The majority of gas samples have CO, and N, systematics which are
likely to give insight into magmatic source characteristics along the
western Sunda arc segment. In this section, we assess the provenance
of the magmatic CO, and N, and discuss inter-relationships between
these two major gas phases.

5.3.1. CO, provenance

We plot CO,/>He vs. 6'3C for all filtered samples (Section 5.1.4)
together with possible contributory end-member compositions for
MORB-mantle (M), marine carbonate component (limestone) (L) and
a sedimentary (S) organic carbon (Fig. 9) (Sano and Marty, 1995).
Another potentially important C reservoir in subduction environments
is the altered oceanic crust (AOC). We note that Shilobreeva et al.
(2011) recently estimated a 6'3C value of —4.7%. as representative of
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Fig. 9. Plot of CO,/*He vs 5'°C for western Sunda arc samples. Superimposed are
end-member compositions of a sedimentary-derived carbon source (S), calcareous-
or limestone-derived source (L), and mantle-derived (M) following Sano and Marty
(1995). Simple binary mixing between mantle and carbonate components cannot
explain the data, and up to a 25% contribution from a sedimentary source, hosting
organic carbon, is required.

average altered oceanic crust (AOC) which makes it indistinguishable
from mantle wedge carbon. This observation, together with arguments
by de Leeuw et al. (2007) that it is unlikely the AOC contributes C to the
arc inventory, at least in the case of Central America, allows us to dis-
count AOC in the following approach. As L, S and M end-members
have distinctive CO,/>He and &'>C ratios (M: 1.5x10%;, —6.5%o; L:
1x10"%; 0%; S: 1x10'3; —25%.), it allows determination of CO, prov-
enance along the western Sunda arc (Table 3). From Fig. 9 it is apparent
that the CO, is dominated by mixing between M and L components:
however, the carbon characteristics of the samples are inconsistent
with simple binary mixing between these two end-members, and
require up to a 25% contribution from an organic sedimentary carbon
component.

As discussed (Section 5.2.2), higher and more variable CO,/>He
ratios and generally higher 6'3C values, are observed along the arc
towards the north (Fig. 7). This observation can be investigated more
closely by comparing the relative contribution of L, M, and S along the
strike of the arc. In Fig. 10a, we plot the ratio of CO, derived from the
two sedimentary components (L+S) relative to that from the mantle
component (M) for the same samples as in Fig. 6b, and we note that
this ratio increases northward along the arc. If variations to the
(L+S)/M ratio are related to the subducted sediments alone, then this
observation suggests fundamental changes in the subducting Himalayan
sedimentary carbon budget of the down-going Indo-Australian Plate off-
shore Sumatra. However, if the overlying crust has an impact on this
relationship then there are fundamental differences between the
Sundaland basement in northern Sumatra and south Sumatra/Java/Bali.
This point is discussed in Section 5.4.

5.3.2. N, provenance

In a manner analogous to CO,, the air-corrected (magmatic) N, sig-
nal is resolved into its various source components using a simple mixing
model. Potential sources of nitrogen include the mantle wedge,
subducted hemipelagic sediments, shallow crustal sediments, and pos-
sibly deep crustal rocks and AOC (e.g., Mitchell et al., 2010). In contrast
to organic seafloor sediments with §'°N values from +5 to +7%.
(Sadofsky and Bebout, 2004; Li and Bebout, 2005), the Earth's upper
mantle is characterized by a distinct isotopic composition, estimated
at — 5%, (Marty and Dauphas, 2003a). Again, there is considerable over-
lap between mantle 5'°N values and AOC (8'°N of —5.2%.; Li et al,,
2007) which precludes resolution between these potential sources. As
an initial approach, however, we calculate the fraction of sediment-

Table 3
Quantitative estimates of the relative contribution (%) of mantle (M), limestone (L) and
sedimentary (S) sources to western Sunda samples.

Location Sample ID  Carbon source* Nitrogen
source®
M L S (L+S) S/ M S S/
M> MP M

Sumatra—volcanoes

Rajabasa SUM10-2 107 815 78 83 07 293 708 24

Ratai (Hulubelu) SUM10-4 199 722 79 448 553
SUM10-6 228 671 10.1 34 04 520 480 09

Sekincau SUM10-5 104 758 13.7 8.6 1.3 235 765 33
SUM10-7 111 772 117 455 544
694 13 876 11.0
746 14 876 11.0

Marapi SUM10-18 88 845 6.7 756 244
SUM10-20 7.1 898 3.1 13.1 04 756 244 03
674 44 885 7.0
680 43 880 7.7

Sorik Marapi SUM10-22 26 802 17.2 38.1 619
SUM10-23 25 767 209 398 85 239 76.1 32
SUM10-27 62 77.7 162 460 54.0
Cu-tube-2 3.7 843 120 574 426
701 31 876 93
741 19 832 99

Bual Buali SUM10-24 61 906 3.2 884 116 0.1
SUM10-25 16 894 9.0 909 9.1
675 37 795 169 264 4.6

Panururan SUM10-29 46 910 43 57.8 422
SUM10-30 2.7 901 72 36.0 27 269 731 27
665 18 833 15.0

Singabung 734 0.7 872 122 150.8 185

Sibayak SUM10-26 174 73.7 89 223 778

SUM10-28 168 776 5.6 3.0 03 122 878 72

Sumatra—IBVC

Dusan Baru SUM10-13 70 723 207 132 29 292 708 24
SUM10-16 7.1 67.8 25.1 312 688

Rimbo Panti SUM10-19 438 563
SUM10-21 431 569 13

Helatoba T. Cu-tube-3 01 931 6.8 663 33.8 05
Cu-tube-4 01 938 6.1 632 36.8

Java—volcanoes
Tangkuban P. SUM10-1 72 770 158 128 22 450 550 12
Guntur 721 6.1 872 67 154 11

@ Calculated according to ('3C/"?C)gps=M("3C/"2C)p+ L(3C/"2C) L+ S(13C/'2C)s,
1/(CO2/>He )obs = M/(CO2/>He)m + L/(CO2/>He ), + S/(CO»/°He)s, and M+L+S=1
and with end-members from Sano and Marty (1995).

b Ratio is only calculated for the sample with highest R¢/R (see Table 1 and Fig. 6b).

¢ Calculated according to 8" N¢ = fieqx 6" *Noeq + (1 — firan) X 8" Ninan and finan + fsea =
1 with end-member compositions from Fischer et al. (2002).

derived and mantle-derived nitrogen in a binary sediment-mantle mix-
ture using the air-corrected 5'°N values (5'°N.) using the following iso-
tope mass balance equations:

815Nc :fsed X ﬁlsted + (1_fsed) X ﬁlstan (1)
Fman +fsea =1 (2)

where 8'°N, is the air-corrected 8'°N,. composition of the samples,
8" Ngeq = + 7%0, 6" Niman = — 5%o, and fyeq and fiay are the fractions of
sediment-derived and mantle-derived nitrogen, respectively. The cal-
culated fractions are given in Table 3 together with the ratio of sedimen-
tary to mantle (S/M) nitrogen for samples with the highest *He/*He
ratios from each volcano (Fig. 6b). In Fig. 10b, we plot the S/M ratio as
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Fig. 10. a) Plot of (L+S)/M (CO,) as a function of latitude. Preferential contribution
from the two sedimentary components (L+S) over the mantle component (M) is
evident from south to the north. b) Plot of S/M (N>) as a function of latitude. No appar-
ent latitudinal changes are observed although we note the high L/M ratio (~7) at
Sibayak.

a function of latitude. We note that in contrast to results from carbon,
there are no major spatial (i.e., latitudinal) changes in the N, prove-
nance characteristics along the N-S profile of the western Sunda arc.
However, we note that samples from Sibayak have the highest S/M ra-
tios of ~7. We infer that the sedimentary nitrogen contribution is mostly
consistent along the strike of the arc although the highest value occurs
in the northernmost regions. This observation is consistent with the
(sedimentary) origin of CO, which also appears enhanced in northern
Sumatra (Section 5.3.1 and Fig. 10a).

5.3.3. Co-variations of He, C and N isotopes

The first-order observation of C and N isotope variations along the
western Sunda arc suggests that marine carbonate and organic sedi-
mentary material are the dominant contributors of CO, and N, to
the volatile budget, respectively. In Fig. 11a, we plot 6'3C (CO,) versus
815N (Ny) for all gas samples from each location containing the
highest *He/*He together with end-member components M (MORB
mantle), M-L (MORB-carbonate hybrid) and S (sediments) (Sano and
Marty, 1995; Marty and Dauphas, 2003a; Li and Bebout, 2005). The
IBVC samples (triangles) are plotted for comparison. A model of binary
mixing between a C-fluxed (M-L hybrid) MORB mantle wedge and car-
bonate sediments, readily explains these relationships (Fig. 11a). The
relative C/N ratios between sedimentary and mantle wedge compo-
nents is expressed as K-values (where K= (C/N)s/(C/N)y). K values
are <1 and range from 0.025 to 0.25, indicating that the sedimentary
end-member is characterized by a marked enrichment in its N/C ratio
relative to a MORB-carbonate mixture (i.e.,, M-L). This observation is
consistent with calculated S/M ratios in Table 3. Conversely, the
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Fig. 11. a) Plot of carbon and nitrogen isotopes (5'°N-corrected for air) in geothermal
gases from the western Sunda arc. Binary mixing between a MORB-carbonate mixture
(M-L) and a sedimentary component (S) with organically-derived carbon and nitrogen
explains the data. Significantly, a component that hosts unmodified mantle wedge vola-
tiles (M) is not likely to play a role, at least not in controlling the carbon characteristics.
K mixing values between 0.025 and 0.25 demonstrate significant heterogeneity in the
N/C ratio in one or both end-members. Tick indicates 63% mantle-carbonate (M-L) contri-
bution. Dashed horizontal box indicates the possible composition of an N-enriched M-L
end-member. b) Plot of helium and nitrogen isotopes (both corrected for air) for the
same samples as in a). By adopting a value of 5.4 R, as the lower limit for the mantle
wedge He, a simple binary mixing between the mantle wedge and subducted sediments
can explain most of the data. Samples from the volcanic centers can be explained by K
values between 1 and 70, and demonstrate large enrichment of the sediment N,/He ratios,
relative to those of the mantle, which is consistent with fluids being dominated by MORB
helium and subducted sedimentary nitrogen. Significantly lower K values (<1) are need-
ed to explain all other samples. Dashed horizontal box indicates the possible composition
of a N-enriched M-L end-member. BB: Bual Buali, SM: Sorik Marapi, TP: Tangkuban
Parahu, RB: Rajabasa.

relatively high C/N ratio of the MORB-carbonate end-member likely re-
flects large-scale slab C-devolatilization which enriches the overlying
mantle wedge in CO,. Thus, the mixing relationships are consistent
with carbon being derived primarily from the M-L mixture, whereas
the nitrogen owes its provenance primarily to the S component.

An alternative explanation involves mixing with N-enriched car-
bonates in the mantle wedge (e.g., Li and Bebout, 2005). Given
that calcareous diatomaceous ooze and breccia may contain up to
200 ppm N with largely positive 5'°N values (up to + 5%.) (Li and
Bebout, 2005) and assuming that N in the M-L end-member is
mantle-like (i.e., [N]=1 ppm and 6'°N = —5%), a simple mass bal-
ance implies that the M-L end-member can have more positive
515N values (see dashed horizontal box in Fig. 11a). However, mixing
with N-enriched carbonates is not consistent with observed negative
515N values.

To further test this mixing scenario, we plot *He/*He versus 6'°N,
together with end-member components MORB and sediments (see
Fig. 11b caption for details). We also plot the IBVC samples for com-
parison and explore the role of the N-enriched M-L hybrid end-
member (dashed box). Adopting a value of 5.4 R, as the lower limit
for He liberated from the mantle wedge (Hilton et al., 2002), we can
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readily explain the data which fall above the 5.4 Ra threshold with
simple binary mixing between MORB mantle and subducted sedi-
ments. Except for one sample from Bual Buali, all data from the volca-
nic centers can be modeled with K-values between 1 and 70 (where
K= (N/He)s/(N/He)y), demonstrating the relative enrichment of
the sedimentary end-member N/He values relative to that of the
mantle. Indeed, we note that majority of our data can be explained
with K-values between 1 and 10 which is consistent with S/M ratios
in Table 3. However, samples from Tangkuban Parahu (SUM10-1)
and Rajabasa (SUM10-2) require either extreme N enrichments or
He deletion in the S end-member. For these 2 samples, fluids are
dominated by MORB-like helium and subducted sedimentary nitro-
gen such that the N-enriched M-L end-member is capable of
explaining the data. Interestingly, samples from the IBCV localities,
in addition to one flank sample from Sorik Marapi, all of which have
He/*He<5.4 Ry, can only be fitted with significantly lower K values
(1 and less). This could suggest that they been affected by mixing
with a different sedimentary end-member that has a lower *He/*He
and/or N/He ratio. We suggest that old crustal basement could have
the required features (high He content due to age, and consequent
low 3He/*He ratio due to radiogenic He addition) to satisfy the char-
acteristics of such an end-member (e.g., Hilton et al.,, 1993).

5.4. Crustal volatile input?

Analogous to the carbon isotope system, the fundamental issue with
nitrogen isotopes is that they cannot easily separate shallow crustal
sediment components from deep subducted sediments as these end-
members have overlapping isotopic characteristics. Thus, an alternative
explanation for the C and N isotope relationships along the western
Sunda arc involves assimilation and/or addition of volatiles from
pre-existing crustal basements of the Sundaland crust. For example,
interaction of magmatic volatiles with a crustal limestone component
containing essentially no mantle-derived nitrogen, but with embedded
organic nitrogen, could potentially represent the S end-members in Fig.
11aand b.

The degree of crustal contamination caused by the interaction
between, or by the assimilation of, crustal volatiles can be directly
addressed by *He/*He ratios where the assimilation of crustal vola-
tiles would be expected to lower the *He/*He ratios. We have
shown previously (Section 5.1.2.3) that the nature of the contami-
nant actively affecting water samples is inconsistent with a crustal
limestone. Rather, the thick crustal lithologies of the Sundaland
crustal core, which the magmas inevitably bypass, are likely to play
a role in modifying the volatile budget of the Sumatran arc system.
However, given the lack of significant radiogenic additions to the
helium inventory of gas samples at volcanic centers along the arc,
the effect is likely to be muted. Magmatic helium, therefore, primar-
ily originates from the mantle wedge and reveals the presence of pri-
mordial *He transferred from the mantle. Those locations showing
(minor) additions of radiogenic helium reveal inputs from (1) old
and altered subducted oceanic crust, and/or (2) the overriding conti-
nental crust (e.g., Hilton et al., 2002). We now consider additional
information from methane regarding crustal inputs to the major vol-
atile inventory.

5.4.1. Methane-nitrogen-carbon abundance relationships

The abundance of CHy, and its relationship to other volatile spe-
cies, are powerful tracers of shallow-level additions to the volatile
inventory (Taran et al., 1998; Taran and Giggenbach, 2003). Some
samples in our dataset, particularly those sampled by IBVC, contain
significant CH4 (up to ~7%, see Table 2) so can be considered to be
affected by shallow-level volatile additions. Thermal decomposition
of sedimentary rocks can potentially also produce N, which can be
readily identified by high ratios of N,/Ar and N,/He (Taran and
Giggenbach, 2003). Therefore, hydrothermal fluids with high CH,4
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Fig. 12. a) Plot of the Ny/Ar ratio vs. CHy [%] content. Note that samples from Rimbo
Panti and Dusan Baru (triangles), which have very high CH4 contents, are not accom-
panied by high N,/Ar ratios. Also, Sibayak has a high N/Ar ratio but only a modest
amount of CHy. b) Plot of the CO,/*He ratio vs. CH, [%] content. The lack of correlation
argues against any significant shallow level additions of carbon.

content and high Ny/Ar are likely to have experienced additions of
volatiles (shallow-level contamination) from organic material in the
crust. This line of reasoning led Taran and Giggenbach (2003) to pro-
pose that volcanic gases and hydrothermal fluids could be distin-
guished by two different relationships as a reflection of their deep
(volcanic) versus shallow (hydrothermal) origin. They suggested
that volcanic gases from subduction zones are likely to have very little
CH,4 but should be characterized by high N,/Ar (and N,/He) ratios as a
consequence of degradation of subducted organic sediments.

To test this hypothesis, we plot N,/Ar ratio vs. CH4 concentration
for all gas phase samples (Fig. 12a). We note that some samples
with very high CH4 content (e.g., the IBVC localities: Dusan Baru
and Rimbo Panti) do not show correspondingly high N,/Ar values
despite their He isotope ratios being the lowest among our gas
phase samples, suggesting that they have not sampled significant N,
from the underlying crust. Furthermore, we do not observe any indi-
cation of a correlation between CH4 and Ny/Ar for the remaining vol-
canic center samples from Sumatra and Java. For example, volcanic
fluids sampled from active fumaroles at the summit of Sibayak volca-
no have high N,/Ar values yet only modest CH4 (~0.2%). This observa-
tion implies that the high N/Ar signal is a subducted sediment
indicator rather than a crustal feature.

In Fig. 12b, we consider the relationship between C0,/*He and CH,
to assess possible crustal additions to the CO, budget. We note that
there is no indication of a clear correlation between the CH, content
and CO,/>He for the volcanic centers and/or the IBVC localities. This
observation implies that localities, such as the IBVC, which have been
clearly affected by input of radiogenic helium, show insignificant addi-
tion of CO, during the process of crustal contamination. However, de-
carbonation reactions may explain high CO,/>He ratios (>1000x 10°)
in samples from one of the IBVC localities (Helatoba-Tarutung), but
there is no indication in our data that such reactions produced
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Fig. 13. Plot of CH4/*He vs. helium isotopes. Solid lines indicate two-component mixing
of magmatic end-member (CH,/*He =1.0 x 10°, *He/*He = 8.0Ra) and crustal litholo-
gies with three possible end-members compositions (CH4/*He =5.0 x10'°; 1.3 x10'?,
3.0 x10' with a common >He/*He=0.01R,). Relatively minor inputs from crustal
material (<0.3%) are needed to explain the data (assuming 1.3 x10'? as the value for
the crustal end-member CH4/*He ratio), including samples from the IBVC localities.
The red horizontal arrow shows addition of a pure radiogenic helium crustal compo-
nent from a point along the uppermost mixing line.

significant CH, concentrations. Thus, to conclude, the CH4— N, —CO,
abundance relationships at the volcanic centers are inconsistent with
CO, and N, being derived from shallow crustal and/or sedimentary
sources. Rather, the CO, and N, primarily originate from sediment asso-
ciated with the subducting sedimentary slab beneath the western
Sunda arc.

5.4.2. Methane — *He relationships

As *He is predominantly derived from the mantle wedge, it can be
assumed that unmodified mantle-derived gases should show fairly lim-
ited ranges in elemental ratios involving *He. Therefore, any significant
variations in ratios of CH,4 to *He beyond the constraints provided by
MORB would suggest a non-mantle origin. In Fig. 13 we plot CH4/*He
vs. helium isotopes for all gas phase samples, adopting a two-
component crust-mantle mixing model similar to that used by Poreda
et al. (1986, 1988) and Jenden et al. (1993) for subduction zone natural
gases. Since the CHy/>He ratio of the crustal end-member is not well
constrained, we adopt three possible end-members compositions
(CH4/*He=5.0x10"%; 1.3x10'?,3.0x 10" with a common >He/*He =
0.01 Rp). For the magmatic end-member we adopt a typical upper man-
tle value (CH4/>He =1.0x 10, *He/*He = 8.0 R) (see also Welhan and
Craig, 1983; Poreda et al., 1988; Jenden et al. 1993; Snyder et al., 2003
for discussion on possible end-member compositions).

In Fig. 13, we note the following features of the western Sunda arc
data: (1) CH4/>He ratios are typical of subduction zone gases, i.e., they
range from ~1x10° to 1x 10° (Snyder et al., 2003), (2) irrespective of
the crustal end-member value selected, the mixing model demon-
strates the relatively minor input needed from sedimentary material
to explain the overall variation in samples from the volcanic centers.
In this respect, the highest crustal and/or sediment contribution
(<0.3%) is evident for the IBVC localities (assuming 1.3x 10" as the
value for the crustal end-member CH,/>He ratio), and (3) a single
value for the crustal end-member CH,/>He ratio is inappropriate for
all samples. An alternative explanation to a variable crustal end-
member involves adding a pure radiogenic helium crustal component
from a point along the uppermost mixing line (as shown with the red
horizontal arrow in Fig. 13 - from Jenden et al., 1993). In either case,
we conclude that the methane-helium relationships again point to a

minimal role of (upper) crustal contributions to the volatile inventory
in the western Sunda arc.

5.5. Geological and tectonic control on the volatile budget

5.5.1. Crustal control on the volatile budget

Gasparon and Varne (1998) argued that the extent of crustal con-
tamination increases from east to west along the Sunda arc (including
Sumatra) with a concomitant diminishing role for subducted sedi-
ment influence in the petrogenesis of erupted lavas. They argued
that this conclusion was consistent with increased sediment flux
into the trench in the eastern part of the arc, and with the fact that
large parts of the sediments are scraped off in the fore-arc region off
the coast of Sumatra. The evidence presented was primarily based
on profiles of radiogenic isotopes (Sr, Nd and Pb) along the Sunda
arc which showed increasing radiogenic compositions to the west
(see also Whitford, 1975). These results are consistent with the con-
trasting crustal regime between the western and eastern Sunda arc
(Section 2). The Toba volcanics, and other tuffs from Sumatra, showed
the highest radiogenic isotope composition in the western Sunda arc
although an important caveat is that these samples may not be repre-
sentative of the Sumatran arc magmas due to prolonged residence
time in crustal reservoirs and consequently a large crustal signal
(Chesner, 1998; Vazquez and Reid, 2004). Recently, mineral separates
from the Toba volcanics have revealed a clear radiogenic helium sig-
nature (Ry<1.9) (Budd et al., 2012b), supporting the notion that
Toba volcanics are not useful for distinguishing between changes in
crustal contamination versus mantle source contamination features
along the arc, and should therefore be excluded from such compari-
sons due to their biased crustal signal. A similar conclusion was
reached by Turner and Foden (2001).

Although crustal contamination may be more prominent in Sumatra
compared to other sections of the Sunda arc, our study of volatiles in the
western Sunda arc system does not support a scenario of extensive
crustal controls on the volatile systematics, at least at the volcanic cen-
ters. A large number of samples of this study have only experienced rel-
atively minor crustal contamination which only becomes significant at
significant distances from the volcanic centers (ie., IBVC localities).
These results may appear somewhat surprising given the relatively
thick continental crust on which most of the western Sunda arc is
built. However, we note that MORB-like *He/*He ratios (841 Ra)
(Graham, 2002) as opposed to arc-like (5441.9 Ra) (Hilton et al,
2002) are a characteristic feature of only very few samples from Suma-
tra whereas four out of six of our samples from Java and Bali fall within
the MORB field. Again, this observation is consistent with along-arc
changes in isotope signatures (e.g., Whitford, 1975; Hilton and Craig,
1989; Turner and Foden, 2001) and the contrasting crustal regimes of
the Sunda arc. Furthermore, they highlight the sensitivity of helium iso-
topes to identify upper crustal contamination unrelated to subduction
zone processes (Gasparon et al, 1994). We emphasize, however, that
upper level contamination, as traced by helium isotopes, has only very
minor effects on the major volatile budget for the passively-degassing vol-
canoes of this study. On the other hand, actively-degassing (i.e., erupting)
volcanoes may enhance crustal interaction and liberate additional vola-
tiles unrelated to the magmatic system (cf. Troll et al., 2012).

5.5.2. Subducting sedimentary control on the major volatile budget

A fundamental question regarding understanding the geochemical
signatures discussed above is whether the sediments overlying the
downgoing oceanic plate are subducted into the mantle or if they
are simply scraped off in the fore-arc region. The Nicobar Fan off
Sumatra, which constitutes the main part of the sedimentary pile, is
supplied with sedimentary material (turbidite sands) from the Bengal
Fan, itself derived predominantly from the uplifted Himalaya terrain,
and is delivered through the Ganges-Brahmaputra river system
(Curray, 1994). Owing to the presence of the structurally-high Ninety
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East Ridge, most material carried to the ocean by the Meghna River is
deposited west of the Ridge. These sediments are rich in quartz and
chlorite-illite clay minerals (Ingersoll and Suczek, 1979), whereas in
the fore-arc region off Sumatra, and adjacent to the Java segment,
the sediments are mostly derived from the arc itself. They consist
mainly of siliceous-clastic sediments and volcano-derived material.
Based on observations from the island of Nias, off the coast of Suma-
tra, Moore and Curray (1980) suggested that large sections of the sed-
iments of the incoming oceanic crust are indeed off-scraped to form
the accretionary prism. These estimates are similar to independent
estimates reported by Clift and Vannucchi (2004) who calculated
13% accretion efficiency (material accreted relative to material
subducted) for Sumatra and 26% for Java.

Additional evidence for significant off-scraping is the lack of '°Be
anomalies in the Sunda arc system. '°Be is a ubiquitous tracer of oceanic
sediment input to arc volcanics (Morris et al., 1990) and the lack of sig-
nificant '°Be anomalies in Sunda arc lavas (Tera et al., 1986; Edwards et
al., 1993) argues against significant recycling of late- and post Miocene
sediments. In order to explain the extremely low '°Be concentrations in
Java volcanics, Edwards et al. (1993) argued that sediments which
eventually might be related to magma generation processes in the
Sunda arc are simply too old to still have active °Be. Currently, there
are no '°Be data available from the Sumatran subduction zone, but its
main features, i.e., shallow slab dips, the relatively slow convergence
rate, and the occurrence of a massive accretionary prism offshore Suma-
tra, make it even less likely that significant 1°Be anomalies will be found.
Also, during off-scraping, the topmost sedimentary part is likely to be
preferentially removed, thus leaving older sediments to be subducted:
these sediments have very little or no active '°Be remaining once they
are dehydrated and eventually contribute to magma generation.

On the basic of U-series and radiogenic isotopes, Turner and
Foden (2001) proposed, however, that sediment input must remain
high along the Sunda arc, even though the crustal signature is most
prominent in Sumatra. On the basis of our volatile data we thus
favor a sedimentary, rather than crustal control, on the observed
along-arc variation in the carbon systematics (Fig. 10a). In detail,
we envision four potential scenarios which could explain our volatile
data: 1) subducted sediments of the Nicobar Fan off Sumatra are
thicker towards the source and as a result more sediments are
subducting in the north (Sumatra) relative to the south (Java). This
is supported by observation of Moore et al. (1980) that reported a
significant increase in sediment thickness west of Java, with maxi-
mum thickness (~5 km) south of Sumatra. Furthermore, Clift and
Vannucchi (2004) estimated a significant increase in material subduc-
tion rate in Sumatra (72 km?/my) compared to Java (40 km>/my),
2) more sediments are being off-scraped in the southern segment rela-
tive to northern segment, which is in agreement with observations from
central Java and eastwards suggesting that very little sedimentary
material enters the mantle owing to the dominance of an erosional sub-
duction regime (Clift and Vannucchi, 2004; Kopp et al., 2006), 3) sub-
duction of fossil spreading centers and/or oceanic plateaux and
seamounts in the northeast Indian Ocean may also potentially explain
these features, as they are associated with greater sediment thickness
(e.g., Singh et al,, 2011), 4) a sampling bias due to the fact that we
have fewer samples from the south. Regardless of the exact scenario,
our data support the dominant control of subducted sediments on the
major volatile budget of the western Sunda arc which is in agreement
with studies of other arc-systems (e.g., Varekamp et al,, 1992; Sano
and Marty, 1995).

6. Conclusions

A detailed study of the chemical and isotope (He—C-N) composi-
tion of volatiles associated with active fumaroles and hydrothermal
fluids from passively-degassing volcanic and other centers along the

western Sunda arc has revealed the following observations. Helium
isotopes at volcanic centers are consistent with the mantle wedge
being the principal He contributor to the arc with only relatively
minor additions of radiogenic helium from the crust, most notably
on volcanic flanks and on fault-related hydrothermal systems between
major volcanic centers. The CO, and N, results show considerable vari-
ation along a N-S transect of the arc, consistent with contributions from
both sedimentary and mantle-derived components. However, large
input of shallow crustal volatiles to the volcanic centers is not supported
by *He*He-5">C~6'°N variations or by gas chemistry (e.g., methane
relationships). In this case, shallow-level crustal contamination plays
only a minor role in the volatile inventory of the western Sunda arc
and the subducting slab is the principal provider of volatiles. The in-
creased contribution to the CO, budget from sedimentary components
in the north of Sumatra likely reflect the thickening of the Nicobar Fan
towards its source and consequently higher rates of material subducted
in Sumatra compared to Java and Bali.
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Appendix A. Correcting for atmosphere-derived nitrogen in
5'°N values

Central to the utility of nitrogen isotopes as a geochemical tracer is
the assumption that the atmosphere-derived nitrogen component can
be resolved from magmatic and/or sedimentary components contribut-
ing to the measured nitrogen inventory. We tested two atmosphere-
correction methods, which are described in turn:

Correction based on 6'°N and N»/He ratios

Following Fischer et al. (2002), the atmosphere-component can be
subtracted based upon the measured N,/He ratio. To further under-
stand the N, budget of the western Sunda arc, we plot measured
N,/He vs. measured &'°N for the filtered dataset along with mantle
(M), sediment (S) and air end-members (A) in Fig. Al. A key advan-
tage of this plot is that it allows visual inspection of samples which
either fall within or outside the mixing envelopes defined by end-
member compositions. Focusing on samples that fall within the M-S-A
mixing envelope (14 out of 24 samples in the present case), we can cal-
culate fractions derived from the N-sources for each sample. We first
solve the mass balance equations of Sano et al. (1998), which describe
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the relative contribution from each of these reservoirs (M, S and A) in the
following manner:

615Nobs :fman X SISNmun +fsed x 615Nsed "’fair X 8]5Nair (Al)
1/(N2/He)abx :fmun/(NZ/He)man +fsed/(N2/He)sed

JFfuir/(Nz/He)air (Az)
Fman + Fsed +fair =1 (A3)

where subscripts obs = observed, man = mantle-derived, sed =
sediment-derived, air = air-derived and f is the fraction for each of
these end-members. Assuming that the air-derived component is not
related to endogenic nitrogen so that nitrogen is derived from two
sources only, it is possible to resolve the air-corrected 6'°N¢ value into
its presumed component structure using the following equation:

615Nr = fsea ¥ 515Nscd + (1=fsea) % 515Nman (A4)

where 6'°N, is the air-corrected 5'°N. composition of the samples,
8" Ngeq = + 7%o, 6" Nman = — 5%0, and feq is the fraction of sediment-
derived nitrogen in a binary sediment-mantle mixture.

A clear conclusion when using this method for the western Sunda
arc samples is that the sedimentary component dominates the nitro-
gen signature in the binary mixture. However, we also note that a sig-
nificant number of data-points (10 put of 24) fall outside the mixing
envelope defined by the three end-members (Fig. A1). For example,
samples from Bual-Buali volcano display very low 6'°N values accom-
panied by high N,/He. Although speculative, this observation could
possibly be explained by elemental fractionation of He from N during
magma degassing, due to solubility differences in melt (Lux, 1987;
Libourel et al., 2003). In addition, two other localities with low N iso-
tope values fall outside the M-A binary mixing curve (i.e., Marapi and
Helatoba-Tarutung). This is similar to what has been observed
previously in subduction zone fluids and has been attributed to the
use of unrepresentative mantle end-member in the mixing model
(Clor et al.,, 2005, Elkins et al., 2006, Mitchell et al., 2010). However,
adoption of 5'°N values for the mantle end-member as low as —12%o
(e.g., Mohapatra and Murty, 2004) to accommodate these (outlier)
samples is probably unwarranted given arguments that such low
values represent experimental artifacts (Yokochi and Marty, 2006).
Although we could speculate that He—N solubility differences in
magmas of varying composition is the likely explanation for these
samples, documented solubility data is first needed to give greater
weight to this suggestion.

Correction based on air-normalized He/Ne elemental ratios

The use of the air-normalized He/Ne elemental ratios (multiplied
by the ratio of the Bunsen coefficients) to correct for the presence of
atmospheric-derived helium has proved successful in correcting
measured helium isotope variations for air-He additions (see for
example Craig, et al., 1978; Hilton, 1996).

In Fig. 3b, we plot our 8'°N values vs. X-values as a proxy for air
contamination (see Section 4.2 and Table 1 footnote) to test the integ-
rity of the correction for measured nitrogen isotope data. We note
that if samples from the same locality do not show good agreement
in measured 6'°N (outside the reported 1 sigma uncertainty) then
values closer to the isotopic composition of air have significantly
lower X-values. This applies to all duplicate measurements with the
exception of summit samples from Sibayak volcano and Helatoba-
Tarutung. Whether this contamination occurred in the field during
sample collection and/or in the laboratory is difficult to address.
Adopting methods similar to those for He isotopes, we are therefore
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Fig. A1. Plot of Ny/He vs. 5'°N adopting end-members from Fischer et al. (2002), where
M=mantle-derived nitrogen, S = sedimentary-derived nitrogen, and A = air-derived ni-
trogen. Dotted line reflects air addition to a mixture of mantle (5%) and sediment (95%)
nitrogen. Samples from Bual Buali (BB), Ratai, Sorik Marapi (SM), Marapi and Helatoba—
Tarutung (H-T) fall outside of the mixing envelope. Symbols as in Fig. 3.

able to correct for the presence of air N additions using the air-
normalized He/Ne ratio using the following equation:

8N, = [(815N0bs x x)—l]/(x—m (A5)

where X is the air-normalized He/Ne elemental ratios (see Table 1
footnote) and 5'°Nyps is the measured values. Using this methodolo-
gy, we corrected the measured &'°N values (reported as &'°N in
Table 1) to 6'°Nc. Notably, only in the case of three samples, two
water phase samples (SUM10-9 and SUM10-15) and one sample
with very low X value (SUM10-25) did the corrected values differ
from measured values by over 1%. (from 1.01%. to 1.75%., respective-
ly). All other corrected values agreed within 0.30%, i.e., close to the
analytical uncertainty of our '°N system. For the present dataset,
another advantage of this approach is that measured 5'°N values<0%.
(i.e., SUM10-20, SUM10-25, Cu-tube-3) correct to even lower "N,
values as the air-derived component is subtracted. This is not possible
using the N,/He approach above as these samples fall outside the
mixing envelope defined by the A-M end-members.
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Chapter Ill: A common mantle plume source beneattthe entire East African Rift System
revealed by coupled helium-neon systematics
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I11.1 Abstract

We report combined He-Ne-Ar isotope data of madddved xenoliths and/or lavas
from all segments of the East Africa Rift SysterARES). Plume-like helium isotopéHe/He)
ratios (i.e., greater than the Depleted MORB Maflli®M) range of 8 + 1R) are restricted to
the Ethiopia Rift and Rungwe, the southernmost amilc province of the Western Rift. In
contrast, neon isotope trends reveal the preseric@nabiquitous solar (plume-like) Ne
component throughout the EARS, witiiNe/Ne)x values (where*Ne/’Neky is the air-
corrected”Nef*Ne ratio extrapolated to Ne-B) as low as 0.034selto that of solar Ne-B
(0.031). Coupling®¥Nef*Ne)x with *“HefHe ratios indicates that all samples can be expihin
by admixture between a single mantle plume sowa®mon to the entire rift, and either a DMM
or sub-continental lithospheric mantle (SCLM) seurédditionally, we show that the entire
sample suite is characterized by I&ef*Nes ratios (mostly < 0.2) — a feature characterisfic o
oceanic hotspots such as Iceland. We proposehtatrigin of these unique noble gas signatures
is the deeply rooted African Superplume which ieflaes magmatism throughout eastern Africa.
We argue that the Ethiopia and Kenya domes reprdsen different heads of this common

mantle plume source.

[11.2 Introduction

The East African Rift System (EARS) is regardedtlas classic example of present-day
rifing and continental breakup (Yirgu et al., 2D0&he topography of the ~3000 km rift is
dominated by two prominent plateaux — the Ethigpmid Kenya domes — separated by the low-
lying Turkana Depression (Fig. 1). Gravity consttaiand seismic imaging of the East African
mantle indicate that upwelling of a large, continsigthermo-chemical mantle plume (the African

Superplume), originating at the core-mantle boupdarovides dynamic support for both domes
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(Nyblade, 2011; Hansen et al., 2012). Higte/He ratios in volcanic lavas from the Ethiopian
Rift in the north (Marty et al., 1996; Scarsi anci@, 1996; Rooney et al., 2012) and at Rungwe
Volcanic Province in the souffiilton et al., 2011) indicate that a mantle plus@mponent
contributes to petrogenesis throughout the EadtairRift. However, it remains unclear if one
or more mantle plumes impinge the East Africanobjshere to support the high plateaux
(Ebinger and Sleep, 1998; Rogers, 2006).

Although helium isotopes are a key geochemicaletraxf deep seated mantle plumes
(Courtillot et al., 2003), taken alone, they candistinguish between the presence of a single
plume source located in the EARS mantle, and saimpie@ multiple upwellings, or multiple
mantle plumes originating at one or more boundaygrs and supplying magma individually to
different branches of the EARS. In contrast to esitee studies of He isotopes in eastern Africa
(summarized in Pik et al., 2006 and Hilton et 2011), the Ne (and Ar) isotope systematics of
the EARS remain poorly known in spite of potent@lalso identify provenance from the deep
mantle (Honda et al., 1991; Yokochi and Marty, 26@4z et al., 2009). Measuring He-Ne (and-
Ar) isotope variations on the same sample suitersffhe opportunity of testing (a) whether lavas
and xenoliths erupted along different segmentb®BARS possess the same unique coupled He-
Ne isotopic signature that could identify a singhantle plume source, or (b) if differences
between various rift segments reflect individualmpés which have evolved different He-Ne
characteristics over time. Such an analytical sgyatan potentially yield greater insight into key

features of the EARS mantle in a manner not reatidgernible using He isotopes alone.

[11.3 Samples and Analytical Techniques

He-Ne-Ar isotope and abundance data of mafic misgi@L=olivine, PX=pyroxene,

GT=garnet) from mantle xenoliths (peridotite andgxgnites) and basaltic lavas are reported in
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auxiliary Tables S1-S4. Sample localities are dididbetween different rift branches of the
EARS: (i) Ethiopia Rift; xenoliths and lavas froraroently active rift segments of the Red Sea,
Afar, Main Ethiopian Rift (MER), in addition to xefiths and lavas from Tertiary and
Quaternary volcanic rocks of the Yerer-Tullu Wellelcanic lineament and Ethiopian Highlands
(Injibara, Lake Tana and the Dilb section), (ii)rth@ern Kenya Rift (north of ~2°N); xenoliths
from southern Ethiopia and northern Kenya, (iiiuthern KenyeRift; xenoliths and lavas from
southern Kenya and northern Tanzania, and (iv) ®vesRift; lavas from Uganda, the
Democratic Republic of the Congo, Rwanda (northéfth and Rungwe Volcanic Province
(RVP) (southern rift). All samples were processgdsacuum crushing, releasing volatiles from
fluid and melt inclusions trapped within crystattieges. Our analytical approach involves two
individual crushing steps. First, we identify gadirminerals by measuring He isotopes and
abundances. Second, we select samples with réjatiigh He (generally > 1 x1bcn? STP/g)
for Ne and Ar analyses. A complete descriptiorhefanalytical methods is given in the auxiliary

material.

I11.4 Results

In Figure 1, we show the He isotope distribution of the EARS tetal of 339 new and
published analyses of lavas and xenoliths (seee$a®l and S2; auxiliary material). Geothermal
fluid *He/He ratios are not included as shallow-level fluids be susceptible to record additions
of radiogenic (crustal) He which act to modify pam magmatic values — a likely process given
the antiquity of basement lithologies in some paftthe EARS (Pik et al., 2006; Hilton et al.,
2011; Barry et al., 2013). Good correspondence datwHe/'He ratios in xenoliths and
phenocrysts are apparent — both within the sameplsaand between samples from the same

location (see auxiliary material) — indicating thadth sampling media provide representative
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(unbiased) He signatures. Samie/He ratios identify plume-like He (9-19Rn=112), DMM

He (8 £ 1R: Graham, 2002, n=133), SCLM He (6.1 + 0,9&sautheron and Moreira, 2002,

n=74)and crustal He (<SCLM, n=20)Fig. 1
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Figure Ill.1: Helium isotope variations (in RARotation) in lavas and xenoliths of various rift
segments of the East Africa Rift System. Resutes divided into the following categories:
plume-like He (9-19KR), DMM He (8 =+ 1R)), SCLM He (6.1 + 0.9R) and crustal He (<SCLM).
Data sources: Table S1 and S2.

There are several noteworthy features of the Hepsodistribution. First, a large number
of samples in the Ethiopia Rift (Red Sea, Afar, MERe Ethiopian Highlands) and RVP in the

southern Western Rift (n=88 and 22, respectivekgeed the canonical range of 8 1R
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diagnostic of DMM. Second, 35 samples from thehraar Kenya Rift, in addition to a number of
samples from the Ethiopia Rift (n=48) and from Western Rift (n=43) fall within the canonical
DMM range, whereas only 7 samples from the soutKemya Rift fall within this range. Third,
the majority of samples from the southern Kenya @if44) fall within, or overlap with, SCLM.
Finally, 20 samples from various segments dispi&giagenic He isotope values (<SCLM),
diagnostic of crustal contamination — these repriesaly ~6 % of all samples. We targeted 56
samples containing between 0.8 to 1272 (316n’STPHe/g for Ne and Ar isotope and
abundance characterization (see auxiliary Table S3)

Neon isotopes are shown on a traditional 3-isofapein Figure 2. For reference, we
plot mixing trajectories between air and the hypttal solar neon end-member, representing
neon captured at the time of planetary accretit@a (deon-B), as well as some relatively well
characterized Oceanic Island Basalts (OIB), DMM] aantinental crust (Graham, 2002; Honda
et al., 1991; Kurz et al., 2009). Notably, all éetories intersect at the air vald&Ne/’Ne = 9.8;
“INef*Ne = 0.029), reflecting the largely unavoidablecintamination of materials erupted onto
Earth’s surface. Of the 56 EARS samples, 25 ordyd#stinct from the neon isotopic composition
of air (at the & error), and are plotted. Notably, all samples dalltrajectories steeper than that
of DMM. Extrapolating the trend from air throughceasample to &Nef°Ne ratio of 12.5 (Ne-

B: Black, 1972; Ballentine et al., 2005), gives therapolated¥Nef*Ne)x value, i.e., the air-
free mantle*’Ne/’Ne ratio (see auxiliary material). There are twatfiees of note: (a) 14
xenoliths and lavas from the Ethiopia Rift and RMReal the presence of an unambiguous solar-
like Ne component with extrapolatedNe/’Ne)x ratios between 0.034 and 0.039, close to pure
Ne-B (Black, 1972; Dixon, 2003; Ballentine et &Q05; Trieloff and Kunz, 2005), and (b) 10
samples from the Kenyan rifts and one sample frbm Ethiopia Rift fall on a trajectory
intermediate between DMM and the various OIB treraisl give {'Nef’Ne)y ratios between

0.040 and 0.056.
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Figure IIl.2: Three-isotope Ne plot of EARS lavas and xenoliftrs25). Only samples that
display neon isotope compositions distinct from igmopic composition of air at the 1-sigma
level are plotted (Table S3). Also plotted are flodar trajectory, a number of relatively well
characterized OIB (Galapagos, Iceland, Loihi-Ki@yéMM, continental crust and air. Closed
symbols = xenoliths; open symbols = lavas.

Therefore, samples do not fall on a single trajgchetween air and solar Ne, as in the
case of the other OIB in Fig 2, implying that eittiee ¢'Ne/*Ne) ratio of the EARS has been
modified from a diagnostic value that might chaesige a single plume source or the EARS
mantle is characterized by a heterogeneous ditisibof (‘Nef’Ne)x as might be anticipated if
more than one plume were present.

Finally, all 25 samples displa{)Ar/*°Ar ratio >> air (298.6: Lee et al., 2006), reaching
values as high as 2950 in the southern Kenya &iff, with extrapolated value€Ar/**Ar)ex as

high as 16,900 in the northern Kenya Rift (seelanyimaterial - Figures S2 & S3).
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[11.4 Discussion
[11.4.1 Helium-Neon Isotope Relationships

In Figure 3, we plot the extrapolated neon isotope rafitNg¢/*Ne)x versus*HefHe
ratios for all 25 samples together with data fraevppus studies in the region: submarine glasses
from the Red Sea (Moreira et al., 1996), ultramadicks from Zabargad Island in the Red Sea
and xenoliths from Saudi Arabia (Hopp et al., 20@%) well as xenoliths from the Chyulu Hills
volcanic field in the southern Kenya Rift (Hopp adt, 2007). Possible mantle end-members
relevant to this plot include: (i) a primordial atile component (PRIM) with &HefHe ratio
identical to solar He = 2580 (28QRand a {'Ne/’Ne)x ratio = 0.03118 (i.e., Ne-B) (Hopp et al.,
2004; Trieloff and Kunz, 2005; Hopp et al., 20Q#),a mantle plume component (PLUME) with
*HePHe ratios of ~35700 (~2Q% which represents the highest He isotope valsened in the
EARS(Marty et al., 1996) with?{Ne/?Ne)x = 0.034 + 0.001, defined by many O{8raham,
2002), (i) a DMM component that is identical tadOcean Ridge Basalt (MORBHe/'He = 8
+ 1R, and ("Ne/’Ne)x = 0.06 = 0.001) (Graham, 2002; Hopp et al., 208dpp et al., 2007),
and (iv) SCLM with®*HefHe = 6.1 + 0.9R and ¢'Nef’Ne)x = 0.07 + 0.001 (Gautheron and
Moreira, 2002; Hopp et al., 2004; Hopp et al., 200®here the postulated Ne isotope
composition is significantly more nucleogenic/ragiaic compared to DMM, as commonly
found among SCLM xenoliths. Finally, we note tha turvature of the mixing curves between
end-members is  described by r = *HéPNe)w/(CHePNekuwe  andlor

(3H e/ZZNe)SCLM/(sH e/ZZNe)pLUME.
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Figure 111.3: Extrapolated neon isotope§'Ne/*Ne)x versus He isotopesHefHe) for all
samples from Fig. 2 (n=25). Neon isotopes are pateed to Neon-B*{Ne/Ne = 12.5).
Numbers along the curved mixing trajectories indidhe percentage proportions of the PLUME
end-member in the binary mixture. Note the extreemsitivity of Ne isotopes to relatively small
additions of the PLUME endmember to DMM and SCLMaasonsequence of r >> 1. End-
member compositions are defined in the text withBhUME endmember extending to 50®
encompass the highest terrestrial value *fde/He from the proto-Icelandic plume in Baffin
Island (Stuart et al., 2003). Cross-hatched cireferesents our best estimate of the African
Superplume. Closed symbols = xenoliths; open systhdhvas.

We point out two key features of the coupled Heibl@ope systematics: (a) samples
from the Red Sea and the Ethiopia Rift can be @xptaby binary mixing between DMM and
PLUME with r-values> 1, and (b) samples from the Kenyan rifts as weltlee Western Rift
cannot be explained by a mixing scenario invoMdigM and PLUME (or by mixing between
DMM and SCLM as appears to be the case for somelikes from the Red Sea area): rather, a

hyperbolic mixing trajectory between PLUME and SClpkbvides the best fit to data as long as
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r-values >> 1, i.e.,*de’Ne)scw >> (HeP’Ne)ume. Therefore, irrespective of geographic
affinity with the Ethiopia or Kenya domes, all sdegpshare a common PLUME end-member
that is characterized by &'Nef?Ne)x ratio close to 0.034 antHe/He ratio ~20R. Samples
from the Ethiopia and Western rifts plot closethis end-member (i.e., have a greater proportion
of the PLUME component in the mix) compared to sasfrom the two Kenyan rifts. Thus, the
EARS is characterized by a single He-Ne (PLUME}dp@ composition, common to the entire
rift, with the apparent heterogeniety fiNe/*Ne)x (Fig. 2) reflecting admixture with different
proportions of DMM or SCLM. The most obvious caratiel for this common plume component,
imaged to underlie the entire EARS, is the deepbted African Superplume (Nyblade, 2011;
Hansen et al., 2012) (indicated with double hatchedbol in Fig. 3). We point out that a similar
mixing scenario can be constructed using He isatdqipteHe) and {°Ar/*°Ar)ex ratios, given
the assumption that SCLM displays the most radimgAn isotopic compositions (see auxiliary

material: Figure S3).

I11.4.2 Noble Gas Relative Abundance Ratios

Additional information on mantle end-members inwavin EARS petrogenesis are
provided by noble gas elemental ratios, particyfile/Nes ratios (wheré?Nes = solar?Ne). A
frequently made observation is that mantle plumisplaying *He/He ratios > DMM have
*Hef*Nes ratios < the nominal upper-mantle value of ~5 dekted assuming Neon-B): in
contrast, glasses from oceanic spreading centgys ifee popping rock on the mid-Atlantic Ridge
and back-arc basins) generally hdde/*Ne ratios> the nominal upper-mantle value (Moreira et
al., 1998; Honda and McDougall, 1998; Trieloff dt, 2000; Graham, 2002; Dixon, 2003;
Mukhopadhyay, 2012; Tucker and Mukhopadhyay, 200&).test this distinction for our EARS

samples by considering the elemental ratiH# to nucleogenié'Ne* (‘Hef'Ne* = 2.2 x 10:
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Yatsevich and Honda, 1997), arfiHle to solar®Ne (Hef*Nes, see auxiliary material for
calculation of these values). Tfide/’Nes and*Hef'Ne* ratios of EARS lavas and xenoliths are

plotted inFigure 4.
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Figure 1Il.4: He-Ne plot incorporating primordiaPHef*Nes) versus radiogenic/nucleogenic
(“He'Ne*) ratios of EARS lavas and xenoliths (Table 34DRB glasses (Moreira et al., 1998;
Moreira and Allegre, 2002) and Icelandic lavas €lff et al., 2000; Dixon et al., 2000; Moreira
et al., 2001; Dixon, 2003; Furi et al., 2010; Mughdhyay, 2012) are also plotted. Boxes
represent assumed values for DMf#Hé#°Ne =5-10: Honda and McDougall, 1998; Trieloff et
al., 2000; Graham, 2002; Tucker and Mukhopadhya913® Iceland ¥HeNe ~ 3
Mukhopadhyay, 2012) and Neon-B4e/*Nes ~ 1: Black, 1972; Ballentine et al., 2005; Dixon,
2003; Trieloff and Kunz, 2005). All three end-memisempositions have the sarfide/'Ne*
ratio = 2.2 x 10— see text and Auxiliary material for details dadthe calculation ofHe/*Nes
ratios. Closed symbols = xenoliths; open symbdbvas.

For comparison, we also plot other samples fromBARS (Moreira et al., 1996; Hopp
et al., 2004; Hopp et al., 2007) as well as MORBsgés (Moreira et al., 1998; Moreira and
Allégre, 2002) and lavas from the Iceland hotsplyie{off et al., 2000; Dixon et al., 2000;

Moreira et al., 2001; Dixon, 2003; Furi et al., R0Mukhopadhyay, 2012We note that our data
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agree with the general trend of OIB in the sensé e He/Ne elemental ratio$He/“Nes and
*He/'Ne*) are lower than the measured and calculatedegafor DMM. This observation
suggests that parental melts sourcing the EARSlamacterized by a significant depletion of He
relative to Ne. Significantly, any deviation hongally to the right of the trajectory labeled ‘He
depletion’, is likely caused by admixture with viiles exsolved from a mantle component that
has preserved a loweHe”’Nes ratio relative to DMM. Possibilities include a mitive
component approximated by (i) Neon-B withe/*Nes ~1 (Black, 1972; Ballentine et al., 2005;
Dixon, 2003; Trieloff and Kunz, 2005) and/or (idher gas-rich meteorites witile/*Nes ~0.9
(Raquin and Moreira, 2009). Notably, the contribatifrom this low (primitive)*Hef*Nes
component is most prominent among Ethiopia Rift gas that display the highedtle/He
ratios.

Thus, a remarkable feature of the EARS datasedtas dll 25 samples that have neon
isotopes distinct from air, posse$se/’Nes ratios lower than those of Earth’s upper mantle,
consistent with observations made previously faamic hotspots displaying higHe/He ratios.

In particular, we point out striking similaritiegtwveen the EARS and the Iceland hotsag.(

4). Additionally, we note that many samples of thtady with ®*He/He ratios akin to DMM
and/or SCLM, havéHe*Nes elemental ratios which do not overlap DMM. Lowbar upper
mantle ®*He/#’Nes ratios thus appear to be a general characten$ttbe EARS mantle, being
pervasive throughout eastern Africa. Given the lsirity in *Hef°Nes ratios between EARS
samples and many OIB displaying hitte/He ratios, such a feature clearly represents a-deep
seated plume component that has preseted?Nes ratios distinct from the upper mantle, and
which currently supplies the EARS with primitive lable components. The origin of the low
®He’Nes ratios of the deep mantle could be deep solubdigtrolled degassing (Honda and
McDougall, 1998; Yokochi and Marty, 2004) and/orgeskite crystallization (Coltice et al.,

2011) in an early terrestrial magma ocean. Altéveht, low *Hef’Nes ratios could reflect
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heterogeneous accretion of the Earth, with the fowantle having differentHe’Nes source
material than the upper mantle (Mukhopadhyay, 20lRpgny case, lowHe/’Nes ratios that
characterize EARS magmas, bear witness to long-saransignificant noble gdseterogeneities

in the deep mantlgrokochi and Marty, 2004; Mukhopadhyay, 2012).

1.5 Implications for EARS Magmatism

Our results have profound implications for EARS matjsm. First, they imply that
magmas erupted within the Ethiopia and Kenya doma&® unique volatile isotopic and relative
abundance characteristics consistent with a comamzh deeply rooted mantle plume source
underlying both regions. In particular, two indegent lines of evidence (coupled He-Ne isotope
systematics and lowHe/’Nes ratios) provide compelling evidence that this camnplume
source can only be the African Superplume, a caaotis, thermo-chemical mantle structure that
originates at the core-mantle boundamd provides dynamic support for both main topokji@p
features of the EARS (Nyblade, 2011; Hansen ef8ll?). In effect, our model rules out other
plume models that advocate either different stgfemantle convection along the EARS (Pik et
al., 2006; Montagner et al., 2007) or multiple pesmmpinging the African lithosphere (Rogers,
2006). Our model also negates the need for an acedMU-type mantle plume to explain low
*Hel*He ratios evident in the Kenyan rifts (Furman, 208&lson et al., 2012). We show that the
SCLM plays the key role in generating the Ite/'He ratios along this segment.

Second, the fact that most Kenya Dome samples ¢oeithern Kenya and the Western
Rift) can only be explained by mixing between PLUMEd SCLM componentsFig. 3),
effectively rules out DMM involvement in petrogeige this region. Thus, the results argue
against the concept of a globally homogeneous umgertle, fluxing volatiles to both mid-ocean

ridges and continental rifts, at least in the caféhe southern segment of the EARS as was
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inferred in a study of Oldoinyo Lengai volcano iorthern Tanzania (Fischer et al., 2009).
Conversely, DMM-like®He/'He ratios measured along the Kenyan and Westam(Rik et al.,
2006; Hilton et al., 2011) must therefore represeixing between SCLM and PLUME-g. 3,
given the absence of DMM involvement. This distimietis not possible using He isotopes alone.
Our results are therefore largely consistent witbdels based on radiogenic isotopes that
advocate for three-component mixing involving DMSCLM and PLUME components (Rogers,
2006; Castillo et al., 2012). However, we make ¢hee for a ubiquitous and common mantle
plume component throughout the EARS with DMM andLBICend-members predominantly

present in the Ethiopia and Kenya domes, respégtive

I11.6 Conclusions

Combined He-Ne-(Ar) isotope and relative abundasgstematics of mantle-derived
xenoliths and lavas from different segments ofEA&RS, can be explained by admixture between
a single mantle plume source, common to the entireand either a DMM or SCLM component
but not both. Identical to many oceanic hotspotghsas Iceland, the plume source is also
characterized by lowHe’Nes ratios. The most obvious candidate for this comrptume
component is the African Superplume that whichue@fices magmatism throughout eastern
Africa. We argue that the Ethiopia and Kenya dothess represent two different heads of the

same mantle plume source.
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Auxiliary Material

Methods and analytical techniques

Sample preparation. Whole rock samples were reduced in size usingamaind rock saw and
crushed using a shatter box to a grain size lattggar the largest phenocrysts of each sample.
Further reduction in grain size was achieved uaipgstle and mortar to free phenocrysts of any
adhering matrix material. Fresh mineral separateseswemoved from lavas and broken-up
xenoliths and washed in distilled water. This stegs followed by cleaning in an ultrasonic bath
in a 1:1 acetone-methanol mixture before drying imot (~120°C) environment for several (4-6)
hours. The cleaned and dried minerals were themiexsl using a binocular microscope, and
minerals free of any surficial alteration were hgicked and loaded into on-line crushers

(Scarsi, 2000) for overnight evacuation to highuam prior to He analysis.

Helium analysis of mafic minerals byin-vacuo crushing. Olivine (OL), pyroxene (PX) and/or
garnet (GT) crystals of mineral separates fromdauad xenoliths were crushed under Ultra High
Vacuum (UHV) to determinéHe/He ratio and He abundance [He] using an MAP215enghk
mass spectrometer and adopting standard protoestsided previously (e.g., Shaw et al. 2006;
Furi et al. 2010, Hilton et al., 2011). Throughaeiit runs,*He blanks where identical to those
reported by Hilton et al. (2011): i.e., ~ 6.0 x ¥@&n? STP. All ®*He/He ratios and [He] have
been corrected for air-derived components usingnie¢hodology described in Hilton et al.
(2011). The selection of material for combined naod argon analysis (see below) was guided

by those samples having high He abundances. Watrdge/He ratios and He abundances
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obtained at Scripps Institution of Oceanographylable S1 whereas other literature data are

given in Table S2.

Neon and argon analysis of mafic minerals bin-vacuo crushing. Neon and argon abundance
and isotope characteristics of selected minerahrs¢gs from lavas and xenoliths previously
analyzed for helium were crushed using a custorit;piston activatedn vacuorock-crusher
(e.g., Stuart et al. 1994). The released gas wes thurified using a dedicated cryogenic
separation line, whereby Ne and Ar were separatddaaalyzed independently. Neon and argon
abundances and isotope ratios (as well as He aboeslawere measured using a modified
VG5440 noble gas mass spectrometer equipped with Flaraday cups and a Daly photo-
multiplier detector (see Craig et al., 1993; Furiak 2010, Hahm et al., 2012 and Barry et al.
2012) operated in peak jumping moddeon results were corrected for procedural blama a
contributions of doubly-charged’Ar and CQ to ®Ne and ®Ne, respectively, following
Niedermann et al. (1993Procedural crusher blanks were between 1.5 and B3k cn?® STP
for ?Ne (note that only six samples had blanks > 14 **10 STP: the mean blank value was
10 + 7 x 102 cn? STP) and 7 + 2 x T®cn? STP for*Ar, typically representing less than 10%
of sample yields. We report He abundances, neondamees and isotope§Ar/*°Ar ratios, and

argon abundance in Table S3 and derived elemeaxitasin Table S4.
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Auxiliary Text

1. The East African Rift System He isotope database

We report helium isotop€He/'He) and abundance characteristics of mineral stgsara
from lavas and mantle xenoliths from 156 differeampling locations throughout the EARS
produced at the Scripps Institution of Oceanograf@i®) (Supplementary Table S1). Note that
some samples displayed very low He contents ([Hied) were deemed unsuitable for He isotope
analyses (indicated as ‘not detectable’: n.d.). thas study, we analyzed a total of 80 mineral
separates for He to identify suitable samples @nluned Ne-Ar analysis. These new analyses
are supplemented with 52 previously reported Hdyara of lavas from Rungwe Volcanic
Province (Hilton et al., 2011), 8 analyses of Xghs from the southern Kenya Rift (Hilton et al.
2011), 33 analyses of lavas from the Ethiopia @8fttarsi and Craig, 1996), and 11 unpublished
data from SIO making a total of 184e/He ratios. In total, 130 samples have been analfared
OL, 53 samples for PX, and one sample was analige@arnet. Note that we do not separate
OL from PX and Garnet in the plots (Figs. 2-4),nassignificant differences were observed in
this study. Rather, we focus on the differencesvéen xenoliths (closed symbols) and lavas
(open symbols). All SIO data are plottedHigure Sla

Figure 1 summarises the total helium isotope databasehf®rEHARS combining data
from Table S1 and the following references: Maityle 1993, Marty et al. 1996, Moreira et al.
1996, Hopp et al. 2004, Class et al. 2005, Pid.e2@G06, Furman et al 2006, Hopp et al. 2007,
Tedesco et al. 2010, Aulbach et al. 2011, Beccakival. 2011, Rooney et al. 2012, and
Medynski et al. 2013. These literature data arermiin Table S2 and plottedHe/He ratios
versus He concentration) Figure S1h The total EARS He isotope database consists 0f 30
different sampling localities but 339 analyses asmynsamples have been analyzed for He using

more than one mineral phase.
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Figure 111.S1: Plot of He concentration verstide/He ratio of EARS samples obtained at (a)
SIO or (b) from literature sources (see text). st#apes are reported in the R/Rotation, where

R = sample’He/He corrected for a minor air-derived component, Bad= air *He/"He) versus
He concentration ([He]in units of cnmi STP/g mineral), also corrected for air. (a) Onlyada
obtained at SIO are plotted (n=184). Lavas andrighsxenoliths from the EARS span a range
from SCLM-like (6.1+0.9 R) to DMM (8+1 R,) to plume-like He isotope characteristics. (b)
Same plot as (a) but only data from literature istidn=155) are plotted. Closed symbols =
xenoliths; open symbols = lavas.

2. Comparison of He isotopes in lavas and xenoliths

A concern with the use of xenoliths to carry a niegfiul and unbiased mantle signature
to the surface that is identical to the signal iedriby phenocrysts in magmas, is the fact they
often have a complex origin and can be generatexhdgns of several processes. For example,
xenoliths may be formed by extensive crystallizafimm magmas that are related or unrelated to
the host lava (i.e., they represent cumulates)/oarxenoliths may be formed as restites of
melting, but later modified by metasomatic processethe upper mantle or the deep crust (e.g.,
Nixon, 1987). In order to test if xenoliths carrp anbiased mantle signature equivalent to
phenocrysts, we searched our EARS He isotope dsgabaorder to identify specific samples
where He isotopes have been analyzed using botfophests in host lavas and corresponding
xenoliths. Additionally, a comparison of He isotepi lavas and xenoliths from the same

localities, can also provide useful constraintghig issue.
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Notably, two mafic (and highly phyric) lavas fronafT Ali in northern Afar, G-114 and
G-115, provide a test case as He isotopes haverbeasured in mineral phases from the host
lava, in addition to minerals phases from the x#¢m®lhosted by these lavas. Mafic pyroxene
minerals in xenoliths from sample G-114 havi#+Ha/He ratio = 12.82R, in exellent agreement
with a value of 12.86Rmeasured in the olivine phenocrysts from the len&t. The same applies
to sample G-115 as olivine phenocrysts have idehfide/He ratios (13.37R to those
measured in pyroxene minerals in the xenolith.33R,). Notably, identical He isotope values
prevail in both mineral phases/sample types deghitest one order or magnitude difference in
He concentrations.

In addition, there is close agreement between piigats and lavas from any given
locality along the EARS. For example, lavas from' Pdi (G-112, G-113 and G-116) have He
isotope ratios that closly resemble those measure@noliths from this same location. Other
examples include Assab and Afdera, both in Afarvdsafrom various localities in northern
Tanzania (Olduvai Gorge, Lake Manyara, Kilimanjadd,Molog, Ol Doinyo Elorori) also show
near identical He isotope values to those obsenve@noliths from the same general area (Ol
Doinyo Lengai, Eledoi, Pello Hill, Lashine, Olmardand both sample types, consistently fall
within the SCLM range of 6.1 + 0.9RGautheron and Moreira, 2002). Of all these lowst
Labait is the only location which has He isotopdsciv exceed the SCLM range, consistent with
possible plume contributions to this locality asswareviously proposed on the basis of Os
isotopes (Chesley et al., 1999).

Thus, in summary, comparison between He isotopepositions of phenocrysts and
xenoliths from the same samples but also from #meeslocalities, suggest that xenoliths closely
resemble the He isotopic characteristics of thet ljcarrier) magma, and thus they carry a

meaningful mantle signature to the surface thatastical to the signal carried by phenocrysts.
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3. Calculation of non-atmospheric®Ne/’Ne and*Ne/’Ne ratios
We used the following criteria for selecting sanspleith non-atmospheric neon

assuming that measured Ne isotope values reprasémiple two-component mixture between air
and mantle Ne (Moreira et al. 1995): (i) measufde/’Ne ratios are distinguishable from air at
the I level, (i) blank contribution was low (<8%, buemgrally <2%), and (iiiy°Ar/*°Ar > air
(298.6). After identifying samples with non-atmosph Ne, the measurédNe/’Ne values are
extrapolated along a linear trajectory that paisesigh the air value towards a primitive mantle
component. In all extrapolations for Ne (and Arg assumed Ne-B: a primitive implanted solar
neon component, identified in gas-rich meteorites ia lunar soils with &Ne/*Ne ratio of 12.5
(Black, 1972; Trieloff et al., 2005; Ballentineadt 2005). We note that selecting a more primitive
Ne component (the solar wind witfiNe/”Ne = 13.8) will not change the conclusions of this

study.

4. Generation of low®He/*Ne ratio mantle sources
The notion that lowiHe”’Nes ratios represent a feature characteristic of pimimantle
sources commonly sampled at oceanic hotspots (danda and McDougall, 1998; Graham,
2002; Hopp & Trieloff, 2008) is challenged by trect that He can potentially be fractionated
from Ne by a number of different processes. If ectrrlow He/Ne ratios would then primarily
represent a process rather than acting to idemtifipwer mantle source. In the following
discussion, we provide an overview of possible psses that may be responsible for these

elemental fractionations.
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Figure 111.S2. “°Ar/*°Ar ratios versu$’Ne/’Ne ratios of EARS sampleNlotably, all 25 samples

display*®Ar/*°Ar ratio >> air (298.6), reaching values as higl2846 in the southern Kenya Rift.
We also note that lava samples (open symbols)ai§fAr/*°Ar ratio that generally lie closer to
the air value. However, some xenoliths from theidftfan Rift (open symbols) also display
“OAr/*°Ar ratios that lie close to air. See text for dtai

4.1 Partitioning of the He, Ne and Ar during partial hieg in the upper-mantle

Helium can be depleted relative to Ne and Ar iflisplays more compatible behavior
during low-degree partial melting (e.g., Hopp & dlaff, 2008). However, available partition
coefficients for He, Ne and Ar at upper mantle ¢bods are generally inconsistent with this
notion. For example, available partition coefficeiiKp) of He, Ne and Ar between CPX-melt
generally reveal lower Kfor He relative to Ne and Ar (Brooker et al., 206&ber et al., 2007;
Jackson et al., 2013). Although there remain camalde uncertainties regarding relative
partition coefficients of He, Ne and Ar between @lelt (Parman et al., 2005: Heber et al., 2007;
Jackson et al., 2013), available data are genemlysistent with He having the most

incompatible behavior (relative to Ne and Ar) dgripartial melting. Furthermore, it has also
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been proposed that Ar is highly compatible in b@thand PX, where Kof Ar can be as high as
~10 (Watson et al., 2007; Thomas et al., 2008). Ituhdoe emphasized, however, that large
errors reported in some of these studies, in anfdito great discrepancy between results of
different experimental setups, preclude definitemclusion regarding Kvalues for He, Ne and

Ar and additional experimental work is needed.
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Figure 11.S3: Extrapolated argon isotop€Ar/*°Ar)ex versus'HeHe ratios of EARS samples.
Notably, (°Ar/*°Ar)ex ratios (extrapolated t&Ne/*Ne=12.5, i.e., Ne-B) reach values as high as
16,897 in the northern Kenya Rift. Following Buikét al. (2005) and Hopp et al. (2007), we
indicate possible mantle end-members on this loBRIM: with primordial value$°Ar/*°Ar ~

0 (solar, e.g. Benkert et al., 199%)efHe ratio identical to solar He = 2580 (28QR(ii) DMM

that is identical to Mid Ocean Ridge Basalt (MORBMe/He = 8 + 1R and *°Ar/*°Ar., =
35,000) and, (iv) SCLM witAHe/He = 6.1 + 0.9R and*°Ar/**Ar., = 45,000, which represents a
postulated Ar component that is significantly meagliogenic compared to DMM and found
amongst SCLM xenoliths (Buikin et al., 2005; Hoppak, 2007). We indicate mixing between
PRIM and DMM with a solid line and between PRIM é8@LM with a dashed line.

4.2 Diffusive loss of helium relative to neon and argon
Due to its small size and resulting high diffusjyitie can be lost relative to heavier

noble gases from fluid inclusions following entraghin minerals (Yamamoto et al. 2009). This
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represents another possibility to explain fbve/'Ne*, *He’Nes, “He/°Ar* ratios and possibly
also low”'Ne*/*°Ar* ratios in EARS xenoliths (see Table S4 for tiaculation of these ratios).
Such low ratios are commonly observed in mantlek#rs worldwide and have been attributed
to the diffusive loss of He, relative to Ne and #rnhearby magma channels. This may occur
during re-equilibration with mantle-derived meksther in the source region or during transport

of xenoliths to the surface (e.g., Yamamoto e2@09).
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Figure 111.S4: *He/°Ar* ratios versus the reciprocal ofpr*] of the EARS samples. Radiogenic
Ar contents {°Ar¥] found in single vesicles in the 211D43 poppingck (Burnard et al., 1997) and
the predicted®Ar radiogenic production of the upper mantle (Pbird@& Wasserburg, 1995) in
conjunction with the time integratetHe/°Ar* ratio of the upper mantle (1.4 and 4.8).
Significantly, we note that there is a good cotieta between the enrichment df4r* and
decreasingHe/°Ar* ratios. This cannot result from He loss meclsams: rather, mixing between
two exsolved fluids is a more probable explanati@me sample from the Western Rift is
consistent with open system degassing as it dispkg/°Ar* > DMM and the 21ID43popping
rock.

In Figure S4we plot*He/°Ar* versus the reciprocal of JAr*] to test the possibility that

diffusive loss of He can explain loftde/°Ar*. Significantly, we note that there is a goodian
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correlation between the enrichment BAi*] and “He/°Ar* ratios that cannot result from He loss
mechanisms. Rather, mixing between two fluids ieaae probable explanation, where samples
with high *He/°Ar* ratios lie close to {Ar*] values found in single vesicles in the
211D43popping rock (Burnard et al., 1997), and tinee-integratedHe/°Ar* ratio of the upper
mantle (1.4 and 4.8). Notably, such lo®Aj*] values are somewhat lower than the predicted

“°Ar radiogenic production of the upper-mantle (Pir&Wasserburg, 1995).

4.3.Solubility controlled fractionation

Finally, Ne (and Ar) may be preferentially fractadad into the exsolved volatile phase
derived from a primary melt due to the higher siitybof He relative to Ne in silicate melt
resulting in a lower He/Ne ratio in the exsolvecdgh (Jambon et al. 1986; Lux, 1987; Carroll &
Stolper, 1993; Shiabata et al. 1998; Miyazaki et2804; lacono-Marziano et al. 2010). With
regard to the EARS samples, this possibility ispsufed by the fact that nearly all samples
display“He/'Ne*, *Hef*Nes, “He/°Ar* and *Ne*/*°Ar* ratios that are lower than upper mantle
(i.e., DMM) values Figures 4, S4 and S5 a and)bIndeed, it has been proposed that deep
solubility controlled degassing (Honda and McDouyga998; Yokochi & Marty, 2004) in an
early terrestrial magma ocean was responsiblehtorapparently loiHe/“Nes ratios of the deep

mantle reservoir.
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Figure 111.S5: (a) *He”'Ne* versus'He/°Ar* and (b) ?Ne*/*°Ar* versus*He/°Ar* for EARS
samples. The grey squares in both figures repremsntmed values for Earth’s upper mantle
(DMM): (a) and (b)"He/°Ar* =1.4 and 4.8; (afHef'Ne* = 2.2 x 10 (Yatsevich and Honda,
1997); (b)*Nef°Ar* = 1 x 10’ (Valbracht et al., 1996). All ratios are calcuthtender the
assumption that Ne—B is representative of the mdimab neon component. In (a) He-Ne-Ar
elemental ratios*He/'Ne* versus'He/°Ar*) are plotted to demonstrate that EARS lavas and
xenoliths of this study are consistently lower ti2¥iM. Notably, 4 lavas (open symbols) and 1
xenolith (closed symbol) have been affected bylshalevel degassing processes (i.e., open
system degassing-Rayleigh fractionation) in additm a deep pre-degassing fractionation event
as indicated with trajectories in Figure S5a. I Kie-Ne-Ar elemental ratio$He/'Ne* versus
Ne/°Ar*) are plotted to demonstrate that EARS lavas awmtholiths of this study are
consistently lower than DMM. Notably, nearly allngales plot in the lower left quadrant in
Figure S5b. Analogous to Figure S5a, 4 lavas (gyembols) and 1 xenolith (closed symbol) are
likely affected by shallow-level degassing processe addition to a deep pre-degassing
fractionation event. These 5 samples are excluaed Figure 4.
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IV.1 Abstract

We report new results on the He-£R,-Ar isotope and relative abundances of
ultramafic mantle xenoliths from throughout the tE&Bican Rift System (EARS). We targeted
nine xenoliths localities from the Ethiopian Rift the north and all the way to the southern
Kenya rift in northern Tanzania. All data were abéa byin-vacuocrushingtechniques and are
supplemented with new oxygen isotopes data onalerafic crystals. The primary aim of this
study is to identify the various sources contribgtio the volatile components trapped in the fluid
inclusions and to evaluate a number of mantle/atusictors controlling their elemental and
isotope characteristics.

We show that volatile components, trapped in fluntlusions in predominantly
pyroxenite xenoliths, have compositions consisigith enrichment of the East African sub-
continental lithospheric mantle (SCLM) by &€ch mantle fluids from subducted carbonatitic
material. Such CQenrichments (C@*He>7x10, 5°C=+0 %o) are also associated with positive
8N values (as high as +3.4 %o) and unusually B¥D values (to +2.4%o0) of host crystals,
reinforcing the link between the metasomatic fluadel subduction of hydrothermally altered
oceanic crust, including the pelagic sedimentanyeee. The occurrence of recycled volatiles in
the East African SCLM is widespread and must beaated with a large scale mantle process
currently supplying mantle material to the EARS.taidy, xenoliths with higi'He/He ratios
from northern Ethiopia and the Red Sea are alsaciged with recycled C&rich mantle fluids
(i.e., carbonate-melts) and positib€N values, implying the deep-seated African Supenglu
mantle plume supplies the EARS with a mixture ofmprdial and recycled volatiles.
Additionally, we propose that these new data previéy constraints on the role of recycled
volatiles on magma genesis along the EARS and iticpkar, on the formation of a pyroxenite-

hybrid mantle source.
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IV.2 Introduction

Metasomatic enrichment of the sub-continental 8pfleeric mantle (SCLM) in
incompatible trace elements is associated withuinéif low-degree volatile-rich melts of either
carbonate-rich or silicate-rich composition in diddi to C-O-H-rich fluids (e.g., Hawkesworth et
al., 1984; Menzies & Hawkesworth, 1987; Rudnicklet1993; Schiano et al., 1994; Luth, 2003).
Experimental work has shown that such volatile-rioklts react with mantle peridotites to
produce clinopyroxene-enriched derivatives (Wallemed Green, 1988) — recognized in
numerous mantle xenoliths worldwide (Pearson e2803; Bodinier & Godard, 2003; Downes,
2007). Detailed textural, mineralogical and geodieafrstudies on mantle xenoliths highlight the
complexity of metasomatic changes resulting fromitivasion of volatile-rich melts into normal
mantle peridotite (e.g., Pearson et al., 2003), kvdquestions remain about the exact nature,
distribution, origin/provenance of the volatile gpoments associated with the metasomatic agents
and where they are stored within the SCLM (Meng&idsawkesworth, 1987; Dunai and Porcelli,
2002).

In this respect, the East Africa Rift System (EARS)f particular interest as it integrates
a variety of mantle and crustal processes resduittimgntinental rifting which will eventually lead
to the formation of a nascent ocean (Kampunza arghla, 1991; Yirgu et al., 2006; Dawson,
2008). The source region of magmatism driving tA&RE is thought to involve one (Nyblade &
Robinson, 1994; Lithgow-Bertelloni & Silver, 1998yblade, 2011; Hansen et al., 2012) or more
(e.g., Rogers, 2006; Furman, 2007) deep-seateder@loime(s) with variable interactions with
overlying SCLM and possibly crust. Information dretgeochemical nature and history of this
key interface, which exists between the chemicakterogeneous lithosphere/crust and the
convecting, asthenospheric upper mantle, relievilgean ultramafic xenoliths — found at

numerous localities throughout the EARS (e.g., Nixi87; Dawson, 2008).
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A large body of petrological and geochemical redeam EARS xenoliths, in particular
directed at ultramafic xenoliths from the southé&tanya Rift in Tanzania, bear witness to
significant thinning and magmaphile element enriehtrof the SCLM following interaction with
metasomatic fluids (Cohen et al., 1984; Rudniclalet 1993; Dawson, 2002; Dawson, 2008;
Koornneef et al., 2009; Aulbach et al., 2011; Tgldaal., 2011; Gibson et al., 2013). A number
of such studies associate the invading metasorfiatits to impingement of a mantle plume(s)
that supplies heat, mantle melts and fluids/vaatirom the deep-mantle (see Aulbach et al.,
2011 for a review). However, limited information darrently available on key volatile tracers
such as C@and N — isotope characteristics or relationship to nafals isotopes (e.g., G€He)

— indicators which could identify provenance, extehmixing, and other petrogenetic processes
related to fluxing of volatiles between mantle (ep@and lower) and surficial reservoirs (e.g.,
Dunai and Porcelli, 2002; Hahm, et al., 2009).miain part, this reflects the difficulty of carrying
out precise isotopic and elemental measurementextremely small quantities of volatiles
trapped in ultramafic crystals.

In this contribution, we present new results on lttee CQ, N, and Ar (isotopes and
relative abundances) characteristics of trappedti®lcomponents sited within fluid inclusions
of mantle xenoliths from nine localities along thteike of the EARS. These locations — in the
Red Sea, Ethiopia, Kenya and Tanzania — coverrdiffesegments of the EARS from (i) the
Ethiopia Rift in the north, through (ii) the northeKenya Rift (north of ~2°N), and to (iii) the
southern Keny&ift in southern Kenya and northern Tanzania. Wgpiment these volatile data
with oxygen isotope data on the mafic crystals ihgsthe fluid inclusions. The approach
adopted, i.e., obtaining volatile data wmavacuocrushing samples, presents a unigue test case of
provenance associated with a continental-rift emritent as studies of these volatile phases can
be used in a powerful manner to resolve provenastes of volatile components. Thus, our aim

is to identify the various sources contributingthe volatile components trapped within fluid
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inclusions and to evaluate which mantle/crustalcesses act to control their elemental and

isotope characteristics.
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Figure IV.1: The East African Rift System (EARS) showing thei&pia and Kenya domes and
samples localities along the Ethiopian Rift, thetimern Kenya Rift and the southern Kenya Rift
(modified from Rogers, 2006; Hilton et al. 2011).

IV.3 Sample selection

We have targeted ultramafic peridotite (n= 6) amydopenite (n=19) xenoliths from
different segments of the EARS-igure 1) for new He-CGQ-N,-Ar isotope and relative

abundance measurements. Oxygen isotope analysescamied out on host crystals. A large
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number (n = 68) of EARS peridotite and pyroxenignaliths were first crushed to determine
*He/'He ratio and He abundance characteristics to iifgienaatively gas-rich mineral separates
(see Section 3 and Halldérsson et al., 2014), asubeset of xenoliths with high gas content were
selected for further analyses involving £/,-Ar-O isotopes. Visual observations can identify
fluid inclusions within most crystals of this stydynd we note their occurrence either as small
clusters of inclusions and/or as trails of inclmsioln general, these observations are similar to
those described by Frezzotti et al. (2010) for meamenoliths from the Lake Tana region,
Ethiopia. Sample details and locations are givehable S1.

Many of the xenoliths localities of this study haveen the focus of prior work (e.g.,
Dawson & Smith, 1988; Bedini et al., 1997; Bedini Bodinier, 1999; Roger et al., 1999;
Dawson, 2002; Lorand et al., 2003; Reisberg et2fi04; Aulbach et al., 2011; Orlando et al.,
2006; Kaeser, 2006; Meshesha et al., 2011; Becaatral., 2011). However, for the most part,
the majority of these studies have focused on #nglptites with relatively little attention paid to
pyroxenites xenoliths. In contrast, the focus af thork is largely on the ultramafic pyroxenites
as a consequence of the relatively high gas cowmtfetitese samples. Background detail on the
petrology and geochemistry of some key EARS pyritgenincluding those included in this
work, can be found in Dawson & Smith (1973), LIdii®81), Lloyd et al. (1985), Lloyd (1987),
Lloyd et al. (1987), Davies and Lloyd (1989), Llogd al. (1991), Dawson & Smith (1992),
Henjes-Kunst and Alther (1992), Ulianov et al. (8000rlando et al. (2006) and Kaeser et al.
(2009). The origin of these pyroxenites is commoa$gribed to multiple metasomatic events
interacting with pre-existing mantle peridotites.

In detail, this study has utilized xenoliths frolne tfollowing regions:

QD Two peridotite xenoliths from Seven Brothers IslgBeépt Fréres:"5and &'

Islands) offshore Djibouti (TF samples), betweened Sea and the Gulf of

Aden.
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Pyroxenite xenoliths, dominated by clinopyroxenePXJ, from Tat'Ali
(n=3) and Erta Ale (n=3) axial volcanic chains lie tAfar area (G samples),
some of which were previously analyzed for He ipetoby Scarsi and Craig
(1996). In addition, there is one pyroxenite frone tcentral Afar area of
Afdera (C-244).

Ultramafic xenoliths from the areas of Megga, Memadd Dilo in southern
Ethiopia (i.e., northern Kenya Rift; TAA samples4). Sample descriptions
and a discussion of mineralogy and implicationsnajor and trace element
geochemistry of these samples are given in Cofhtieelal. (1999) and
Orlando et al. (2006). Equilibrium pressure of the®noliths have been
constrained to about 1.3-2.3 GPa, which corresptmdsdepth of origin of
38-50 km (group C pyroxenites: samples TAA-329B arhd\-345B) to 96
km (group B pyroxenites: samples TAA-332B and TA228) in the SCLM
(Orlando et al. 2006).

Pyroxenite xenoliths from Kenya (Ke samples) whietludes one xenolith
from Marsabit (in the northern Kenya Rift) and foiuom Chyulu Hills
(southern Kenya Rift), some of which are discussetthe study of Hopp et
al. (2007). Detailed discussion of the petrologyl ajeochemistry of the
Chyulu Hills and Marsabit xenoliths can be found Henjes-Kunst and
Alther (1992), Ulianov et al. (2006) and Garasi8q1), and in Henjes-Kunst
and Alther (1992) and Kaeser et al. (2006), Ka€2606), Kaeser et al.
(2007a), Kaeser et al. (2007b) and Kaser et D9, respectively. On the
basis of various thermobarometers, Ulianov et 2006) constrained the
formation pressure of sample Ke1910/11 from Chyills to between 1.3

and 2.0 GPa (36 to 60 km) which agrees with previestimates of ~1 to
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~2.6 GPa (30 to 75km) for peridotites and pyroxanifrom both Marsabit
and Chyulu Hills (Henjes-Kunst & Alther, 1992; Kae®t al., 2009).

(5) Two peridotite xenoliths from the Eledoi cinder epmearby Pello Hill
(TAZ samples), and five pyroxenite xenoliths frorasbaine (Las samples),
in northern Tanzania, in the southern Kenyan Rifgeneral description of
Eledoi and Lashaine peridotites can be found in $aewand Smith (1988),
Lee et al. (2000), Dawson (2002) and Rudnick ef(¥94). Dawson and
Smith (1973) describe the Lashaine pyroxenitesablgt and in agreement
with our observations, Dawson and Smith (1973) meflee occurrence of
amphibole in Lashaine pyroxenites but mineral modgs generally
dominated by CPX (between 60 and 82%). Howevererairassemblages in
the Lashaine pyroxenite are notably poor inQ3) precluding estimates of

formation pressures (Dawson & Smith, 1973).

IV.4 Analytical techniques
IV.4.1 Helium and argon analysis by in-vacuo craghi

Olivine (OL) and/or pyroxene (PX) crystals from tBARS peridotite and pyroxenite
xenoliths were crushed under ultra-high-vacuum (YHY determine®He/He ratio and He
abundance characteristics using standard procedigssribed in Hilton et al. (2011)he
selection of material for combined neon and argoalysis, and combined carbon and nitrogen
analysis, was guided by those samples having velgthigh He abundances (see section 4.3).
Neon and argon isotope and abundance characterstiained by crushing under UHV of
xenoliths analyzed for helium used techniques sind those described in Furi et al. (2010) and

Hahm et al. (2012). Argon isotope ratid§A¢/*°Ar), argon abundance®pr) along with air-
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corrected radiogenic argoffAr* - see section 4.1) and derivéde/°Ar* ratios are reported in
Table s1, while the full helium dataset of EARS olghs along with Ne isotopes is reported

elsewhere (Halldérsson et al. 2014).

IV.4.2 Oxygen isotope analysis by laser fluorinatio

Oxygen isotope analyses were carried out utilianGQ-laser fluorination system that
generates © from silicate minerals (Bao and Thiemens, 2000)indvhl separates were
handpicked using a stereo microscope. This proeedeiped ensure that any minerals affected
by secondary alteration, such as the presencecohdary carbonate minerals which might affect
8'%0 values, were avoided. An example of an altereftiea mineral separate is given in Figure
S1 (supplementary material). All samples were thghty washed with acetone and dried at
110°C for 40 to 50 hours. The dried samples areh&d to powder in a porcelain mortar-pestle
and transferred into the sample holder of the fhation chamber which held seven samples and
two standards (NBS-28). The fluorination chambaswvaluated to UHV and heated for at least
12 hours before fluorination.

The fluorination chamber and samples were pre-fhabed (without lasering) twice with
BrFs to remove any adsorbed moisture from the chambdésand grain surfaces. Release of any
water vapor during the pre-fluorination steps wasefully monitored using a capacitance
manometer until water vapor within the sample chammdould not be detected. The amount of
oxygen in the second pre-fluorination step, wasagbw 0.5 micromoles.

Fluorination of samples and standards (each kEtshmples was bracketed by the NBS-
28 standard) was performed with 30 mbar of BvRich was transferred from a Brflled Kel-f
tube to a liquid nitrogen (LY filled U-trap and pumped to UHV for 5 minutesremove any
non-condensable gases. The cleansBiguot was then expanded to the pre-cleaned sampl

chamber and samples were lasered for 2 minuteg astQ-laser. The condensable fluorination
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products were collected in the U-trap for 10 misuted the evolved oxygen was collected via a
second LN U-trap filled with molecular sieve (5A). The amduof collected oxygen was
monitored in a calibrated volume using a capacéananometer and trapped in a molecular sieve
filled sample tube for transfer to a dual-inlet thabllector IRMS (Thermo-Finnigan MAT 253)
for oxygen isotope ratio measurement. The stantiis®-28 analyses showed a precision of

0.1%o0 in3'%0 from 10 individual analyses.

IV.4.3 Combined carbon and nitrogen analysis byactio crushing

A new protocol was developed for the simultaneodsaetion and collection of C{and
N, for abundance and isotope analyses during theseafrthis study. Following the same hand
picking and cleaning protocols described abovetise8.1), between 1 and 3 g of fresh mineral
chips were loaded into screw-type crushers (coostdufrom modified Nupro vacuum valves;
see details in Stuart et al., 1994; Furi et al,@MHahm et al., 2012), evacuated to UHV and kept
at ~100°C overnight. In order to maximize gas \8eldases were released from samples by
single-step crushinm vacuousing an external hydraulic press capable of § pyassure. During
crushing, liberated gases were exposed tg ¢ddled Pyrex®-glass fingers to both capture the
CO, and minimize absorption of G@n to any new mineral surfaces created duringthgehing
stage.

Following trapping of the condensable gas fracttbe,non-condensable gases, including
N-species, were then inlet into a dedicated metgdgration line described previously in Barry et
al. (2012). Briefly, the line acts to purify theleased gas by promoting the oxidation of
carbonaceous (CO,,8,) and nitrogenous (NO) species to £ahd NQ with exposing gases to
pure Q, produced by heating a copper oxide (CuO) finge8530°C in presence of a platinum foil

catalyst (at 1000°). After purification, nitrogebumdances and isotope ratios were determined
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using a modified VG5400 noble gas mass spectrometaploying static triple collection on
masses 28, 29 and 30. A description of the preaparatrotocol for N-isotope measurement as
well as the modified VG5400 instrument is given@naig et al. (1993) and Barry et al. (2012).
The advantage of the multi-collector approach &sititreased sensitivity and reproducibility of
internal and external standards, and the corredtionCO interference. An internal pure, N
standard, calibrated relative to Scripps-pier aigs repeatedly measured on a daily basis
throughout the analyses of this sample suite. bitad, repeated measurements (n=5) of the
Scripps-pier air standard during various runsofglhg the same analytical protocol as samples,
allowed evaluation of uncertainties associated witbth sample preparation and mass
spectrometer measurement. We take the averagedtagibdity of our in-house air standasdN
value of + 0.47%. (&) as the best estimate of the external reproditgilof the nitrogen system.

Due to anticipated low intrinsic Nconcentrations in mantle-derived samples, precise
characterization of system and sample blanks iengisé for high precision N-isotope
measurements. Proceduraj blanks were run prior to each individual sampledascribed in
Barry et al. (2012) and averaged 3.5 + 0.6 (31 PSTP. With the exception of two peridotite
xenoliths from Eledoi, which are characterized bgremely low nitrogen contents, blank
contributions were < 20% of sample yields in m@ses (see Table 2 for details).

We also tested the crushing efficiency of releadiagn a single crushing step. Two out
of four duplicates show excellent agreement inrtivgrinsic N, concentrations: sample TAA-
332C gave intrinsic Ncontents of 33.9 and. 33.4 (X16nPSTP/g) for sample loads of 1.731 and
2.715 grams, respectively. In this case, the resatticate that the majority of the, i released
from fluid inclusions in a single crushing step.wWé&wver, relatively poor reproducibility between
duplicate runs of sample TF-140 (3.2 vs. 9.3 %t67STP/g) and sample G-116 (5.5 vs. 16.6
x10° cn?STP/g) might also suggest that Noncentrations may reflect the relative contents

(density) of fluid inclusions in individual samplésee section 5.1.1).



80

IV.4.4 Carbon relative abundance and isotope anslys

The condensable gas fraction released during thextdaction (mostly C¢) was isolated
and transferred to a dedicated Pyrex®-glass vaclinenfor purification prior to manometric
measurement in a calibrated volume to obtain tataindances (Macpherson et al., 1999).
Procedural C@blanks were run prior to each individual sampld ameraged 9.3 + 11.7 (x%p
cm®STP. Blank contributions were significantly lesgrih1% of sample yields in most cases
(except for samples G-114 (1.4%), G-116 (2.8%) had-3d (3.1%)). Following abundance
measurement, the GQvas transferred to a Thermo-Finnigan DeltaPlus¥dope ratio mass
spectrometer in Pyrex®-glass breakseal$He analysis.

A concern with crushing crystals for G@bundances, and the use of these data to
calculate C@3He ratios (as well as other ratios involving £,0s the possibility of inefficient
release whereby some volatiles remain within fimiclusions and/or are lost by adsorption onto
fresh mineral surface created during the crushimgaddress these concerns, we performed a
number of duplicate runs and experimented withep-stise crushing approach. In the first series
of experiments, different amounts of sample weealéal in the crushers to test sample crushing
efficiency. Irrespective of the amount of sampladed, three duplicate analyses (G-115, TAA-
329B and Las-3f) agree to within 20%. For examgplashing 2.656 g of sample TAA-332C gave
111 (x10%) cnTSTP/g, compared to 92 (xfpcn?STP/g when 1.114 grams of sample was
processed. Somewhat more Gas released in the case of sample Las-3f, withlyiof 140 and
165 (x10% cn?STP/g from 2.776 grams and 1.003 grams, respegtikewever, this difference
has insignificant (<1%) changes to the derivedsainvolving CQ (e.g., CQ°*He). Second, we
adopted step-wise crushing, whereby samples weeatedly crushed without breaking vacuum

to test for inefficient release of G@llowing the first crushing stepVe selected samples CHO7-
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01 and CHO7-07, a gas-rich peridotite xenolith dasifrom the Chisny crater on Reunion Island
(Furi et al. 2010), and subjected it to a seriestepwise crushing experiments (Table S3 of the
supplementary material). No GOwas released during the extended step-wise crmyshin
experiments providing further evidence for compl&®, release (and capture in the glass

breakseal) during the single step crushing protadopted in this study.

IV.5 Results

Helium and argon along with neon isotope ratios r@ative abundance systematic on all
samples have been reported elsewhere (Halldérg¢san 2014). For completeness, however, we
report the helium and argon isotopes and relativmdance systematics (without neon) in Table
S1 along with new oxygen isotope values. Carbon ratrdgen abundance and isotope ratios,
including derived elemental ratio GI8,, COy/*He, CQ/*Ar* and N,/°He are reported in Table

S2.
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Figure IV.2: Plot of (a) theHe/He ratio of each sample (reported in the Ri@tation where R

= sample®He/He corrected for a minor air-derived component &d= air *He/He), (b)
*He/*°Ar* ratios (where*°Ar* is the radiogenic Ar corrected for any air) sas He concentration.
The He isotope composition of Depleted MORB mantl@MM) and Sub-Continental
Lithospheric Mantle (SCLM) is given in Graham (29G#hd Gautheron and Moreira (2002),
respectively. Double hatched area in MORB bar figmihat 85% of all reported He abundances
in MORB vesicles are21000 ncm3/g, whereas 90% of MORB have [H€50 ncmiSTP/g
(Macpherson et al., 1998). The production ratio*t#€agiogenid Al radiogenic in the mantle lies
between 1.4 and 4.8, the former being the timegnated ratio for 4.5 Ga, and the latter
representing present-day instantaneous produd®proxenites are denoted with closed symbols
whereas peridotites with open symbols.
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IV.5.1 Helium and argon abundances and isotopes

In Figure 2, we plot (a) He-isotopes and (b) calculatelé/°Ar* ratios (see footnote to
Table 1 for details of the corrections) versus decentrations ([He]) corrected for the presence
of atmospheric helium (see Halldérsson et al., 2fat4details). Helium concentrations range
from 18 to 1272 x1®cnSTP/g but with only five xenoliths showing concatitsns <100 x18
cn’STP/g Fig. 24). The remaining xenoliths have He values >100*%&@rSTP/g, which are
significantly higher than typical [He] in phenoctydrom lava flows (e.g., Marty et al., 1993:
Marty et al., 1996; Scarsi and Craig, 1996; Cldass.e2005; Pik et al., 2006; Hilton et al., 2011)
and xenoliths (Aulbach et al., 2011; Beccaluval.e?811; Hopp et al., 2007; Hilton et al., 2011)
previously obtained from the EARS using crushingastion methods. The range obtained here
is similar to, or considerably lower than, [He]time vast majority (85%) of Mid-Ocean Ridge
basalts (MORB) glass samples from the major oceasinb (typically between foto 10*
cm35TP/g; Macpherson et al., 1998; Graham, 2002).

The xenoliths display a wide range in He-isotopesf5.9 to 13.9R (where R = air
*He/He - Fig. 2a). We emphasize three points: First, the highestsmed values come fronf' 5
Brothers Island (Red Sea) (104Rand northern Ethiopia (Tat'Ali and Erta Ale) (3213.9R,)
with values that greatly exceed the canonical raxige+ 1R, diagnostic of the Depleted MORB
Mantle (DMM) (Graham, 2002). Second, samples fravatisern Ethiopia (i.e., the northern
Kenya Rift) as well as one sample from the islaoffldjibouti fall within this canonical DMM
range. Finally, the majority of samples from theiteern Kenya Rift (Chyulu Hills, Eledoi and
Lashaine), fall within or overlap with SCLM (6.1Qt9 R,; Gautheron and Moreira, 2002). Thus,
despite an almost two orders of magnitude variaitioftie], *He/He ratios fall within relatively
narrow groupings diagnostic of plume-like, DMM-likkend SCLM He affinities, in a general

north-to-south direction.
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Figure IV.3: (a) [He] and (b)*™Ar/*°Ar ratios in mantle xenoliths from EARS verstiar*.
Pyroxenites are denoted with closed symbols whgreadotites with open symbols.

In Figure 3, we plot(a) air-corrected He content ([H8]and(b) “°Ar/*°Ar ratios versus
the radiogeni¢®Ar content (i.e., corrected for the presence ofasipheric argon - see Table 1
footnotes for details). The radiogenic Ar concetitres [°Ar*] vary from 11.8 to 2408 x1®
cm’STP/g with a generally positive correlation betweemgmatic helium and radiogenic argon

evident inFig 3a This is consistent with volatiles being releafedh similar storage sites within
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the mafic crystals, presumably fluid inclusionse(sction 5.1.1). Significantly, all xenoliths,
except C-244, hav&Ar/*°Ar ratios higher than air (298.6 — Lee et al. 2086yl reach values as
high as 2976Kig. 3b). No bulk crushing data are available on other BEA®nNoliths but we note
that our samples have significantly high®kr/*°Ar ratios than those obtained on phenocrysts
from lavas in the Afar area, whel¥r/*°Ar ratios range between air-like to 383.6 (Martyakt
1993).

All xenoliths, except C-244, havtHe/°Ar* ratios lower than the current and time-
integrated mantle production ratios (= 1.4 and 4eB8pectively; Porcelli & Ballentine, 2002;
Hanyu et al., 2011) and range from 0.04 to 1R26.(2b). These values are in good agreement
with xenoliths from oceanic islands, e.g., Haw&gunion, Samoa and Kerguelen (Graham,
2002) as well as sub-continental xenoliths fromalibes world-wide (Barford et al. 1998,
Matsumoto et al. 1998, 2000, 200Emamoto et al. 2004, 2009, Hopp et al. 2004, 280ikin
et al. 2005Gautheron et al. 2005, Czuppon et al. 2009, J0A@ain, sample C-244 stands out
with air-like “°Ar/*°Ar ratio, precluding calculation of th#He/°Ar* ratio. The implications of

these low'He/"?Ar* ratios that characterize the EARS xenoliths diseussed in section 5.1.

IV.5.2 Oxygen isotopes

In Figure 4, we plot a histogram showing the distributionddtO values of the mafic
xenolith minerals which host the fluid inclusior®xygen isotoped®0) values of OL and PX
crystals span a wide range from +2.4 to +6.5%. (@SMOW). Significantly, OL5'®0 values
show a somewhat smaller range=2.5%o) and vary from +4.0 to +6.5%. compared to #%0
values which vary from +2.4 to +5.9%4%3.5%o). For the most part, this range in &FO is
significantly greater than the range obtained freomvide variety of mantle peridotites xenoliths

whered'®0p, range between +4.8 to +5.5%. and average +5.188%9.(%). For comparison,
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coexisting CPX in mantle peridotites range betweér8 to +5.9%. (mean value = +5.57 +
0.32%0), and coexisting orthopyroxenes (OPX) rangevben +5.4 to +6.1 (mean value = +5.69
+ 0.28%0) (Mattey et al. 1994). Thus, only six saepl3 pyroxenites (including one olivine
crystal from sample G-122) and 2 peridotites) aemvith the entiré'®0p, 5%0px andd*®0opyx

range expected for mantle peridotites (+4.8 to %€.lvhereas two peridotite samples display
8'°0 values > than this range. Notably, one pyroxeinim the Turkana Depression in southern
Ethiopia (TAA-332B) ha$'®Opx value of +2.4%., well below the canonical mantleigetites

range.

OL CPX

6 . .

(n=26) Peridotite averages
8'°0p, = +5.18 + 0.28%o
8'%0p, = +5.57 £ 0.32%o

S91NOPLI9d I[IUEA
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Figure 1V.4: Histogram of oxygen isotopes. We indicate the meslnes for3'°0q, (+5.18 +
0.28%o (2)) and their coexisting CPX (+5.57 + 0.32%o) in nlanperidotite xenoliths as solid
(mean) and dashed (error) vertical lines (Mattegl €t1994). Pyroxenites are denoted with closed
areas whereas peridotites with open hatched afae that one olivine crystal from an
Ethiopian pyroxenite (G-122) is indicated as anropgea. Blue=Red Sea; Red=Ethiopia;
Green=Kenya,; Yellow=Tanzania.
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With respect to comparative studies, detailed oryigetope studies on xenoliths from
the EARS are rare but we point out that in contraghe large range of values reported for our
xenoliths, peridotite xenoliths from Plio-Quatemparolcanic fields from the south coast of
Yemen (Bir Ali and Ataq) showed a very limited ranig oxygen isotope ratios wit?0Oo, and
8"%0¢pyx that fall within ranges defined by mantle peritiestixenoliths (Chazot et al., 1997). Our
oxygen isotope results also differ from %8O values of OL and CPX mineral in basalts and
rhyolitic rocks from the Ethiopian-Yemeni large epus province that erupted 29-31 Ma in
Yemen which displays*®0 values that either overlap with mantle peridstit@lues or show
values significantly higher (up to +6.9%o), consmtevith significant contributions from the Pan-
African crust (Baker et al. 2000).

Finally, and most significantly, we point out siemities of our data witt*®0 values
found in eclogite xenoliths of kimberlites foundsmveral localities irsouthern Africa(Roberts
Victor, Kao, Deutsche Erde, Bellsbank) as well hgseé found in metasomatized peridotite
xenoliths, also fronmsouthern Africa. These xenoliths all disp&yO values significantly lower
and higher than values expected for pristine mapeledotites(Garlick et al. 1971; MacGregor
and Manton, 1986; Shervais et al. 1988; Ongleyletl@87; Neal et al. 1990)The EARS
xenoliths thus show striking similarities wit?0 values found irsouthernAfrican eclogites
whose origin is commonly linked to disrupted fragnse of ancient subducted oceanic

crust/lithospherége.g., Jacob, 2004; Smart et al. 2012; Smith ep@all4).

IV.5.3 Carbon and nitrogen abundances and isotopes

We plot [CQ] and [N] for the EARS xenoliths versus®pAr*] in Figure 5. For
comparison, we plot data from MORB that were albtamed byin vacuocrushing (Marty and
Zimmerman, 1999), allowing for direct comparisonthwbur xenolith data. Carbon dioxide

concentrations vary from 0.79 to 153 (¥16n?STP/g) and, with the exception of ultramafic
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peridotites from N-Tanzania (where €@as below detection limit in 2 cases), correlatlw

with the radiogenic argon content Fig. 5a).
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Figure 1V.5: Concentrations of CQ(upper plot) and N(lower plot) versué’Ar* where “°Ar* is

the radiogenic Ar concentration calculated assurttiag all*°Ar is air-derived (see Halldérsson
et al.,, 2014 for details). Data sources: Xenolithss work; MORB glasses (Marty and
Zimmerman, 1999). Pyroxenites are denoted withetlagymbols whereas peridotites with open
symbols.
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For the most part, both the [GlGand the {°Ar*] of the EARS xenoliths, resemble those
obtained on MORB glasses. However, two distinctedations trends are apparentFigure 5a
(i) a trend that strongly overlaps the MORB rangd €i) a trend that characterizes almost all the
pyroxenites (filled symbols) with significantly igr [CQ] for a given {°Ar*] relative to MORB
range. We point out that 3 of the 4 OL crystalsefpgymbols) that yielded measureable ICO
belong to trend (i) — potentially a reflection bttgreater retentivity of CQOn fluid inclusions in
PX relative to OL, as has been demonstrated expatatly (Yamamoto et al. 2011). However,
we note that the majority of MORB glasses fall mnt (i), implying that the higher [G] for a
given ['°Ar*] relative to MORB, are indeed a characterigéature of most pyroxenites.

Nitrogen concentrations (f) vary from 0.67 to 36.8 (x1%) cn?STP/g, with only six
xenoliths showing values > 20 (x90cn?STP/g Fig. 5b). These values are, on average,
somewhat lower than in MORB glasses wherg] [Nach values as high as ~100 (R)10
cm’STP/g. The relationship betweeffAr*] and [N,] is less straightforward compared to the
[CO;] and [°Ar*] systematics, but we generally observe ddntents > 10 ci8TP/g x1d when
[*°Ar*] are > 100 x10 cnPSTP/g Fig. 5b upper right quadrant). This is comparable to,@6d
He and is consistent with a general coupling ofG4-Ar trapped in similar storage sites (i.e.,
fluid inclusions) in mafic crystals. Thus, volatit®ncentrations may reflect the relative contents
(i.e., density) of fluid inclusions in each sampiensistent with observations on several xenolith
suites elsewhere (e.g., Dunai & Baur, 1995; Dun&dicelli, 2002 — see also section 5.1.1.).

In Figure 6a, we plot carbon isotope valuedC-CO,-VPDB) versus [CG. Notably,
three duplicates runs agree to within 0.2%., welhimi our conservative estimate for external
reproducibility (<0.5%o). Thé"*C values span a limited range from -3.3 to +0.8% wnly two
xenoliths showing values lower than -2.0%.. Suchhté§’C values are at the upper-end of

available mantle xenolith$°C data that display a predominant peak at -6%o tsat another at -
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25%o (summarized in Deines, 2002).
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Figure IV.6: Isotope-concentration plots: (&}°C (CQ,) values of all samples (including
duplicates) plotted vs. [CO2]. (18}°N (N,) values of all samples (including duplicates) teldt
vs. [N;]. Solid black line indicates the isotope compaositiof Air. Data sources: Table 2.
Pyroxenites are denoted with closed symbols whgreadotites with open symbols.
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Also, numerous studies on MORB and diamonds havestupper-mantle carbod'fC)
of the DMM reservoir to fall within the range -5 #¥%o (e.g., Marty and Zimmerman, 1999;
Cartigny, 2005), in good agreement with the hightd€ peak observed in mantle xenoliths. This
point reinforces the notion that our data have iigmtly higher §°C values than DMM.
Additionally, our values are also significantly magoositive than estimates of the lower mantle,
as sampled at hotspot localities that display Rigg’He ratios, such as Loihi Seamount (Exley
et al. 1986), the Manus Basin (Shaw et al. 2004) laeland (Barry et al. 2014) whe#&’C
values are only as high as ~ -4%.. Significanthg ajority of our xenoliths samples plot close
to, or overlap with, values reported for marinebomates of variable age (e.g., Veizer and
Mackenzie, 2004) and/or carbonate mineral/veinsnéal during low-temperature sea-floor
alteration (e.g., Alt & Teagle, 1999) which had/&C values close to 0 + 3 %.. (e.g., Staudigel et
al., 1989; Alt & Teagle, 2003; Coggon et al., 2006)

We note that comparativie-vacuo crushing studies on SCLM xenoliths are scarce so
direct comparison with available data is not pdss#ince most data collected thus far have been
obtained via step-vise heating experiments. Howewer see no evidence for the presence of
mantle carbon significantly depleted #C which is commonly observed during such step-vise
heating experiments in diamonds, graphite, andidside in mantle minerals (Deines, 2002). The
only in-vacuocrushing study reporting*>C values to date is the recent studyDefmény et al.
(2010). The carbon isotope compositions of inclugiosted C@in that study ranged from —17.8
to —4.8%o, i.e., from mantle-like values to valuégniicantly depleted in°C. It is also worth
pointing out that our results show striking simities with quenched carbonate-silicate inclusions
in Canadian peridotitic clinopyroxene macrocrysiSq ~ -2.1%o), previously interpreted as
consisted with a subducted carbon signature (vdrtelloergh et al. 2002).

In Figure 6b, we plot nitrogen isotope value$™N-N,-AIR) against [N]. Four

duplicates runs are in good agreement with the miae of samples G-115 and TAA-332C
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which deviate outside theskerror. For these samples, we only discuss (art) {ftN values that
show the largest deviation from air (0%.), assumihgt they better represent primasi’N
values. In contrast t8*3C, §*°N values of our samples show a wide range froml-#1+5.89%,
with the most positive value observed in a PX saigafrom southern Ethiopia. However, this
sample had very low [} (3.87 x10° cn?STP/g) and thus a relatively high blank contribatio
(23%). The implication of this highly positive valus questionable, and we choose to omit it
from further interpretation as blank correctionsexading 20% have been shown to be unreliable
(Barry et al., 2012). The remaining}°N values (-4.11 to +3.39%.) are, for the most part,
significantly higher than estimates of the DMM meeér, as sampled at mid-ocean ridges ~ -5 +

2%o (e.g., Marty and Dauphas, 2003).
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Figure IV.7: Argon isotopes*fAr/*°Ar) versus nitrogen isotopes together with Air (dand)
Data sources: xenoliths — Table 1 and 2; MORB glmssMarty and Zimmerman, 1999. Note
that only MORB glasses that fall within the canahigpper-mantle value 8 + JRre plotted.
Pyroxenites are denoted with closed symbols whgreadotites with open symbols.

In Figure 7, we plot “°Ar/*°Ar ratios versuss™N values of the EARS xenoliths, and

include MORB glasses that have He isotopic rati@grmbstic of the upper-mantle (DMM)
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reservoir (8 £ 1R) (Marty and Humbert, 1997; Marty and Zimmerman@99). We note that
despite the fact that 06t°N values are significantly higher than estimatethefDMM reservoir
(-5%0), coupled®Ar/*°Ar - §'°N systematics strongly resembles those observeM@RB.
Significantly, we note that the highe®r/*°Ar ratios also display some of the lowestN
values. We also point out the trend towadd¥® values > air in samples with relatively low
“OAr/°Ar ratios (< 1000), an observation frequently idfged in many OIB and attributed to
admixture with a recycled crustal nitrogen compan@®marty and Dauphas, 2003) (see section
5.3.1).

Finally, with regards to comparati¥°N studies on SCLM xenoliths, the rangesoiN
values we obtained on EARS xenoliths (-4.11 to 9303 is in generally good agreement with
the range of values obtained on southeast Austraéaoliths §°N = —6.0 to +2.0%.: Matsumoto
et al., 2002). Additionally, Fischer et al. (20@Htained a single value of -1.6%. + 2.5 for a San
Carlos xenalith that falls within the range we abtiar EARS xenoliths. However, our data show
significantly less variability when compared to dbtope xenolith data obtained by step-wise
heating which show a large range from -17.3 to +3(Q8Mehapatra & Murty, 2000, 2002,
Yokochi et al. 2009). As noted by Yokochi et al0@®2), some of these values could have been
biased due to (i) contamination by surface N (Maf@995), (ii) kinetic effects during gas
extraction (Boyd et al., 1993; Pinti et al., 200a%) (iii) analytical problems due to the use of N-

reactive metals (Yokochi and Marty, 2006).

IV.5.4 Elemental ratios involving G@nd N

In Figure 8, we plot(a) CO/°He ratios, andb) N,/°He ratios versus CIN, ratios
together with MORB data (from Marty and Zimmermdm®99). In order to demonstrate that

EARS xenoliths preserve calculated ratios that raoe affected by shallow-level degassing
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processes, the MORB data have been corrected gasdimg fractionation (using thétde/°Ar*

ratios and equations from Marty, 1995 - see alstse5.1.1.).
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Figure IV.8: Plot of (a) C&°He ratios and (b) M*He ratios of each sample versus theirB
ratios. Also plotted are Mid-Ocean Ridge basaltsremted for fractional degassing using
*He/*°Ar* ratios (from Marty, 1995). Note the close asdstion between EARS xenoliths and
Mid-Ocean Ridge basalts corrected for fractionajadsing, which is consistent with the notion
that the xenoliths were not affected by fractiodagjassing processes. Pyroxenites are denoted
with closed symbols whereas peridotites with openbmls.
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The xenolith C@N,, CO/°*He, and the M*He ratios vary by many orders of magnitude,
from 0.42 to ~3800, 0.020 to 7.0 (X¥),0and 0.48 to 96 (xf respectively, and generally show
good overlap with the corrected oceanic glassesistamt with the notion that xenoliths derived
ratios, have not been extensively modified via Isialevel degassing. Notably, two peridotite
samples from the Red Sea deviate from the gereral and have somewhat lower £8e and
N,/*He ratios for a given C4N, ratio. Also, two peridotites and one pyroxenitedn the general
trend, but extend to lower GM, and CQ/’He ratios and higher MHe ratios compared to
oceanic glasses and EARS xenoliths.

Comparative studies reporting combined C-N-He eigalesystematics on SCLM and
OIB xenoliths are still rare and dominated by tilse of stepped-wise heating and/or bulk fusion
methods to extract helium and carbon (e.g., Madtegl., 1989; Porcelli et al., 1992; Trull et al.,
1993; Dunai, 1993). The GBHe ratios reported in these studies ranged fron{>1€) to ratios
significantly higher than values reported here £ 1This is also the case in two studies on
xenoliths from Reunion and Samoa (Burnard et &941 1998) that utilized laser extraction
techniques to extract volatiles at the level ofrale inclusion. Significantly, the CffHe ratios
of these studies extend from DMM-like values (~®%1o ratios as high as ~7 xt0however,
the case was made that such high ratios were l&iédgted by surficial contamination. We note
that Farley (1995) reported two @&e ratios (2.4 and 3.6 x})0obtained for Samoan xenoliths
via bulk crushing — i.e., values close to the mBatM value (~2 x18: Marty & Zimmerman,

1999).

IV.6 Discussion

IV.6.1 Integrity of data
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In this section, we evaluate the integrity of owatadet by considering a number of
fundamental mechanisms capable of modifying prinmagntle volatile elemental and isotope
characteristics. Such mechanisms include elemeatal isotopic fractionations following
degassing before crystal capturing, post-entrapmwetatiles loss, and contamination with
volatiles from the carrier melt and/or continentalist. By applying this approach, we aim to
distinguish between (and identify) volatile chaeaistics purely of mantle origin from others
which reflect secondary and presumably higher-levedhallower processes. Only by identifying
the characteristics of EARS mantle-derived volatilis it possible to discuss implications and

consequences for potential mantle sources contndptd EARS magmatism.

IV.6.1.1 Fluid inclusions as host of mantle voksil

Noble gases (as well ag)Nstrongly partition into C@rich fluids that almost invariably
occupy fluid inclusions found in mantle mineralsu¢iai & Porcelli, 2002). As a consequence,
volatile components found in xenoliths are preféedly located within such fluid inclusions. The
abundance (or density) of fluid inclusions in vaganantle minerals has been shown to correlate
with [He] and [Ar] (Dunai, 1993; Farley et al. 1993unai and Baur, 1995; Burnard et al. 1998),
which suggest that concentrations of volatile eletsieeleased via vacuocrushing are simply a
reflection of inclusion density. The possibilitysalexists that volatile components can be trapped
along grain boundaries at depth. However, Dunai Roitelli (2002) argued that any volatiles
residing along grain boundaries will likely be lodtring melting, transport and sample
preparation, making it almost impossible to quantife volatile contents of this component. In
this section, we are concerned with two questibns well do fluid inclusions preserve volatile

characteristics and to what extent do the volatd@sesent primary mantle volatiles?

IV.6.1.2 Magmatic degassing and entrapment of aiiveéed components
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Two fundamental volatile parameteféje/°Ar* ratios and§'°C values, have proven
successful in identifying and constraining magmeggassing processes (e.g., Shaw et al., 2004,
Macpherson et al., 201(helium is ~10 times more soluble than Ar (ang M silicates melts
(Jambon et al., 1986; Lux, 1987) aftte/*°Ar* ratios that do not match time-integrated mantle
production ratios (between 1.4 and 4.8) must tloeeeihdicate that some fractionation of volatile
elements has occurred so that measured elemetitzd reo longer represent primary mantle
source values. It is commonly observed that MORBsggs displa§He/°Ar* ratios > the time-
integrated mantle production ratios (e.g., Matsadd Marty, 1995; Sarda and Moreira, 2002),
consistent with the notion that glass vesicles haagtured magmatic gases which are residual
gases following silicate melt degassing. In thispeet, magmatic degassing is inconsistent with
our data as all xenoliths of this study hdkke/ Ar* ratios < time-integrated mantle production
ratios Fig. 2b). Possible ways of generatirfgle/°Ar* ratios < mantle production ratio are
discussed in sections 5.1.3 and 5.1.4.

Observations on natural systems in conjunction eiberimental constraints indicate
that significant enrichment dfC occurs in exsolved G&ompared to residual carbon left in a
melt phase (e.g., Javoy et al, 1978). As a consegalegassing of GQin either an open or
closed system mode or as a combination of bothegs®ss, would thus always result in significant
3C depletion in the residual carbon in the melt ph&gnificantly, all EARS xenoliths hadé’C
values > the postulated mantle end-members (~ -5%dfiDMM-like, Marty and Zimmerman,
1999; Cartigny, 2005)Hig. 6a), which is inconsistent with the notion that EAR&noliths have
captured residual magmatic gases. Finally, we tamidentify and remove samples potentially
affected by entrapment of air-derived componentagu&Ar/*°Ar ratios found in conjunction

with air-like 5°N values. Of the entire set of EARS xenoliths, amgles fall under this criterion.

IV.6.1.3 Post-entrapment volatile loss
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Due to its small size and high diffusivity, prefetial He loss from fluid inclusions
following entrapment in minerals is a possibility explaining low*He/°Ar* ratios in EARS
xenoliths. Such low ratios have been attributedittusive loss of He, relative to Ar, to nearby
melt channels that likely exist under magmatic émaks. For example, this process could occur
during re-equilibration of xenoliths with mantlerded melts, either in the source region, or
during transport of the xenoliths to the surfacg.(é¢ramamoto et al. 2009).

Diffusing loss of He relative to Ar can be readifentified on a plot ofHe/°Ar* versus
[He] (i.e.,Fig. 2b) where preferential diffusive loss of He, wouldukt in a positive correlation.
In this case, a likely starting composition, is esjed to fall within the present and time-
integrated mantle productidile/°Ar* ratios (1.4 to 4.8) and have high [He] (i.e,the upper-
right corner ofFig. 2b). No clear correlations are observed from suctadiisg composition that
can satisfactory explain the xenoliths data - irsistent the notion that lodHe/°Ar* ratios are
due to preferential diffusing loss of He relatioeitr.

To substantiate this conclusion, we plot the remipt of [°Ar*] versus “He/°Ar*
(Figure 9). Mixing between any two components will plot asaght lines on this type of plot,
thus allowing us to test the possibility that aqass other than post-entrapment loss of helium
can explain low'He/°Ar*. Significantly, we note that there is a goodsjtive correlation
between 11°Ar*] and “He/°Ar* ratios that cannot result from He loss mechamsisince He loss
should always plot along horizontal lines (indichtwith arrow on the plot). Rather, mixing
between two fluids, one with lofHe/°Ar* ratios and the other with higtHe/°Ar* ratios, is a
more probable explanation (as indicated with dadimegk). In this case, samples with high
*He/°Ar* ratios lie close to 1/fAr*] found in single vesicles in the 21ID43poppingck
(Burnard et al., 1997) and the time integrated/°Ar* ratio of the upper-mantle (1.4 and 4.8).

Notably, such YAr*] are somewhat lower than the predict&®&r content due to radiogenic
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production in the upper-mantle (Porcelli & Wasseghud995) and significantly lower than bulk

crushing {°Ar*] of the 211D43popping rock (Sarda & Graham, 199
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Figure IV.9: The reciprocal offAr*] versus *Hef°Ar. Mixing lines between a loiHe/°Ar*
component and a higie/°Ar* component is indicated with dashed lines. Heliloss indicated
with arrow. We also indicate tHele/Ar*-[ “°Ar*] relationships found in single vesicles in the
21ID43popping rock (Burnard et al., 1997) and tineetintegratedHe/°Ar* ratio of the upper-
mantle (1.4 and 4.8), in addition to the predicf¥#d radiogenic production of the upper-mantle
(Porcelli & Wasserburg, 1995) and bulk crushiflAf*] of the 21ID43popping rock (Sarda &
Graham, 1990). Pyroxenites are denoted with clagedbols whereas peridotites with open
symbols.

IV.6.1.4 Primary elemental fractionations and exsdl volatiles

To asses first order controls on primary elemefntaitionations that characterize melts
which likely introduced the volatile elements te tBARS, we note th&tigure 9 implies that one
of the two mantle fluids identified must have |&de/°Ar* ratios (~ 0.04). There are at least two

processes capable of producing such leer/°Ar* ratios:
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helium may be depleted relative to argon due toenommpatible behavior during low-
degree partial melting. However, such a possibilgygenerally inconsistent with
available partition coefficients @ of He and Ar between CPX-melt (Brooker et al.,
2003: Heber et al., 2007; Jackson et al.,, 2013)hotigh there remain considerable
uncertainties regarding relative partition coeéitis of He and Ar between OL-melt
(Parman et al., 2005: Heber et al., 2007; Jackdoal.e 2013), they are generally
consistent with a more incompatible behavior ofddeing partial melting. Furthermore,
is has also been proposed that Ar is highly corbmatn both OL and PX, wheregof

Ar can be as high as ~41(Watson et al., 2007; Thomas et al., 2008).

the partitioning of noble gases (and)NMetween mantle melts and &fich vapor is
controlled by noble gas melt solubilities. Helium~10 times more soluble than Ar in
silicates melts (Jamon et al., 1986; Lux, 1987) ‘“hel'°Ar* ratios < 1.4 must therefore
indicate that some fractionation of volatile eletsemccurred. In addition, these
xenoliths also have relatively constattie*/*°’Ar* ratios that are lower than the mantle
production ratio (~ 1 x 10 (Halldérsson et al., 2014) consistent with théiarothat the
He/Ar fractionation was accompanied by Ne/Ar fracttion. As discussed in section
5.1.2., lower than mantféle/°Ar* ratios (and®'Ne*/*°Ar*) are inconsistent with capture
of a residual volatile phase and must thereforeemssmt exsolved gases captured at
depth. Assuming an open-system equilibrium deggssicenario (i.e., a Rayleigh
process: ‘HelAr* gisoned “HelPAr* i x BE™ where a = Sy/Ske), an initial
“Hel®Ar*ratio of 1.4 (i.e., the present day mantle proion ratio) and solubility
coefficient (S) between vapor and melt of 5.6 %1B STP/g for He (Jambon et al.,
1986) and 5.9 xI0cnT STP/g for Ar (Cartigny et al., 2001), we can cédteithe % loss
of He from the melt to the exsolved phase needegterate such lofHe/°Ar* ratios.

Significantly, we calculate that loss of 34% of ihdial He to the exsolved phase will
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produce®He/°Ar* ratios of 0.04 in the exsolved phase and Ids§0%6 will give a ratio
= 0.57, in good agreement with the range’ldé/°Ar* ratios evident among EARS

xenoliths.

IV.6.1.5 Contamination with volatiles from the darrmelt and/or continental crust

During transport to the surface, mantle xenolithgynbe exposed to volatiles of the
carrier melt and, as the melt approaches the syrfamnoliths may also undergo interactions with
crustally-derived volatiles. This is particularliget case when a gas phase is present which, in
theory, could be incorporated along xenoliths csaaikd grain boundaries (Dunai and Porcelli,
2002). However the carrier melt in an unlikely tidéacontributor to fluid inclusions trapped in
EARS xenoliths for the following reason; (a) xetfwdi are transported extremely rapidly through
the lithosphere and crust (e.g., Spera, 1984)wailp for minimal interactions with surround
melt, (b) any externally-derived volatiles, fronetbarrier melt and/or the crust, residing in cracks
and along grain boundaries will likely be lost digritransport and possibly also during sample
preparation. Shallow level crustal contaminatioal& an unlikely process affecting the volatile
budget of the EARS xenoliths for the following reas; (a) formation pressures, as evident from
pyroxene thermobarometry (see section 2 above)ca@msistent with crystallization within the
East African lithosphere, making it highly unlikelphat crystals and their entrained fluid
inclusions were contaminated by shallow level austaterial during crystallization, (b) oxygen
isotopes values of crystals hosting the fluid isias are dominated by°O values that are
lower than typical mantle values (+5 to +6%o), cangrto what can be expected from interactions
with shallow crustal material of the Pan-Africamistr (> 6%o.: e.g., Baker et al. 2000).

Taken together, various lines of evidence, disaisesesections 5.1.1 through 5.1.5,

indicate that it is highly unlikely that volatildsave been affected by degassing loss and/or
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admixture with atmospheric and/or crustal compaomertirthermore, we argue that no significant
loss of volatiles occurred following entrapmentofatile components in fluid inclusions at depth
within the SCLM. Rather, we suggest that the eldaleand isotopic variations reflect primary
characteristics of various fluids that introducdx tvolatiles to the EARS. In the following

section, we resolve the volatiles into their vasi@ource component structures.

IV.6.2 Resolving volatile sources

IV.6.2.1 Evidence for recycled material in the stmuof EARS magmatism

There is widespread geological and geochemical eeziel for the involvement of
recycled crustal material in the source region 8RE magmatismThe presence of 2.0 Ga
eclogite-facies rocks in the Usagaran orogeny, fbenhs the older collisional event of the
Mozambique belt surrounding the Tanzanian cratoggssts that subducted oceanic lithosphere
was involved in the formation of the lithospherersund the craton (Mdller et al., 1995). The
younger collisional event, however, which marks ¢lesure of the Mozambigue Ocean and the
collision of East and West Gondwana, was the sisr@volcanism with multiple subduction and
accretion events during Pan-African times (~615-FW&0) (e.g., Mdller et al., 1998; Mdller et al.,
2000; Meert et al., 2003).

Additional geochemical evidence of recycled crystal matenathie source region of
EARS includes, but is not limited to: (a) highlysuove Li-isotope values (up to 11.8%o) in
pyroxenites from the Island of Zabargad in the Bed (Brooker et al. 2004); (b) involvement of
a HIMU-mantle component that has been observeaviaisl associated with both the Afar and the
Kenya plumes and has been attributed to recyclingnaient oceanic crust entrained in the
upwelling plumes (e.g., Schilling et al., 1992; fan et al., 2006)(c) high CI, Pb and LILE

contents of fluid inclusions in metasomatic flumssociated with amphibole-bearing peridotites
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xenoliths from Quaternary basalts in the Lake Traggon of Ethiopia that have been attributed to
contributions from recycled oceanic lithosphefeegzotti et al., 2020 (d) high*PbF°*Pb ratios
from Nyamuragira volcano in the Western Rift, whicidicates derivation from a mantle
component with a high time-integrated U/Pb ratiosgibly of Archean age (Chakrabarty et al.,
2009); (e) oxygen isotopic composition of eclogiEnoliths in kimberlites in southern Africa
(e.g., Garlick et al., 1971; MacGregor and Mantt®886; Ongley et al., 1987)aking advantage
of the geological and geochemicalidence above for the presence of recycled materitne
mantle source underlying the EARS, wwestigatein the following sectionghe nature of the
source material of trapped volatile componentssitedain if there is evidence in the volatile

record for recycled material

IV.6.2.2 Co-variation of stable isotopes and eletaleratios involving®He: Evidence for ancient

recycled volatiles
IV.6.2.2.15"C-CO,/*He systematics

In Figure 10, we plot CQ/°He ratios versus'*C values of the EARS xenoliths with the
superimposition of possible end-member composit@nBMM, marine carbonate (limestone),
and sedimentary organic carbon (S). End-membef’80 ands**C compositions are DMM (2 +
1 x10 + and -5 *+ 1%.: Marty and Zimmerman, 1999; Cartig@p05), marine carbonate
component (L = limestone: 1 + 5 x£@nd 0 + 2%), and a sediment (S) (1 £ 5 ¥i@and -30 +
10%0. Sano and Marty, 1995). Note that another potiytiaportant C reservoir is the altered
oceanic crust (AOC) that has bulk’C value of —4.7%o (Shilobreeva, 2011), indistingaisle
from the DMM value but with a poorly constrained £8e ratio, so we do not plot this end-
member orFigure 10. Also, we note that calcite veins in hydrothermalltered oceanic crust

haves'*C values (Staudigel et al., 1989), and potentialp CQ/°He ratios, that are identical to
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marine carbonates so we do not plot this comporesthe three major components - DMM,
limestone and sedimentary end-members have disen€O,/°He ratios ands**C values, the
CO, in any sample can be resolved into these compsraltwing the determination of GO

provenance in the SCLM underlying the EARS.
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Figure 1V.10: CO,/°*He ratios versus carbon isotopes with possiblereadiber compositions of
DMM, and organic (sedimentary) (S) and Limestong €Lderived carbon. Also shown is the
calculated composition of a recycled carbonate medguilibrium with primary silicate melt (see
text for details), the field for enstatite chondsit(E-Ch) and variable mantle end-member needed
to fit the data (boxes 1 and 2). Binary mixing é@pries between M-S and M-L are shown.
Pyroxenites are denoted with closed symbols whgreadotites with open symbols.

From Figure 10 it is apparent that th&>C-COy/°*He systematics of the xenoliths lie on
one or more binary mixing trajectories where the ©0,/°He end-members (box 1 = 1X1®0x
2 = 1x16) clearly fall below the mean DMM value of ~2X1Marty and Zimmerman, 1999)
whereas the high GfSHe end-member is identical to that of marine casbem The range of
possible low C@%He end-members encompasses low-end estimates of PA2MLC) and the

mean CQ@°He ratio of enstatite chondrite (~3*¥1@compiled in Marty and Zimmerman, 1999).
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Indeed, reporte@d™*C values of enstatite chondrite (between -8 and:-d%voy, 1995) provide
additional support for the role of such compostiaas a likely mantle end-member and we
indicate this end-member on the plot (E-Ch). Notathis low end-member for both G€He
and8™C is probably the best candidate for unmodified DMkt SCLM end-members, given
that the latter was formed by melt extraction fr@IM, and the fact that there is no current
consensus if these two reservoirs display diffef€ (ands'*N values) (e.g., Fischer et al.
2009). However, we also note that in order toviib fperidotite samples (open symbols) an end-
member with a C@°He ratio of 1x10is needed (labeled 1 and indicated with a box)arig
case, and most significantly, taking the £8e ratio of 1x18 (labeled box 2) as the best
estimate of unmodified DMM (and SCLM), our data aomsistent with enrichment of the East
African SCLM by CQ-rich mantle fluids from an enriched end-memberhw@O,/°He ratios
>>7x10 (minimum estimate — from sample TAA-329B) &ittC ~0%.. These are characteristics
of recycled C from subducted carbonate materiatablg, all samples that conform to such a
ternary mixing scenario are dominated (>70%) bycaate-derived C9 reaching a maximum

value of to 93% C&in the case of sample TAA-329B (see Table S4).

IV.6.2.2.29"°N-N,/*He systematics
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Figure IV.11: (a) Binary mixing model for nitrogen isotopes ver$l/*He ratios. Binary mixing
trajectories between DMM and sediments are shovarialfle mantle end-member (i.e., with
different Ny/°He ratios) needed to satisfactory fit the dataniidated with boxes 1, 2 and 3. (b)
Ternary mixing model for nitrogen isotopes versug’ie ratios. Binary mixing trajectories
between DMM and the two sediments components (pedssy and Archean) are shown.
Pyroxenites are denoted with closed symbols wheyeadotites with open symbols.

Further information on the characteristics of thest‘recycled’ end-member is available
from an analogous plot involving nitrogen.Aigure 11a we plot N/°He ratios versug™N
values of the EARS xenoliths and superimpose plessilm end-member compositions for DMM
(3.8 £ 1.2 x16, -5 + 2%0: Marty and Zimmerman, 1999; Marty and paas, 2003) and modern
organic sedimentary nitrogen (1 £5 *%G-7 + 3%o: Peters et al. 1978; Sano et al., 19980t
al., 2001). Thé™N-N,/°He systematics of the xenoliths likewise fall ondsiy mixing lines but
not towards the DMM end-member. Rather, an end-neemNj#°He ratio of 1x10is needed to fit
most of the Kenyan xenoliths (indicated with box®)ereas a somewhat lower value of ~1%10
gave a reasonable fit to the Ethiopian and Tanraxeaoliths (indicated with box 2). A single
Red Sea peridotite xenolith has a low’Ne and requires a low,NHe end-member (~2x3in
any mixing scenario (indicated with box 1). Agasach low ratios are similar to low-end
estimates for DMM (~1x 10 Marty and Zimmerman, 1999). Significantly, angapective of the

actual value of the low #fHe end-member, the data imply binary mixing wittoaponent that
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has high N°He ratios >1x1®(minimum estimate — from sample C-244) aitN values ~ +7%o.
Such a component is similar to recycled N from modibducted sedimentary material (e.g.,
Sano et al., 1998).

We note that both plotd-igure 10 & 11a) require different mantle end-members to
explain different samples, in sharp contrast torédoycled sedimentary component that appears to
have relatively fixed C@°He and N/°He ratios. This is particularly evident for nitragas most
Kenyan samples, in addition to two other xenolittejuire a M°He ratio of (1x10) in the
mantle end-member, significantly higher than ed@wmafor DMM. These variations may
represent carbon and nitrogen heterogeneities @ upper-mantle underlying the EARS.
However, an alternative explanation is to invokeraary mixing scenario with another recycled
sedimentary component that has different isotopinpositions than present-day marine
sediments (Marty & Dauphas, 2003; Dauphas & M&604).

Due to the near-absence of oxygen in Archean oaedrthus a lack or oxidized forms of
nitrogen, capable of enrichirfgN relative to**N, negatives'N values are commonly found in
organic matter from Archean cherts (Beaumont & Rpld®99; Pinti et al., 2001). Assuming that
such Archean component has comparabléHé¢ ratios to modern marine sediments (~£%10
and3™N values = -7.4%o (i.e., pristine values found ircAean organic matter, e.g., Pinti et al.
2001), recycling of Archean organic sediments piesi an alternative for the variable
enrichments of nitrogen to helium, given that thentte end-member has a fixed composition. It
should be noted that this case is somewhat moreami for carbon a8**C data from Archean
limestone are inconsistent with any major swiftwdaods negative and/or positié&*C values in
the Archean (e.g., Veizer and Mackenzie, 2003).

In Figure 11b, we plot N/°He ratios versuss™N values of the EARS xenoliths.
Analogous to the carbon plot, we now superimposeetipossible end-member compositions for

DMM (1.0 + 1.0 x16; -5 + 2%o: i.e., box 2), modern organic sedimentityogen (1 + 5 x1%:
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+7 + 3%0. Peters et al. 1978; Sano et al.,, 1998;0San al.,, 2001) and Archean organic
sedimentary component (1 = 5 ®$0-7.4 + 2%.: Pinti et al., 2001; Marty & Daupha€)03).
Note that our inferred )He ratios for DMM (1.0 x1%) plots very close to the ratio reported by
Marty and Zimmerman (1999) of 3.8 (¥10In Figure 11b, it is apparent that the ,Nn most
samples is dominated by mixing between mantle aeggmt-day organic sediments components.
However, the nitrogen characteristics of EARS xihelare inconsistent with simple binary
mixing between these two end-members, and requikareble nitrogen contribution from
Archean sedimentary component, from between 65% 93t pyroxenite ) and 52-54% (for two
Chyulu Hils pyroxenites ) (see Table S4 for quanitre estimates of the relative contribution (%)

of mantle and the two sedimentary components to EA&noliths).

IV.6.2.3 Elemental abundance systematics: Evid@arogarbonate-melt

The nature of any subducted material, evident antbegcarbon and nitrogen elemental
and isotope systematics, can be constrained fumieg coupledHe/°’Ar* and CQy/*°Ar* ratios.
In Figure 12a we plot*He/°Ar* and CO/*°Ar* ratios of EARS xenoliths, along with MORB
glasses (Marty and Zimmerman, 1999) as well a2th@43popping rock that it is thought to
best represent the volatile composition of primasghenospheric melt (Burnard et al., 1997).
Following Fischer et al. (2009), we also plot tmitial CO/*°Ar* and *He/°Ar* ratios of a
primary, and thus undegassed, carbonate-melt inli@gum with a popping rock-like

composition, using the following mass balance eqoat

(C/Ar)carbonatitez [C]carbonatité{[Ar] initiaIcharbonatit} = [C] carbonatité{[Ar] initial X [C]initial } (1)
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where square brackets denote concentrations anghdrds the fraction of a carbonatitic liquid in

a binary silicate-carbonatite system.
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Figure 1IV.12: (a) “He/°Ar* ratios versus C@"Ar* ratios. Downward facing arrows indicate
exsolved volatiles from silicate magmas and carbbmanagmas. Elemental ratios of mantle-
xenoliths are consistent with mixing of exsolvedatites from two dominant sources - a silicate-
melt source and a carbonate-melt source. (b) Plot/M (CO,) versus C@*Ar* ratios.
Quantitative estimates of the relative contributi(¥) of mantle (M), limestone (L) and
sedimentary (S) sources to EARS xenoliths, requicedalculate the L/M ratio, are given in
supplementary Table S2. Note the increased carbarmahponent (L) relative to mantle (M) in
xenoliths from Ethiopia and Tanzania. Data sourcesioliths — Table 1, 2 and S2; MORB
glasses — Marty and Zimmerman, 1999. Pyroxenitesdanoted with closed symbols whereas
peridotites with open symbols.
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Since CQ contents of the silicate portion of this binanst®m are very low, it can be
safely assumed that the €@ lost to the carbonate portion. Significantlye tsolubilities of He
and Ar in carbonate melts are very similar to thoderred for silicate melts and thus their
concentrations, and thus relative ratios, will lmilar in both carbonate and silicate liquids
(Burnard et al. 2010). As immiscible carbonate mefhust constitute only a small fraction of
melts present in the upper mantle, the majoritthefHe and Ar remain in the silicate portion of
the binary system. Using popping rock (Burnardlet1®97) and carbonate with variable £O
contents (between 5% and 35 wt%, the latter bedpgesentative composition of carbonate) as
starting liquids, the calculated initial carbonatelt CQ/*°Ar* ratio prior to any degassing lies
between 2.3 x Toand 3.3 x 10 Interestingly, by using these same input pararseted
modifying equation (1) for He, the GRPHe ratio of such a carbonate melt can be consttaine
between 1.3 x #$ and 1.8 x 18, in excellent agreement with that inferred for teeycled
carbonate component Figure 10.

CO,/*°Ar* ratios in EARS xenoliths vary by orders of métgde from 8.0 to 1295 (x£p
and strongly resemble MORB glassésg( 129. However, in contrast to MORB glasses, our
data are inconsistent with the notion that EARSokdms captured residual volatiles from
degassing melts since residual volatiles will kkélave *“He/°Ar* ratios >>2. Therefore, low
ratios better represent exsolved gases captureédgddegassing at depth. Fischer et al. (2009)
used this same type of plot to argue that volcgaises emitted from Oldoinyo Lengai where
exsolved from a degassing silicate melt rather twbonate melt. We note that this is also the
case for some xenoliths of this study; most notakdyoliths from the southern Kenya Riftid.
123). However, in contrast to these xenoliths and@habinyo Lengai gases, most Ethiopian and
the remaining xenoliths from Tanzania, coincidehwitompositions expected from exsolved
volatiles from carbonate magmas, possibly followgdnixing with exsolved gases from silicate

magmas. Thus, we argue that, at least in the basEthiopian Rift, carbonate melts must play a
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fundamental role in transporting volatiles and otfeid-mobile elements within the upper-
mantle. This finding is consistent with several estlgeochemical studies on mantle-derived
xenoliths from the EARS that argue for an importaoie of carbonate C&ich melts as
metasomatic agents in the SCLM (e.g., Rudnick et.@93; Baker et al. 1998; Ferrand et al.
2008; Frezzotti et al. 2010; Aulbach et al., 20B&ccaluva et al. 2011). Significantly, our
findings may also relate to the widespread metatomenrichment of the East African
lithosphere by carbonate and/or silicate meltsguigng and/or following initiation of the EARS
as inferred from several studies (e.g., Davies &yt|l 1989; Baker et al., 1998; Orlando et al.,
2006; Kaeser et al. 2009; Beccaluva et al. 2011).

To further investigate the nature thfe exsolved fluid phases, we note thgjure 10
strongly suggest that G@ich mantle fluids (i.e., carbonate melts) havee tbhemical
characteristics of subducted carbonate materiattaugiwill very likely haves**C values close to
0%o. We test this possibility by adopting the apptoaf using C@°He ratios and**C values, to
resolve CQinto its various source components (Sano and Maf95). Assuming a mantle end-
member (M) withd"*C = -5% and C@°He = 1x16 (i.e., an end-member that captures 16/18
samples within Fig 10), marine carbonate compo(ientvith §°C = 0% and C@°He = 1x16?
and a sedimentary (S) organic carbon wifiC = -30% and C@He = 1x10° allows
determination of C@®provenance in the EARS xenoliths. Quantitativéngeties of the relative
contribution (%) of mantle (M), limestone (L) aneldsmentary (S) sources to EARS xenoliths are
given in supplementary Table S2.

In Figure 12b, we plot the L/M ratio (i.e., the ratio of G@erived from carbonate vs.
CO, derived from DMM) versus CZI°Ar* ratios. This plot shows that samples with high
CO,/*°Ar* ratios (i.e., samples inferred to be dominated exsolved gases from carbonate —
melts) are associated with high L/M ratios. Inteéregy, samples with L/M ratios> 10 are

consistent with volcanic gas emitted from subductones volcanoes, where carbon has been
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shown to be actively recycled (e.g., Varekamp et1®92; Hilton et al., 2002). This observation
suggests that the carbonate -melt component igedkfiom, or at least affected by, a subduction
modified region of the upper-mantle beneath the EARinally, we note that many Ethiopian
xenoliths that display high GEO°Ar* and high L/M ratios also have higfHe/He ratios -
suggesting a link between the African superplung ianreased contribution of carbonate-melt

fluxing - as discussed in section 5.3.

IV.6.2.4 Implications of lower than mantle oxygsotope values for recycled material

Oxygen isotope ratios of the EARS span a largegamgompassing mantle-like values
as well as ratios as low as +2.4%o. (section 4.2¥h\Wéspect to the origin of such a large range
and, in particular, the low oxygen isotope valwes,point out three noteworthy features of these
results: (i) the large range #1°0 values precludes segregation of carbonate astliate melts
from an isotopically homogeneous mantle peridotiteere melts remain in oxygen isotopic
equilibrium with the surrounding mantle minerals) the large5'0 range §=4.1%o) greatly
exceeds the range expected for minerals from pyinmagmas in equilibrium with mantle
peridotite (Mattey et al., 1994, Eiler, 2001) - lexting formation of the EARS pyroxenites via
extensivein situ crystallization from normal-mantle peridotites @s/gen isotopic fractionation
accompanying high-temperature fractionation inrttemtle is expected to be minimal, and finally
(iif) delamination or contamination with lower camntal crustal material (e.g., the Pan African
crust) can also be ruled out as source materighefxenoliths, as this would likely result in
significantly higher than mant&®0 values (> +6.0%o) (e.g., Baker et al. 2000), intcast to the
overall lows*®0 values observed in EARS pyroxenites.

A key question regarding stable isotope variatewident in EARS xenoliths, is how can

low %0 values be reconciled with recycled sedimentaryeria that will likely containd'®0
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values >> mantle, in addition to both higiC values (in the case of carbonate) &fl values?
The sedimentary sections, which represent only aldnaction of the entire subducted oceanic
lithosphere, are however, not likely to signifidgraffect the oxygen isotopic signature of the
mantle peridotites because of the strong buffeefigct of mantle olivine and pyroxene, which
dominate the mantle mineral assemblage (e.g., Matteal. 1994). In contrast, the underlying
crust/lithosphere represents a much larger oxygetope reservoir, which has the capacity to
significantly alter mantle peridotités®0 values after its subduction in to the mantle. r@\Vethis
reservoir will have either normal man8&0 values, or higher and/or lower than mantle values
as best represented by studies of ophiolite secfiery., Eiler, 2001; Perkins et al., 2006). The
consistency of lower than man8&0 values found in EARS pyroxenites constrains teeirrce
material to hydrothermally-altered layer 3 gabbroémd peridotites of the oceanic
crust/lithosphere boundary (Perkins et al., 200@)eed, on the basis of major and trace element
geochemistry, Ulianov et al. (2006) proposed that pyroxenite xenolith Ke1910/11 (Chyulu
Hills) was best represented by a plagioclase-bgagabbro to gabbro-troctolite protolith. In this
respect, we again note the similarities betw8€@ values observed in EARS xenoliths and
eclogites in kimberlites from southern Africa tlaae thought to represent disrupted fragments of
hydrothermally-altered segments of ancient subducteeanic lithospheremplaced into the

SCLM during subduction.

IV.6.3 Role of the Africal superplume in supplymegycled volatiles and carbonate-melt — a

hybrid plume model

Several studies of peridotite xenoliths from oceambtspots, such as Samoa and the
Austral Islands (Hauri et al. 1993; Burnard et1898), Grande Comore (Coltorti et al. 1999),

Canary Islands (Frezzotti et al., 2002a, b) and &iiafiFrezzotti & Peccerillo, 2007), reported the
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occurrence of secondary minerals assemblages @EBX and apatite) and/or G@ch
metasomatic fluids that have been proposed to beedefrom recycled crustal components (e.g.,
Hauri et al. 1993; Frezzotti & Peccerillo, 2007)otlbly, xenoliths, lavas and/or geothermal
fluids from these oceanic islands (apart from Canbave’He/'He > DMM. With respect to the
EARS, we note that Frezzotti et al. (2010) repottsel occurrence of chlorine-rich,8&-CGO,
metasomatic fluids in peridotite xenoliths in Quatey lavas from Lake Tana in Ethiopia and
advocated for their origin as derivations from i@eg components.

We also note that in the case of the African Superp, the source of deep material
supplying the EARS, tomographic seismic imagescatd that the plume has entrained material
of unusually dense composition in the lower ma(tleet al., 2002; Simmons et al., 2007). This
material is likely to be subduction-derived (Gra@@02) and will preserve isotopic signatures
different from the surrounding ambient lower mardted thus a possible source of anomalous
isotopic compositions associated with the Africamp@&plume. Given evidence above for the
presence of recycled material evident among trapoéatiies components in EARS xenoliths,
we can now test if this recycled material has agpaiation with entrained material hosted by the

African Superplume.

IV.6.3.1 He and N isotope relationships: Evideraesfdeep volatile source

Figure 12b raised the possibility that xenoliths with hiHe/He ratios are associated
with recycled metasomatic G@ch mantle fluids. IrFigure 133 we plot®*He/He ratios versus
8N (N,) values for EARS xenoliths together with possibted-member components SCLM,
DMM and a hybrid African Superplume that has inavgted a mixture of recycled organic
sediments, to assess the possible role of the fluper in supplying recycled volatiles to the

EARS.
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Figure IV.13: Plot of (a) helium and (b) carbon isotopes verstregen isotopes showing binary
mixing trajectories between DMM-like, SCLM-like amdume-like end-members. In (a) end-
member components are SCLM, DMM and a hybrid Africaiperplume with a higfHe/He
ratio of ~20R, that has incorporated a mixture of recycled oigardiments wittb™N = +3 +
2%o. Xenoliths from the Ethiopian Rift wittHe/He > DMM are consistent with a binary mixing
between and plume component and DMM. In contrastliths from the two Kenya rifts imply
that mixing between the plume component and SCLMmidates. In (a), r =
(N/He)p ume/(N/He)oum. In (b) the recycled plume component is charamteriby a mixture of
carbonate material and organically-derived nitrogetirained within the carbonate matréX’C:

~ 0 * 2%0;3"N: +3 + 2%0). Note that we do not separate DMM ar@LB. All xenoliths are
consistent with binary mixing between DMM/SCLM arad hybrid African Superplume.
Pyroxenites are denoted with closed symbols whgreadotites with open symbols.

Following arguments in section 5.2 (i.dzigure 11), the incorporated sedimentary

component is composed of two different componenish wlifferent nitrogen isotopic
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compositions (~ -7%o; ~ +7%.). Notably, it has beeopgwsed that the deep mantle, as sampled at
various oceanic islands worldwide, has nitrogetopse values that represent admixture between
these components but lies somewhat close to tisepirelay organic component (i&°N = +3 +
2%0; Marty & Dauphas, 2003). Finally, we make theuwmsption that this component has been
entrained within a deep mantle source that has gh fe/He ratio of ~20R, a ratio
corresponding to the highest ratios observed irethRS (19.6R; Marty et al., 1996).

There are two notable features of this plot. Fiestnodel of binary mixing between
DMM and a hybrid African superplume (black mixirigds) readily explains all Ethiopian Rift
xenoliths with®He/*He ratio > DMM, implying that in addition to supjmg primordial volatiles,
the deep-seated African superplume also suppl®glel volatiles, most likely in the form of
carbonate-melts, to the East African upper-maitte relative N/He ratios between plume and
DMM components is expressed as r-values (where (NAHe) yme/(N/Hepum). R-values
between 0.6 and 50 thus indicate that the plumenssmber is characterized by a marked
enrichment in its N/He ratio relative to the DMMdemember, consistent with the enrichment of
nitrogen and/or depletion of helium in the plumerse. Second, xenoliths from the two Kenyan
Rifts are inconsistent with a binary mixing betweBMM and the African superplume and
require an end-member wiflle/'He ratios similar to the SCLM (i.e., 6.1Rto reasonably fit
these samples (grey mixing lines). Significantlyatues (where r = (N/He)ume/(N/HE)scLwm) in
such a binary mixing scenario extend to higher esl(r=125), implying considerably greater
nitrogen enrichments and/or helium depletions i@ fhume source relative to DMM-Plume
mixing scenario. Alternatively, such high r-valumsild indicate that the SCLM end-member has
a significantly lower N/He ratio relative to theupte source. In any case, the occurrence of
recycled volatiles in the East African SCLM is wégeead and must be associated with a large

scale mantle process (i.e., a mantle plume) cuyrsnpplying mantle material to the EARS.
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IV.6.3.2 Co-variations of C, N and O isotopes: Gmiats on bulk mixing

The first-order observation of C and N isotope ations in EARS xenoliths suggests that
marine carbonates and modern/Archean organic sathnyematerial, is the dominant contributor
of CO, and N to the volatile budget preserved in the fluid irstbns Figs. 10 and 1)L
Significantly, we note that thé'*C-COy/°He systematicsFig. 10 do not require a large
contribution (generally < 6%) from a sedimentarynponent (S) with organically-derived carbon
(8"°C ~ -30%o) in the recycled mixture. This is in agremt with observations from active arc
systems that advocate for preferential removahefuppermost organic-rich sediments, relative
to the carbonate-rich sediments and the underlgiteanic crust in the fore-arc region during
dehydration and decarbonation of subducting slabL@uw et al., 2007). Furthermore, model
calculations imply that the total subducted carimmominated (~95%) by carbonates having
8"°C ~ 0% with magnesite, the most common phase dfocetes in the subducted slab, later
transforming into dolomite Il and then to dolomiitieat depth, being thermodynamically stable in
the lower mantle (Martinez et al., 1998; Colticakt 2004; Mao et al., 2011).

However, the3"N-N,/°He systematicsFig. 11) clearly reveals the presence of some
form of organic material in the recycled mixturen Alternative explanation to reconcile these
conflicting sedimentary end-members, involves ngximth N-enriched carbonates (e.g., Li and
Bebout, 2005; Halldorsson et al., 2013). Indeedthenbasis of nitrogen abundance and isotope
data from sediments (diatomaceous ooze and br¢detam Ocean Drilling Program legs 170
and 205 offshore of Costa Rica (Li and Bebout, 206f&lldérsson et al. (2013) argued that a
hybrid sedimentary end-member was consistent vatipled N and CQ isotope relationships in
gas discharges along the western Sunda arc. Imtuel we present ifrigure 13b, we thus
make the assumption that marine carbonates, cheizatt by relatively homogeno@$’C values
(~ 0%o), incorporated nitrogen with highly variad&®N values (~ -7%o; ~ +7%o), identical to

those found in Archean and modern-day sedimentsother words, the recycled plume
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component is characterized by a mixture of cartonaterial and organically-derived nitrogen,
entrained within the carbonate matréX3C: ~ 0 + 2%0;3"°N: +3  2%o).

In Figure 13b, we plotd™N (N,) versusd™*C (CQ,) together with possible end-member
components DMM, SCLM, Archean and modern organidirsents and a hybrid African
superplume to test binary mixing relationships lestw unmodified upper-mantle components
(DMM & SCLM) and potential recycled crustal compaote entrained within the deep-seated
African superplume. A model of binary mixing betwethe upper-mantle and the African
superplume readily explains these relationshipsrevhenoliths from southern Tanzania plot
closer to the proposed plume end-member. R-valubgere r = (N/Gume/(N/Comwiscim) in such
a binary mixing scenarig@ 1 and extend to a value of 0.05, implying eithigni§icant enrichment
of the N/C ratio in the DMM/SCLM end-member relaito the plume end-member, or
enrichment of carbon and/or depletion of nitrogerthe plume source. This observation can
potentially be explained with more compatible bébawgf nitrogen relative to carbon during low-
degree partial melting, gaining support from thalagy of N, to Ar and CQ to Nb - the latter
two elements remain highly incompatible during @drneting (e.g., Saal et al. 2002).

The quantity of the recycled component in uppertheaand plume mixture can be
estimated from simple mass balance calculationsguied™N value of entrained sedimentary
end-member (+3%0) and a value representative ofDthEM source (-5%o). A large nitrogen
contribution (~80%) from this recycled componentagquired in order to produce a mixture with
8"N of +1.4%o, i.e., a value comparable to the higla€¥ observed among the southern Kenya
Rift xenoliths. Interestingly, of all the xenoliti@otted inFigure 13b, the southern Kenya Rift
xenoliths have the closest geographical proximiy the upwelling focus on the African
Superplume (e.g., Ritsema et al., 1999).

We now can further extend a model of recycled neltéw the oxygen isotopes values of

the host crystals. The oxygen isotope geochemidttize lower mantle as sampled by OIB that
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display high®HelHe ratios has been the subject of several studidsr(2001 and references
therein; Macpherson et al. 2005; Thirlwall et &08). With respect to origin of l0#/°0 values

in EARS xenoliths, several studies warrant attenti®ignificant’®0 depletion relative to the
DMM source in the higiHe/He reservoirs has been suggested based on stiidiasaits from
the Manus Basin, Iceland and Hawaii (Macphersal.2000; Macpherson et al. 2005; Thirlwall
et al. 2006; Lassiter and Hauri, 1998). SUih depletions were attributed to the presence of
recycled oceanic crust/lithosphere in the sourceth®se regions and/or oxygen isotope
fractionation between the silicates of the lowerntiea and iron alloys of the core. Taking
advantage of the evidence above for recycled nadtigrithe EARS mantle source we can now
test if the oxygen isotopes characteristic of tlesthcrystals can be reconciled with the
incorporation of deeply recycled oceanic lithosghend/or crust.

In Figure 14, we plot @) 5'°C values andh) 3"°N values versu$'®0 values to test
simple binary mixing relationships between unmadifi upper-mantle components
(DMM/SCLM: 3'0: +5.5%0; 5'°C: -5%0; 8"°N: -5%0) and a hybrid African Superplume that
incorporated a section of recycle crust/lithosphareluding overlying organic sediments, that
was hydrothermally altered (>250°C) prior to sulihut (5'%0: +2%o; 8*°C: 0%o; 6*°N: +3%o).
Note that that in both figures we us&™0 of +2%., i.e., a value at the lower-end of valfmsd
in ophiolites or ocean-floor drill holes (e.g., Mienbachs, 1986; Eiler, 2001) although we note

that using a somewhat lower value (e.g., 0%o) cpolskibly provide a better fit feigure 14b.
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Figure 1V.14: (a) Carbon&3C) and (b) nitrogend{°N) isotopes versus oxygen isotopes for all
xenoliths of this work. We show binary mixing ridaships between DMM{?0: +5.5%o;5'°C:
-5%o; 8"°N: -5%0) and a hybrid African Superplume that haonporated recycle crust/lithosphere
(8°0: +2%0; 3°C: 0%o; 5°N: +3%0). In (@) r = (C/Q)ume/(C/Opuu and in (b) r =
(N/O)pLume/(N/O)pmm - Note that we do not separate DMM and SCLM. Bddispare consistent
with binary mixing between DMM/SCLM and a hybrid rifan Superplume. Pyroxenites are
denoted with closed symbols whereas peridotitels @gen symbols.

A model of binary mixing between DMM/SCML and a high African Superplume,

readily explains the relationships between O, Cldndotopes. The relative C/O and N/O ratios
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between plume and DMM/SCLM components is expressed r-values (where r =
(C/OkLume/ (C/O)omm; r=(N/O)pLume/(N/O)pum)- R-values between 1 and 50 thus indicate that the
plume end-member is characterized by a markedhangat in its C/O and N/O ratios relative to
the DMM/SCLM end-member, consistent with incorpmmatof recycled carbon and nitrogen in
the plume source as oxygen contents can be assubee dpproximately the same in both end-
members. Notably, significantly higher r-values (ob0) inFigure 14aare consistent with the
r-values inferred fronfrigure 13b, demonstrating that the plume source has a highérelative

to the upper-mantle.

The amount of subducted crust required to gene¢naté'®O range of EARS xenoliths
can be estimated from simple mass balance calontatising thé'®O value of hydrothermally
altered oceanic crust (+2%0) and a value represeatatf the DMM/SCLM source (+5.5%o).
These calculations demonstrate that ~90% recyclest s required in order to produce a mixture
with §'%0 of +2.4%., i.e., the lowest'®0 value observed in our dataset. A smaller contivbu
can be accommodated if the recycled crust possésses 5'%0 value, i.e., a value of 0%, as

indicated byFigure 14b.

IV.6.4 Implication for metasomatic agents in theLBICand the formation of pyroxenite-hybrid

mantle beneath the EARS

The elemental and isotopic compositions of peridatienoliths from several localities
throughout EARS (e.g., Baker et al. 1998; Aulba¢hak, 2011; Beccaluva et al. 2011),
particularly in those from northern Tanzania (Re#inét al. 1993: Dawson, 2002), have been
interpreted to result from mantle metasomatism, i.an influx of volatile-rich silicate and/or
carbonate melts to the SCLM. Clinopyroxene from @imin southern Tanzania are, for

example, consistent with derivation from peridotited carbonatitic melts (Rudnick et al. 1993).
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However, origin of the metasomatic melts remain®aehat speculative and largely based on
comparison with experimental melts rather than rahimelts.

This work adds to the growing body of evidence thgtoxenites are formed via
interactions of mantle volatiles and peridotite l{Slev et al., 2005; Perkins et al., 2006; Sobolev
et al., 2007; Kaeser et al., 2009; Aulbach et24111b) and we argue that the EARS pyroxenites
of this study are the product of metasomatic reastibetween normal mantle peridotites and
slab-derived, volatile-rich silicate/carbonate me#sulting from the partial melting of subducted
oceanic crust (i.e., eclogite). This conclusiomassistent with the high volatile content of fluid
inclusions in pyroxenites, and their associatedlsation-like stable isotope compositions. Thus,
EARS xenoliths provide a key link between the pggreesis of pyroxenite hybrid mantle and
recycled volatiles derived from slab fluids of subtkd and carbonated oceanic crust.

Additionally, our new data provide constraints olme tcreation of upper-mantle
heterogeneities and the formation of pyroxenites tlave been shown to be an important source
of basaltic magmas along oceanic and continentaksing centers, and in intra-plate magmatic
settings (e.g., Allegre & Turcotte, 1986; Hirschmaka Stolper, 1996; Dasgupta et al. 2007). For
example, our data are consistent with models puwveal to explain the genesis of OIB that
involve generation of compositionally and lithologlly (e.g., pyroxenite, eclogite, peridotite)
heterogeneous mantle sources containing recyclednax crust and lithosphere (Sobolev et al.,
2005, 2007; Day et al., 2009). In the case of EAR&h lithologies are entrained within
upwelling high®He/He mantle material and later experience progressiluéions by interactions
with DMM and SCLM. The importance of pyroxenite higomantle in the petrogenesis of EARS
magmas remains to further explored but we note ¢batributions from recycled pyroxenite
components (i.e., CQ have recently been proposed to account for HigfMn ratios in

Ethiopian lavas (Rogers et al., 2010) and the tdadevated mantle potential temperatures in the
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EARS mantle, which is characterized by abnormalbwsseismic velocities (Rooney et al.,

2012).

V.7 Conclusions

We present evidence of significant variations ire tisotope and concentration
characteristics of helium, argon, carbon, nitroged oxygen in mantle xenoliths from the EARS.
The principal conclusions of this contribution d@summarized as follows:

(1) Volatile components, trapped in fluid inclussaom mantle xenoliths from throughout the East
African Rift System, have compositions consisteithvenrichment of the SCLM by GQich
mantle fluids from subducted carbonatitic material

(2) Such CQ enrichments (C@’He>7x10, §%C=+0 %) are also associated with positb/eN
values (as high as +3.4%o0) and unusually &% values (to +2.4%.) of host crystals, reinforcing
the link between the metasomatic fluids and subolucif hydrothermally-altered oceanic crust,
including the pelagic sedimentary veneer.

(3) Elemental ratios involving Csuggest that volatile components trapped in EARSohths
are formed by mixing of exsolved volatiles from dsgjing silicate and/or carbonate melts.

(4) Xenoliths with higi'He/"He ratios (Afar) are also associated with positit® values and
suggest an important role of carbonate-melts. Tiservation implies that the deep-seated
African Superplume supplies the uppermost mantkh &i mixture of primordial and recycled
volatiles.

(5) The volatile record of EARS xenoliths providaskey link between the petrogenesis of
olivine-free hybrid pyroxenite mantle and recycledatiles derived from slab fluids of subducted

carbonated oceanic crust.
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Las-3b

Kel911/15 TAA 325

Kel911/15 TAA 332

Figure IV.S1: Example of an alteration-free mineral separatesl der laser fluorination. Note
that the mineral grain shown for Ke1911/4 was a@didue traces of oxidation on its surface. All
other grains are representative for the separadesnalyzed for oxygen isotopes.



Chapter V: Recycling of Phanerozoic oceanic crudiy the Iceland mantle plume: new
evidence from nitrogen elemental and isotope systetics of subglacial
basalts
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V.1 Abstract

We report new nitrogen @Nabundance and isotopg{\) data for 43 subglacial basaltic
glasses collected from the neovolcanic zones dénck a key locality in studies of mantle plume
geochemistry and crust-mantle processes. We afsmtreew helium and argon abundance and
isotope data to supplement previous studies (Rual.e2010), allowing elemental ratios (e.g.,
N,/*°Ar*) to be calculated for individual samples. Suimal basaltic glasses with detectable, N
(> 3ucm®STP/g) show a wide range in nitrogen isoto@e3\), from -2.91 to +11.96%o (vs. Air),
with values > 6%, only observed at one locality ire tEastern Rift Zone. Elemental ratios
involving N,, i.e., N/*He, and N*°Ar*, span several orders of magnitude from 2.5 *b09.0
x10, and 12.2 to 6780, respectively. In contrd%y/*°Ar ratios are rather limited (air-like to
1330), but glasses span a wide range in heliuropgst (8-26 R), with clear distinction between
individual rift segments.

A number of processes have extensively modifiedimai mantle source N isotope and
relative abundance compositions, most significasligllow-level crustal interaction. Degassing-
induced fractionation and/or air interaction hasaffected some samples. We have filtered the
entire N dataset (i.e., K°Ar* and §*°N) using “°Ar/*°Ar and *“He/°Ar* ratios to identify (and
remove) modified samples. As a result, the reqgsamples (n= 22) define the Icelandic mantle
N-isotope distributiond™°N = -2.29 to +5.71%o).

Using the filtered dataset, we investigate simpteaty mixing scenarios involving the
relative abundance of nitrogen to noble gases atdgen isotopes by considering coupled
No/*He-No/*°Ar*- §'°N systematics. Mixing scenarios are consistent witecycled component in
the Iceland mantle source, defined by a high amerbgeneous™N end-member. Moreover, the
high 3"°N end-member may be coupled to the higle/He signature assuming He loss prior to
mixing with the DMM end-member, similar to the twtep model of He depletion followed by

open-system degassing (Furi et al., 2010), and/dine presence of excess.N he isotopically
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high 5"°N end-member needed to explain these mixing reiships strongly suggests the
presence of recycled N-component(s) integrated amd/or entrained by the Iceland plume
source.

These new results reveal a highly heterogeneoutispisocomposition of nitrogen in a
hybrid Iceland plume source consistent with modeised on trace elements and radiogenic
isotopes that advocate for significant heteroggraitrecycled crustal component(s) sampled by
the Iceland plume. A relatively young age of theymded crustal material (i.e., Phanerozoic) is
consistent with positivé™N values and constraints from radiogenic isotogeg.( Pb), thus
indicating a relatively short time-interval betwessbduction of crustal material and entrainment

by the Iceland mantle plume.

V.2 Introduction

Although nitrogen is the most abundant gas in theaphere, and is found in substantial
guantities (up to % levels) in near-surface, lomgerature environments, such as biomass, soils
and the oceans, it is present at trace levels @ilyppm) in Earth's mantle (Bebout et al., 2013).
However, due to its mass, the mantle is by farléingest reservoir of nitrogen on Earth. The
origins and evolutionary history of nitrogen in theantle remain uncertain particularly how
fundamental processes such early-Earth formatiomospheric evolution and recycling of
surficial material have affected the isotopic cosifion of nitrogen and its budget in different
mantle reservoirs (Marty, 2012; Bebout et al., 2@iBsigny & Bebout, 2013; Cartigny & Marty,
2013). It is noteworthy that in most mantle-derivedterial, nitrogen strongly correlates with
radiogenic*Ar, indicating that the source of mantle N is sutidd crustal rocks in which NH
has been substituted fof KMarty, 1995; Marty and Humbert, 1997; Marty anauphas, 2003a).
Because of this affinity for ammonium, nitrogemisre readily subducted and recycled into the

mantle than other gases such as the light noblesgdslium and neon. This conclusion is
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reinforced by the lack of correlation with primaablii°Ar, suggesting that nitrogen in the mantle
is not primordial, and thus excluding a historycohtinuous volatile depletion of the mantle since
planetary accretion (Marty, 1995; see also Goldleliaal., 2009).

Nitrogen isotopes offer a unique opportunity td tee provenance of volatiles in mantle-
derived materials, particularly as a tracer of makeecycled from surface reservoirs. Their
utility is based on the distinct nitrogen isotopampositions of various terrestrial reservoirs. The
nitrogen isotopic composition of the depleted MORBnNtle (DMM) reservoir, as sampled at
mid-ocean ridges, ranges from about —10 to +8%dy witmean value of about -5 + 2%. (e.g.,
Sakai et al., 1984; Javoy et al., 1986; Javoy &Rin1991; Cartigny et al., 2001; Marty and
Humbert, 1997; Marty & Zimmerman 1999; Marty & Dégs, 2003a). In contrast, organic
sediments on the ocean floor are enricheti with §'°N values from + 4 to + 7 %o (Peters et
al., 1978; Kienast et al., 2000; Halama et al.,220Due to the abundance and isotopic contrasts
in terrestrial nitrogen between the upper-mantiMiD and the surface, a number of studies
have exploited nitrogen as a tracer for volatileyoéing between Earth's surface and interior
reservoirs. For example, a number of studies obgstems have shown the utility of nitrogen as
a tracer for subducted sediments (e.g., Sano, &t9I8; Fischer et al., 2002).

However, little is known of the extent of nitrogestycling into the deep(er) mantle, i.e.,
the mantle beyond the zone of arc magma gener@@artigny and Marty, 2013). This includes
the DMM as well as the source region of mantle @apoften equated with the mantle below the
670-km seismic discontinuity (e.g., White, 2010). this contribution, we assess the hypothesis
that nitrogen can identify ‘deep recycling’ of suwioction-related material by targeting a mantle
plume (Iceland), characterized by hitite/He, a particularly sensitive tracer of mantle miater
isolated from the DMM (upper mantle) reservoir déinereby possibility located in the lowermost
mantle (Exley et al., 1986; Tolstikhin & Marty, 189Dauphas and Marty, 199®8arty and

Dauphas, 2003a; Marty, 2012; Palot et al., 201lahd is one of the one of the few hotspot
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localities where the nitrogen isotopic signaturdigh*He/He material can be studied due to the
ubiquitous presence of rapidly-quenched pillow riofissubglacial basalts which retain original
magmatic gases. In addition, such material is edupinder different confining pressures (e.g.,
Tuffen et al., 2010), and thus records differergrdes of degassing, allowing for investigation of
secondary controls on any nitrogen elemental aotbpe variability, such as volatile degassing
and interactions with Icelandic crust, which cahtacdisturb primary N-isotope features of the

Icelandic mantle.

V.3 Geological setting and samples

Figure V.1: Map of Iceland showing sampling locations and ti@®volcanic zones. These
include the axial rift zones: the Western (WRZ)stéan (ERZ), and Northern rift zones (NRZ),
in addition to the off-axis volcanic zones: the ®ouceland Volcanic Zone (SIVZ), the
Snaefellsnes Volcanic Zone (SNVZ) and the Oreefajoktblcanic Zone (OVZ). From
Jéhannesson and Seemundsson (1998).

Iceland represents a significant (~100,000°)keubaerial segment of the Mid-Atlantic

Ridge as is also evident from its enhanced lithesphthickness resulting from anomalous
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melting associated with a mantle hotspot (e.g.,rBjson and Schmeling, 2009). Seismic
tomography studies reveal the presence of a lownd- S-wave velocity mantle-zone beneath
much of central Iceland, consistent with upwellofgunusually hot asthenosphere (Wolfe et al.,
1997). The present-day on-land volcanic activitews in two types of neovolcanic zones
(Figure 1); (i) the axial rift zone, which erupts lavas bbleiitic composition, passes through
Iceland, connecting the adjacent submarine Reykjamel Kolbeinsey ridges: this rift zone is
subdivided into the Western (WRZ), Eastern (ER4) Horthern (NRZ) Rift Zone segments, and
(i) off-rift volcanic flank zones which erupt lagaof transitional-alkalic to alkalic composition,
located to the west on the Sneaefellsnes VolcanieZ&NVZ) and to the south (South Iceland
Volcanic Zone-SIVZ) and south-east (Oreefajokull déslic Zone-OVZ) (e.g., Jakobsson et al.,
2008). For this study, we targeted 43 subglacietlypted basalts from different localities,
divided between the WRZ (n = 11), ERZ (n = 12), NRZ= 15), and SIVZ (n = 5). Sample
details and locations are given ihable 1 and locations are shown iRigure 1 (see
Supplementary Material for sample details).

These samples represent a subset of a larger(auit®6) of subglacial basaltic glasses
from different locations within the neo-volcanicres, analyzed for helium abundance and
isotope characteristics (Macpherson et al., 200f; & al., 2010; this work), to help identify
volatile-rich samples for N abundance and isotommsurements. We supplement the sample
suite reported by Macpherson et al. (2005) and €&tial. (2010) with new He abundance and
isotopes characteristics on subglacial glass sanpen the volcanic flank zone3gble SJ) in

addition to new Ar abundance and isotopes chaiatitsr (Table S2.

V.4 Analytical techniques

V.4.1. Helium and argon analysis by in-vacuo croghi
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Subglacial basalts (n=16) were crushed under Wigh-Vacuum (UHV) to determine
their *He/'He ratio and He abundance [He] using an MAP215 repsstrometer and standard
protocols described previously (e.g., Shaw et @062 Firi et al. 2010; Hilton et al., 2011).
Blanks where identical to those reported by Hikoral. (2011): i.e., ~ 6.0 x 18 cn? STP for all
runs. All *He/He ratios and [He] were corrected for air-deriveal Uiing the methods described
in Hilton et al. (2011). High He abundance (gergrat 50 cni STP/g) samples were
subsequently targeted for nitrogen analysis.

In addition, we analyzed Ar isotop&Ar/*°Ar) and abundance characteristié¥Af] of
(n=9) subglacial basalts, adoptiimgvacuocrushing techniques using a modified VG5440 mass
spectrometer equipped with five Faraday cups abadlg photo-multiplier detector operated in
peak jumping mode (see details in: Craig et al9319uri et al. 2010, Hahm et al., 2012 and

Barry et al. 2012). Procedural blanks were typjcall? x 10° cn STP for*°Ar.

3.2. Nitrogen analysis by in-vacuo crushing

We targeted 43 helium-rich (13.04 to 3447 Xb@7TSTP/g) basaltic glasses witHe/'He
ratios between 8.5 and 25.7, Rnd “°Ar/**Ar ratios between 292.7 and 1335 for subsequent
analyses of N abundances and isotope ratios (Table S1). Usihinacular microscope, we
selected fresh glass chips, free of phenocrystaapdisible surficial alteration or large vesicles
The glass was then ultrasonically cleaned in aatetone-methanol mixture and dried for ~24
hours. Between 1g and 3 g of fresh glass chips ieaded into screw-type crushers (constructed
from modified Nupro vacuum valves; see Stuart et H94), evacuated to UHV, and kept at
~100°C overnight. Nitrogen abundances and isot@i®s were determined on a modified
VG5440 mass spectrometer, optimized for statidetrgmllection of nitrogen (see Craig et al.,
1993; Barry et al. 2012 for details). A descriptioh the purification system to prepare the

samples for N-isotope measurement is given by Baral. (2012). In order to maximize nitrogen
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gas Yields; gases were released from samples blesstep crushingn vacuousing an external
hydraulic press capable of 5 tons pressure. Ngpt#fd N/Ar ratio was measured directly after
crushing the samples on gas aliquot not utilized\isisotope measurement using a Quadrupole
Mass Spectrometer (QMS) interfaced to the purificatsystem as described by Barry et al.,
(2012).

A pure internal N standard, calibrated relative to Scripps-pier aigs repeatedly
measured throughout the run of the Iceland samgle(generally 10-15 times per day). In
addition, repeated measurements (n=12) of the |@epjer air standard was conducted during
these runs, following exactly the same analyticadtgrol as adopted for samples, allowed
evaluation of uncertainties associated with botm@a preparation and mass spectrometer
measurements. We consider the averdigd reproducibility of the Scripps-pier air standard
value (+ 0.48%o [&]) as the best estimate of the external reprodiitgilof the system.

Procedural Mblanks were run prior to each individual sampld aneraged 3.3 £ 1 (x10
®) cnPSTP for N. Blank contributions were (significantly) less th20% of sample yields in most
cases. For samples that yielded blank contribute2@3% (n=12), owing to low intrinsic gas
contents and/or sample sizes of some samplestgesel listed in italics in Table 1. Below, we
will only discuss data that had < 30% blank comnifitn as blank corrections significantly
exceeding 20% have been shown to the unreliableyBaal., 2012).

To test the reproducibility and the crushing e#firety of our system, we ran 12 samples
as duplicates: MID-1, A2, A9, NAL-263, NAL-356, NA828, HRD-1, A21/ICEO8R-16,
A22/ICEO8R-17, A35, ICEO8R-13, TRI-1. Notably, wealyzed sample MID-1 six times
specifically for this purpose. Six duplicates ofM1 show excellent agreement in,JMind range
from 21.1 to 31.7 (xI0cn?STP/g) with an average value of 25.9 + 4.6 (XtBFSTP/g). In this
case, our results indicate that the majority of fNg] is released from vesicles in a single

crushing step. We also note that these values in@vhe range of values of 13.4 to 58.2 (%10
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cm®N,STP/g), previously obtained on samples from thisesautcrop (i.e., DICE-10 and DICE-
11 from Midfell/Dagmalafell: Marty and Dauphas, 3)0In contrast, out of 12 duplicates,
several (n=8) samples show poor agreement jh fisk example sample NAL-263 gave JN\of
45.5 and 83.8 (x10cnSTP/g) for similar sample loads of 2.537 and 2.46#8ns, respectively.
This suggests that PN may reflect variable amounts of volatile-rich adss in individual
samples.

In contrast, we note the good agreement obtPé value of these samples: in the case of
NAL-263 the duplicates both ga¥°N values distinctively more positive than air = #®.and
+4.71%o. With respect to MID-1, we obtained a ranfealues fors™N of the 6 duplicates: from
+0.65 to +3.72%0. Significantly, we note the MartpdaDauphas (2003) reported multiple
crushing steps of samples DICE-10 and DICE-11, (MID-1 = Midfell/Dagmalafell). The
overall of range of values reported by Marty andiffeas (2003), was between -1.50 to +3.26%o
for 8"°N, which is in excellent agreement with the ran§eatues we obtained fdr'°N. For this
sample, as well as other samples that were runiglgdtes, we will only discuss (and plétyN
values that had the lowest blank contribution, assg that they better represent primafyN

values.

4. Results

We report (n=16) new helium isotope and abundar@eacteristics of transitional-
alkalic to alkalic subglacial glasses from volcaftemk zones (SIVZ and SNVZ) in addition to
one tholeiitic glass (STAP-1) from the WRZ in lasdiain Table S2 (see supplementary material).
These data supplement He data from the previodgestof Macpherson et al. (2005) and Firi et

al. (2010), which investigated on-axis Icelandibglacial basaltic glasses.



135

In addition, we report new argon isotope and abooeaharacteristics of (n=9) samples
to supplement previous data reported by Firi et(2010) in Table S3 (see supplementary
material). The combined nitrogen, argon and heligotope ratios and relative abundance
characteristics of the 43 subglacial basaltic glasbat are the focus of this study, are reported i
Table S1 along with derived elemental ratig®Ne, and N*°Ar* and the N/*°Ar ratio analyzed

straight after crushing samples using a QMS atththi¢he nitrogen extraction line (see Barry et

al., 2012).
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Figure V.2: He-isotopes (reported ag/R,: where R = air *He/He) versus [Hg] corrected for
the presence of atmospheric helium of all subgab@aalts of this study. The canonical DMM
range of 8 + 1R is from Graham (2002).

4.1. Helium and argon abundances and isotopes
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In Figure 2, we plot He-isotopes (reported agR.: where R is the air-corrected sample
*He/'He ratio and R = air *He/’He) versus [Hg] (He concentration also corrected for air helium
(see footnote for Table S2 for details) of all dabg@l basalts of this study relative to the
canonical DMM range of 8 + 1R Helium concentrations range from 13.04 to 344D%1
cn’STP/g with only 1 sample showing concentrationss@ *10° cn?STP/g, in good agreement
with the range of values previously reported foistrioelandic subglacial basalts (Condomines et
al. 1983; Kurz et al. 1985; Poreda et al. 1986yridan et al. 1999; Dixon et al. 2000; Trieloff et
al. 2000; Breddam & Kurz, 2000; Dixon, 2003; Macrdue et al. 2005; Fori et al. 2010). In
contrast, this concentration range is significarftlgher than previously reported values for
Icelandic minerals which are generally < 1 R1@h*STP/g (Poreda et al. 1986; Hilton et al.
1999; Dixon et al. 2000; Dixon, 2003; Ellan & St&004; Brandon et al. 2007; Liccardi et al.
2006; Liccardi et al. 2007; Debaille et al. 2008rifet al. 2010; Peate et al. 2010).

The overall range ifiHe/He is from 8.5 to 25.7 R also comparable with previously
reported values from Iceland (Furi et al., 2010 aef therein). We note a clear distinction
between different rift segments and emphasize fimain points: (1) only samples from the NRZ
overlap the DMM range, but also extend to highelues Notably, DMM-like values are
predominantly found to the north of the NRZ, wherdagher values (up to 19.{Roccur
towards central Iceland, (2) Samples from the WR&@sa more restricted range of values from
12.5to 21.1R. Indeed, excluding the highest value of 21, 1fRe remaining WRZ samples all lie
between 12.5 and 17.2R(3) All samples from the ERZ displdide/’He > 18R, displaying a
restricted range of values from 18.1 to 25.9Rnd finally, (4) the SIVZ samples, all display
*HelHe > 18R and reach values as high as 25. @R brihyrningur, in good agreement with the

*He/*He ratio of 26.2R obtained previously at this location (Kurz et 4Bg85).
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Figure V.3: (a) Argon isotopes*{Ar/*°Ar) and

(b)*Hel°Ar* ratios versus radiogenit?Ar*. We

indicate the present (1.4) and time-integrated )(4t®oretical ‘He/°Ar* Production Ratios
calculated for the upper-mantle (Porcelli & Balieet 2002; Yamamoto and Burnard, 2005;
Hanyu et al., 2011). The dftAr/*°Ar value is 298.6 from Lee et al. (2006).

The total°Ar content, which represents a mixture of air-dedivargon in addition to

intrinsic radiogenic argon, is corrected for theesance of atmospheric argon (i.€°Af*])

assuming that all th&Ar is atmospheric-derived in the following manner:

OArs = [3Ar ] x [(°Ar/*°Ar) m — (CAr/An) 4

(1)



138

Where “°Ar* is radiogenic argon, and®Ar,, and (°Ar/*°Ar),, are the measured values and
(“Ar/*°Ar) 5 is the air ratio (=298.56 + 31; Lee et al., 2006)Figure 3a, we plot “°Ar/*Ar
ratios versus radiogenféAr*. The radiogenic Ar concentration8’4r*] vary from 0.1 to 1734
x10° cnTSTP/g with the highest values found at the MID-lipféll/Dagmalafell (i.e., DICE)
locality. This range of values is comparable to rtduege previously reported for oceanic basalts
where {°Ar*] generally lies between ~10and ~10 cnPSTP/g (e.g., Yamamoto and Burnard,
2005).

Argon isotopes“PAr/*°Ar) show a rather narrow range of values from aphesic-like
values to 1334. These values are both comparalsledfr lower than those reported previously
from Iceland (air-like to ~6500; Burnard et al. #9%arrison et al. 1999; Trieloff et al. 2000;
Burnard and Harrison, 2005; Furi et al., 2010; Myddhyay, 2012) but much lower than source
estimates for oceanic basalts (~5000 to ~ 40,0@0; Burnard et al., 1997; Trieloff and Kunz,
2005). Notably, a significant number of samplesnhave “°Ar/*°Ar near identical to the
isotopic composition of air (298.56; Lee et al. 800

In Figure 3b, we plot*He/°Ar* ratios versus radiogeni?Ar*. As noted above, many
samples (n=9) have air-liK€Ar/*°Ar ratio, precluding calculation of thde/°Ar* ratio. Other
samples show a wide range*tte/°Ar* ratios from 0.4 to 135. A significant number sdmples
fall within the present and time-integrated theioedt*He/°Ar* production ratio calculated for
the upper-mantle (P.R. = 1.4 to 4.8; e.g., Poré&lBallentine, 2002; Yamamoto and Burnard,
2005; Hanyu et al., 2011), whereas four samplagdaji$He/°’Ar* ratios < 1.4. As demonstrated
by Furi et al. (2010), parental melts of the Icelmume have undergone noteworthy depletion of
helium relative to neon and argon — a likely prsaesponsible fofHe/?Ar* ratios < theoretical

upper-mantle values observed in our dataset. We atde that samples with the highest
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*He/*°Ar* ratios are associated with lovi’Ar*] consistent with the preferential loss SAr

relative to’He following degassing.

4.2. Nitrogen abundances and isotopes
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Figure V.4: Argon (['°Ar*]) versus [N;] concentrations for Icelandic basalts by neovdican
zone. We also plot data from Mid-Ocean Ridge bas@tORB) and Oceanic Island Basalts
(OIB) that where obtained by in vacuo crushing (Maand Humbert, 1997; Marty and
Zimmerman, 1999; Marty and Dauphas, 2003a).

In Figure 4, we plot [°Ar*] versus [N;]. For comparison we also plot data from mid-
ocean ridge basalts (MORB) and oceanic island tzag@lB) that where obtained by vacuo
crushing (Marty and Humbert, 1997; Marty and Zimman, 1999; Marty and Dauphas, 2003a),
allowing for a direct comparison with our IcelanataketNitrogen concentrations (H§ of the

Iceland subglacial basalts vary from 0.17 to 83%20() cn?STP/g. This range is comparable to
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the range of values previously reported by MORBssgs ~0.4 to ~118 (xfpcn?STP/g but
significantly lower than the overall range reportedOIB glasses ~2 to ~2970 (x)cnTSTP/g.
However, we note that fl values significantly > ~100 (x19 cn?STP/g are rare in oceanic
basalts and are predominantly from Teabhitia inSbeiety Islands (Marty and Dauphas, 2003).
Thus, our range is generally consistent with threeru [N;] database reported for oceanic basalts.
We observe a generally good correlation betwe®ar{ and [N,] over several orders of
magnitude - consistent with a general coupling eAmMitrapped in similar storage sites (i.e.,
vesicles) in subglacial glasses (e.g., Marty, 199%us, the N and Ar concentrations of the
Iceland samples may simply reflect the relativesitgrof vesicles in each sample, consistent with
observations of other oceanic glasses (Marty, 199&rty and Humbert, 1997; Marty and

Zimmerman, 1999; Marty and Dauphas, 2003a).
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Figure V.5: Nitrogen isotope valuess'®™-N2) versus [N concentrations. We also plot data
from MORB and OIB data obtained using in vacuo kimng techniques (Marty and Humbert,
1997; Marty and Zimmerman, 1999; Marty and DaupB@63a). Air is indicated with the dashed
black line and the meadt°N values of the DMM reservoir (-5 + 2%o) with theliogray line
together with the associated uncertainty with ddgiray lines.
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In Figure 5, we plot nitrogen isotope value8"{N-[N]-versus Air) versus [N of the
Iceland sample-set together with MORB and OIB glassbtained previously using vacuo
crushing techniques (Marty and Humbert, 1997; Maathd Zimmerman, 1999; Marty and
Dauphas, 2003a). Note that we do not plot the ¥otlg samples due their high blank
contribution: OLF-1 (41%), MAE-1 (30%), KVIH-1 (87%6A13/ICE08R-09 (47%), A32 (41%):
therefore, there are n = 38 Iceland samples pldtiggigure 5. The nitrogen isotopes'tN)
values show a wide range from -2.91 to +11.96%. fzanek an average value of +1.62 + 2.77%o.
Notably, this value is significantly higher the walpostulated for the DMM end-member of -5 +
2%o0, as sampled at mid-ocean ridges (Marty and DasipB003a). In addition, the Iceland
average is also higher than the average valuengatdrom the MORB database (-2.00 + 2.80%o:
Marty and Humbert, 1997; Marty and Zimmerman, 1998ty and Dauphas, 2003a). We note
the values > 6%o are only observed at one localitgéland (A35-Sigalda) and, if we remove this
sample, the overall range varies from -2.91 to 8%.5and the mean value becomes only slightly
less positive (+1.34 + 2.20%o). In any case, théate data are in excellent agreement WitiN
values previously reported for OIB glasses whiaigeabetween -3.2 to 6.7%. and which have a
mean value of +1.92 + 2.43%. (Marty and Humbert, 7t99arty and Zimmerman, 1999; Marty
and Dauphas, 2003a). However, in contrast to Hejiss, there appears to be no spatial control
on thes'N dataset as different segments of the neovolcaies have overlappid®N values.

Published nitrogen isotope values obtained on mcktalavas are limited and only three
samples have been reported adopting vacuum crugMiagy & Dauphas, 2003a; Fischer et al.,
2005). Fischer et al. (2005) obtained'a of -8%. for a single Iceland phenocryst samplerfro
Theistareykir in the NRZ - one of the most negatredues observed on oceanic basalts so far.
We note, however, that this sample had an extrersglgll quantities of [N (0.88 x10°
cn’STP/g), which is significantly less than our systelank of 3.3 + 1 (x18 cn?STP) casting

doubt on its integrity. Finally, we note that Mol#ia et al. (2009) analyzed two glass samples
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from the WRZ by stepped heating and obtained alesgge, between -12.5%o to +16.5%0, that is
well beyond the range we observed with vacuum @ngshbAgain, we have concerns about the
validity of these results due to possible modifmatof the5'N values by interaction with hot

metal {ridium in this case) crucibles (Yokochi & Marty, 2006).

5. Discussion
5.1. Integrity of data

In the following section, we adopt a step-by-stiétpring protocol to test the integrity of
individual samples and to identify those that mpresentative of the mantle source. In the case
of the sample suite studied here, modificationsmaintle source values may be due to air
contamination, degassing, and/or shallow-level tatuzontamination.Only through this
approach, is it possible to discern primaiN features of the Icelandic mantle source, and to
assess the role and extent of these various segopdacesses in masking mantle nitrogen

features.

5.1.1. Air contamination and entrapment of air-ded components

Atmospheric nitrogen can act to mask, and/or in esooases, overwhelm the
characteristics of mantle nitrogen intrinsic toldewlic melts. To overcome this problem, we have
adopted the following criteria to aid in the rectigm of primary versus secondary N features:

1. Elemental ratios involving Nare employed to help recognize atmospheric carttabs.
For example, MAr values lower than air (83), but higher thanegual to air-saturated
water (ASW) at 0°C (38) are considered to idergeynples contaminated with air and/or
affected by mixing with ASW (e.g., Hilton, 1996)n Figure 6, we plot N/Ar ratios of

the same samples plottedigure 5, versus [N] to identify air-contaminated samples.
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Iceland glasses have,Mr ratios between 85 to 425, with a mean ratiol67 * 86,
somewhat higher than the mean value reported foymds of MORB glasses= 124 + 40
(Marty and Zimmerman, 1999), and significantly héglthan the mean value reported for
OIB 74 £ 34 (Marty and Dauphas, 2003a). We noté thtios exceeding 300 are only
observed when [Nl are < 30 (x18 cnPSTP/g), whereas [ > 30 (x10° cn’STP/g)
always display NAr ratios < 200. Significantly, no samples overlajth the air value
and/or the ASW values as all samples haw#ANratios <83, indicating that air

contamination is minimal.
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Figure V.6: N, /Ar ratios of the same samples as Figure 5, vdispisconcentrations. The NAr
values of air (83) and air-saturated water (ASW§)(are indicated by dashed gray lines.
Significantly, all samples have ,Mr ratios well above the air value, indicating tthair
contamination does not overwhelm samples.

2. A powerful approach to identifying air-contaminatsaimples is the combination of N
isotopes, overlapping with air-liKEAr/*°Ar ratios. InFigure 7a, we plot*°Ar/*°Ar ratios
versuss™N values of the Iceland glasses in addition to MCdr OIB glasses (Marty

and Humbert, 1997; Marty and Zimmerman, 1999; Martg Dauphas, 2003a). As noted
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previously, Icelands®N values are significantly higher than estimatesttef DMM
reservoir (-5 +2%o) and also the mean value of MQRBabase (-2.0 + 2.8%0), and show

better correspondence with OIB glasses.
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Figure V.7: Argon isotopes’Ar/*°Ar ratios versuss*™N values of the Iceland glasses. In (a),
MORB and OIB glasses are plotted (from Marty andnbart, 1997; Marty and Zimmerman,
1999; Marty and Dauphas, 2003a). The isotopic caitipa of air §°N =0%. and*°Ar/*Ar
=298.6) is indicated with dashed gray lines. In, (@upled8"°N-*°Ar/*°Ar systematics are
investigated in more detail by adjusting of sciletably, two samples (NAL-281 and BHE-43)
overlap with air. Additionally, seven sample digpfAr/*°Ar ratios < air. These samples are
omitted from further consideration in the discussio

However, coupleds™N-*’Ar/**Ar systematics of the Iceland glasses differ froothb
MORB and OIB, as theit?Ar/**Ar ratios do not extend to values significantly ayes
than ~1000. Only 4 samples ha¥®r/*°Ar ratios > 500, indicating that a large
component of argon in Icelandic glasses is atmasptierived, consistent with prior
studies (e.g., Burnard et al. 1994; Harrison efl@89; Trieloff et al. 2000; Burnard and
Harrison, 2005; Fari et al., 2010; Mukhopadhyayl20 In Figure 7b, we investigate
coupledd™N-*°Ar/*°Ar systematics in more detail by only consideriagnples with air-
like isotope signatures (0%o; 298.6). Two sample8l(f®81 and BHE-43) overlap with
air 5°N. Additionally, seven samples (NES-1, REY-1, NA&63 NAL-500, All,

A18/ICE08R-12, TRI-2) displa§PAr/*°Ar ratios< air. Thus, we omit all 9 samples from
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further consideration as they have likely incorpetaa large component of argon that is

atmosphere-derived.

5.1.2. Magmatic degassing and elemental fractiamesti

In addition to air contamination, another importprdcess capable of modifying intrinsic
mantle volatile features is magmatic degassing. aBgigg can potentially cause relative
abundance fractionation, such that measured elameatios are no longer representative of
mantle source values (e.g., Cartigny et al., 2081yobust approach to constrain degassing
history and the mode and extent of volatile losshie use of the relative noble gas abundance
ratio of ‘He/°Ar*. This ratio is particularly powerful for modely the extent of degassing (e.g.,
Matsuda and Marty, 1995), because He is much natoble than Ar in basaltic magmas S,
= 9.5; Jambon et al., 1986 where S = solubility§. Aconsequence, the residual medium (i.e.,
basaltic glass) should displéyle/°Ar* values that increase from the present and timegrated
theoretical production ratios, as degassing praceed

In Figure 8, we plot elemental ratios involving,N.e., (a) No/°He and(b) N./*°Ar* (i.e.,

[N,] over radiogenic [Ar]; e.g., Cartigny and Marty)1B) versusHe/°Ar* ratios. Estimates for
the *He/°Ar*, N,/°He and N/*°Ar* ratios of the upper-mantle (DMM: 1.4 to 4.8;78.+ 1.17
(x10P); 138 * 65, respectively: Marty and Humbert, 198f&rty and Zimmermann, 1999; Hanyu
et al., 2011; supplementary material) are indicdtgdhe gray boxes. The,RHe ratio Figure
8a) varies by well over two orders of magnitude, fr@® x10 to 9.0 x10, and thus Iceland

glasses display #fHe ratios that span the range of DMM estimates.
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Figure V.8: Plot of (a) N/°*He and (b) N*Ar* versus *He/°Ar* ratios. Estimates for the
*He/°Ar*, N,/°He and N/*°Ar* ratios of the upper-mantle (DMM: 1.4 to 4.878.+ 1.17 (x16);
138 + 65, respectively: Marty and Humbert, 1997;rtland Zimmermann, 1999) are indicated
with the gray box. In (a), we superimpose degassiafpctories for open-system degassing
(FED) and closed system degassing (BED) assumeihgtaalues of 1.4 fofHe/°Ar* and of
3.76 + 1.17 (x1f) for N,/*He and using solubility coefficient described i ttext. Notably, 8
samples with'He/°Ar* > 10 lie very close to the FED trajectories aa thus likely to have
modified elemental ratios not representative ofrtseurce values. A somewhat loweg/ite
starting values (~1 x®pis needed to fit two samples from the ERZ. In (¢ show FED and
BED trajectories calculated assumed starting vabfed.4 for “He/°Ar* and 138 + 65 for
No/*°Ar*. The FED trajectory is nearly horizontal irrespiive of the*He/’Ar* because of the
very similar solubilities of Ar and N in basalticagmas. Significantly, of all the samples that
have*He/°Ar* > 10, only one sample from the ERZ, falls ore tRED trajectory. Thus, high
N,/“°Ar* ratios (up to 6780) are well beyond what can greduced by solubility controlled
degassing and indicate mixing towards a componéhtashigh N/*°Ar* ratio.

In order to test to what extent magmatic degas&ncapable of explaining this large

variation, we superimpose degassing trajectories oth open-system degassing (FED:
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Fractional Equilibrium Degassing) and closed-systdegassing (BED: Batch Equilibrium
Degassing) using a solubility coefficient for He (860 x10' cn? STP/g) from Jambon et al.
(1986), 6.14 for Ar (x18), and 5.12 (x1®) for N, compiled by Cartigny et al. (2001).
Additionally, we assume starting values betweenahd 4.8 for'He/°Ar* and of 3.76 + 1.17
(x10°) for No/°He (e.g., Marty and Zimmermann, 1999).

Out of all samples plotted fRigure 8a, we note that 10 samples which displag/°Ar*
> 10 and fall well outside the DMM box, lie veryosk to the superimposed degassing trajectories
for FED and/or BED. These samples are thus likelyhave modified elemental ratios not
representative of their source values. Signifigarahly when’He/°Ar* > 10 does the effect of
degassing modifications become clearly evident amessamples display characteristics that
overlap the DMM field. All other samples havele/°Ar* < 10, suggesting only moderate
(<20%) amounts of degassing that are unlikely teehextensively modified starting ,RHe
ratios.

The N/*°Ar* varies significantly, from 12.2 to 6780 and,amgous to N*He ratios, this
is well beyond estimates for DMMrigure 8b). Assuming the same solubility coefficients for
He, Ar and N as adopted Figure 8a, and a W*°Ar* starting value of 138 + 65, we construct
and superimpose similar FED and BED trajectoriegnificantly, of all the samples that have
*He/*°Ar* < 10, only 4 sample from the ERZ, falls on tRED trajectory, although we note that
there is a considerable overlap with the DMM fiels nitrogen and argon have similar
solubilities in basaltic magmas, the FED traject@ynearly horizontal, irrespective of the
*He/*°Ar*, leading to virtually no change in the,®PAr* value. Thus, magmatic degassing will
never be capable of explaining the marked enrichrogN, over *°Ar* observed inFigure 8b,
and the high ratios observed (up to 6780) are bejond those that could be produced during

solubility controlled degassing. Indeed, assumiagrn00% degassing, an unlikely process for
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these samples given thH#de/°Ar* ratios are all < 140, the X°Ar* ratios will reach values as
low as ~20, but not values > than DMM.

As “°Ar* is the denominator for both ratios plotted Figure 8b, binary mixing should
plot as a straight line, as could be the casedompes that have #e/°Ar* ratio > 10. This is
illustrated with a binary mixing line (in red) bezen (i) a mantle component with low/fJAr*
and*He/*°Ar* ratios, and (ii) a component with higho®RPAr* and “He/°Ar* ratios. Significantly,
as samples witiHe/°Ar* > 10 have lost significant amounts of volatilebey become more
susceptible to the addition of extraneous volafgeg., crustal and/or atmospheric). Thus, a likely
explanation of the high X°Ar*ratios evident inFigure 8b, is admixture with a component with
a very high N/*°Ar*, such as organic material embedded in crustall wocks (Barry et al.,
2014). However, admixture with such a componeny di@comes evident in samples that have

*He/°Ar* > 10, i.e., degassed samples. This possikiitiurther tested in section 5.1.4 below.

5.1.3. Magmatic degassing and nitrogen isotopetilmaation

In addition to causing relative abundance fractimma magmatic degassing can
potentially generate isotope fractionation of imsic mantle nitrogen isotope values. However,
with respect to nitrogen, there is no consensuslagassing induced isotopic fractionation of
nitrogen (see contrasting views in the discusswin€artigny and Ader, 2003 and Marty and
Dauphas, 2003b). A primary observation commonlyduseargue for isotopic fractionation of
nitrogen during degassing (Javoy, 1997; Cartignglet2001) is the fact that MORB vesicles,
which represent out-gassed (i.e., exsolved) manittegen, mostly have negatiie®N values
(Javoy and Pineau, 1991; Marty and Humbert, 19%ftyvand Zimmermann, 1999), whereas the
residual nitrogen, extracted by fusion, often haghér 5'°N values (e.g., Exley et al., 1986;
Cartigny et al., 2001). However, some of theseaminay be biased due to kinetic effects during

gas extraction (Boyd et al., 1993; Pinti et alQ20Y okochi et al. 2009) and the use of N-reactive
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metals (Yokochi and Marty, 2006). Indeed, evidehes been presented against N isotope
fractionation during magma degassing, based onudysof olivine and geothermal gases
collected at the same locations which shows siriif& values for both types of sampling media
(Fischer et al., 2005) and consideration of coupla-*He/°Ar* systematics in oceanic basalts
(e.g., Marty and Dauphas, 2003b).

In order to test whether the observed N-isotopéatians of the Iceland glasses result
from degassing-induced modification of a common theasource, we plotHe/’Ar* versuss™N
in Figure 9a. Notably, we adopt DMM as the common end-membewuinmodel as there remain
considerable uncertainties regarding the seleatioanother nitrogen mantle component under
Iceland. Indeed, on the basis of radiogenic isapp®M has been identified as a mantle end-
member in the Iceland mantle source (e.g., Thitlwtlal., 2004 and ref. therein). We adopt a
simple open system (FED: Rayleigh fractionatiorgatesing model to test the possible effects of
magmatic degassing. Degassing-induced loss of Hk Amis controlled by fractionation
(solubility) factors for He (&) and Ar (S,), and the Rayleigh distillation equation governihg

residual ratio (He/Ar)in the melt can be describe as follows:

(*Hel°Ar*) =("HelAr) of 5, [(SA7SHe 2)

where f; is the remaining fraction of Ar in the melt. Weoatlthe same solubility coefficients as

described above for He and Ar. Also, in an opemesysthek‘)lSN values of the melt are related to

the remaining fraction of [N] in the meltfin the following manner:

8" Nmer= 8"No+ A; x In fy (3)

where
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Ai = 815Nves - 815Nmelt (4)

Here, A is the isotopic equilibrium fractionation factoi §*°N between the vesicles and the melt,
and we adopt a value of -1.6%. from Cartigny et (@001). It is important to note the
fractionation factor used here is based on obden&abf vesicles and the melt phases of basaltic
glasses from the south-west Indian Ridge, but éuréxperimental work of nitrogen isotope
behavior during degassing is needed that confiisndlue.

Assuming a fixeds'N value of the mantle source but taking its assediaincertainty
estimates into account, degassing trajectoriesapable of explaining only a small subset of the
dataset plotted ifrigure 9a, and the possible effects of degassing (if angly become evident
as *He/°Ar* ratio exceeds ~10. Thus, the data are largebomsistent with degassing induced
isotopic fractionation of nitrogen from a single mtle sourced™N value, and may require
heterogeneous startirﬁéSN values that are difficult to constrain. In adoiitj as discussed above,
high NJ/*°Ar* ratios in samples associated wifkle/°Ar* ratios > 10, suggest elemental
variations are not the result of degassing buteambtrequire a scenario involving mixing of
mantle-material that has lost significant amourfitgatatiles via degassing and a component with
high Ny/*°Ar* ratios. Consideration of additional stable ¢ fractionation models such as
species- (i.e., solubility- : Mysen & Fogel, 20E0)d/or diffusion- (i.e., kinetic- : Yokochi et al.,
2009; Roulleau et al., 2012) induced isotopic faetion, which we deem unlikely at this stage,

are provided in the supplementary material.
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Figure V.9: Plot of (a)*He/*°Ar* and (b) N/*°Ar* ratios versus'N. Estimates for the DMM (-5
*+ 2%0: 1.4 to 4.8: 138 £ 65) are indicated with tip@y box. In (a), we superimpose FED
trajectories (see text for details) assuming stgnialues of 1.4 to 4.8 féHe/°Ar* and -5 + 2 %o
for 8'°N to test the possible effects of magmatic deggssim3**N values. The FED rajectories
are only capable of explaining a small subset efahtire dataset assuming a fixed starting value.
Possible effects of degassing only become evidetie°Ar* ratio exceed ~10. In (b), M°Ar*
values are plotted versé&N to test the possible effects of crustal contationaon modifying
8"N values. We adopt starting compositions of -7%o @heko (i.€., -5 +2%o0) and 1.4 and 4.8 for
8N and‘He/°Ar*, respectively. Most samples (7 out of 8) with/Mr* ratios > 1000 have
positive 8*°N signatures (up to +12%.). Generally, such samplesge ‘He/°Ar* ratios > 10
(Figure 8b), which is consistent with a significamtatile loss. Thus, the association of higfiN
and high N/*°Ar* ratios in these samples is consistent with adume of organically-derived
nitrogen with8™N and N/*°Ar* >> DMM to the intrinsic mantle nitrogen compante This
would argue against degassing-induced fractionaftects on thé™N values.
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In summary, we conclude that N-isotopes of Icelangiibglacial basalt have not
experienced significant degassing-induced fractiona Significantly, this observation is
consistent with previous studies of oceanic bagelts., Marty and Humbert, 1997; Marty and
Dauphas, 2003; Fischer et al., 2005), which alsggest that nitrogen isotope variations are

independent of degassing and the degree of mdtigg Marty and Humbert, 1997).

5.1.4. Contamination with volatiles from the Icadasrust and assimilation of organic material

Now that we can exclude degassing processes asaasnué explaining®N enriched
isotope values evident in Icelandic subglacial hasave investigate the coupled N- isotope
systematics along with elemental ratios involving M order to assess whether observed co-
variations can be explained by crust and/or mantieing processes. Enriched!®N crustal
signatures may potentially be generated in Icetabhdsalts in two different ways: (i) through the
incorporation of deeply recycled oceanic crust.(elpfmann and White, 1982; Marty and
Humbert, 1997; Marty and Dauphas, 2003), and/Qrhyi assimilation and/or contamination
within existing Iceland crust, acquired during magemplacement events/eruptions (Marty and
Zimmermann, 1999). In the following discussion, fweus on the latter, starting with discussions
on the possible nitrogen isotope signature of ¢eéahd crust.

Although some studies suggest that there is a deratile overlap between mansféN
values and bull™N values of the altered oceanic crust (AOC: N of -5.2%.; Li et al.,
2007), such as the Icelandic crust, AOC is genexadlwed as being heterogeneous with respect
to nitrogen speciation and isotope characterigiasti et al., 2001; Busigny et al., 2005; Li et al
2007; Busigny et al., 2011; Halama et al., 2012)ekd, Halama et al., (2012) showed that the
AOC displayss'N value significantly more positive and heterogarsetelative (=1.2.+ 3.2xb)
to DMM. Thus, there is potential for explaining ttenge of Icelan@d**N values by assimilation

of crustal material during eruption. We also ndtettBusigny et al. (2005) demonstrated that
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basalts from Ocean Drilling Program Site 1256, fedaat the eastern flank of the East Pacific
Rise, showed a clear enrichment in nitrogen dutfiregalteration process, with a decreasé
values with increasing depth. They showed thabgén of altered basalts occurs mainly as an
ammonium ion (NH) and is fixed in various secondary minerals (cefdig, K- and Na-
feldspars, smectite). These represent typical skcgnminerals that have been identified in
altered sections of Iceland crust, either in dnilts (Mehegan et al., 1982) or in the Tertiary lava
pile (e.g., Neuhoff et al., 1999 and 2000). In &ddi Busigny et al. (2011) studied ophiolitic
meta-gabbros from the western Alps that showedrge laange of consistently positive N
values of +0.8 to +8.1%.. ThE°N values of the metagabbros were shown to correlite[Cu]
(a possible index of hydrothermal alteration), seomg that leaching of Cu—N compounds,
possibly on the form Cu(N?*, occurs during hydrothermal alteration.

More recently, Barry et al. (2014) postulated tassimilation of organic material, with
low 8"3C signatures in altered Iceland crust, was an itapomprocess that generated 16%C
values (as low as -25%o) in this same sample stities] here. These authors suggested that the
occurrence of organic material within the Icelandist results from either hydrothermal
circulation of organic material (Lang et al., 20@®)d/or biological activity during mineralization
(Thorseth et al., 1992; Furnes et al., 2001; Fislle 2003). We note that Marty and Humbert
(1997) showed that many oceanic basalts with welgtiow “°Ar/*°Ar ratios (<1000) seem to be
associated with positivé°N values, and proposed that such values refledaatination of melts
by a shallow component enriched iiIN. Seafloor organic matter and sediments have these
characteristics and are likely to be found in tbeldnd crust. Thus, therefore, there is substantial
evidence favoring a predominantly positi®€N isotope signature within the lcelandic crust,
making shallow level crustal contamination, at {éascase of samples wittHe/°Ar* < 10, a

viable process for explaining the posit/éN signature in Icelandic subglacial basalts.
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In Figure 9b, we plot N/*°Ar* versus§*N of the same samples as plottedFigure 5.
Estimates for the DMM (138 + 65: -5 + 2%o) are irated by the gray box. Significantly, we note
that seven out of eight samples withRAr* ratios > 1000 have positiv&™N signatures (up to
+12%o0). Bearing in mind that samples with such hig°Ar* ratios, generally havéHe/°Ar*
ratios > 10 Figure 8b), which is consistent with a significant loss olatiles, and thus increased
susceptibility to addition of extraneous volatilédse association of high'>N and high N*°Ar*
ratios in these samples is thus consistent withixtdne of organically-derived nitrogen to the

intrinsic mantle nitrogen component.
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Figure V.10: No/*°Ar* ratios versus {Ar*] for the same samples as plotted in Figure Be T
DMM range of 138 * 65 is indicated with the two lkded gray lines. Samples with the highest
N,/*°Ar* ratios (>1000) generally have the lowesPAr*]. Such samples become more
susceptible to the addition of external volatilaaplying that highly degassed samples have
experienced the most significant crustal contarionat

To further test that samples with low volatile centrations have experienced greater

additions of a crustal nitrogen componenttigure 10we plot N/*°Ar* ratios versus {Ar*] for
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the same samples as plottedrigure 5. We indicate the DMM range of 138 * 65, by theygra
field. As magmatic degassing should not signifibafitactionate N from Ar, any N excess
relative to Ar, significantly beyond that DMM rangie likely a result of N addition to initial
inventories. Significantly, samples with the highBls/*?Ar* ratios (>1000) generally have the
lowest [°Ar*]. We also note that the same picture emergesnfFigure 6, indicating that
samples with low [M are associated with high,Mr ratios. As samples with low/%Ar*] and
[N,] are more susceptible to the addition of extenudhtiles, these observations are consistent
with a larger degree of contamination followingdaxf volatiles via magmatic degassing. Finally,
we note, however, that if contamination with shalevel material during eruption was the only
source of*®N enrichment evident in Icelandic subglacial basalte would expect to see, a
general association of the high&5N values in the lowest [[jlsamples, but no clear relationship
is evident between these two parametBrgufe 5). In addition, we also note that many samples
have N/*°Ar* ratios which fall above and below the DMM randaut are inconsistent with a

large volatile loss, as evidenced by tHeie/°Ar* of < 10 (Figure 8b).

5.1.5. Summary

In summary, in identifying samples which are likedypresentative for the Iceland mantle
source, we considered coupl8dN-"°Ar/*°Ar systematics, and identified a total of 9 samples
which have experienced sufficient modification bya@ntamination that they are unlikely to
reflect primary source features (section 5.1.h)adldition, we considered possible degassing-
induced modification of both elemental (section.®)land isotopic (5.1.3.) primary source
features. Notably, we have confidence in data fitiegf samples with*He/°Ar* ratios < 10
only, as samples witfHe/°Ar* ratios > 10 have modified elemental ratios asotopic values
not representative of their source values. We ifledtdegassing-induced modifications to the

primary N/°He ratios in samples withde/°Ar* ratios > 10 whereas no such effect is appairent
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the N/*°Ar* ratios ands™N values. In contrast, #°Ar* ratios ands™N values have experienced
significant crustal contamination, but the effeectmes only clear in samples witHe/°Ar*
ratios > 10 (section 5.1.4.). The remaining samfe®2) have'He/’Ar* < 10, suggesting only
moderate (<20%) amounts of degassing which we dedrmave not extensively modified mantle

source characteristics.

5.2. He-N-Ar relationships: evidence for recyclélagen in the Iceland mantle source

In the following section, we investigate coupled-Me&\r elemental and isotope
systematics more closely in order to assess wh#ikeéiN enriched crustal component is indeed
integrated into the Iceland mantle source, and pussibly providing information on the nature
of recycled material in the deep-mantle Fiigure 113 we plot N/°He versuss™N values (only
for samples witfHe/*°Ar* < 10). We superimpose end-member compositianDMM (3.76 *+
1.17 x16; -5 + 2%0: Marty and Zimmerman, 1999; Marty and plaas, 2003a) and a hybrid
Iceland mantle plume source that has incorporatedterogeneous section of recycled crustal
material (1 + 6 x18: +1%o to +10%o, e.g., Sano et al., 1998; Marty aralghas, 2003) that
dominates the nitrogen budget of the plume end-neentb assess the possible role of the Iceland
plume in supplying recycled volatiles to the sugfalotably, we make the assumption that this
recycled crustal material has heterogeneidtl$ values that vary between +1%. and +10%. and,
thus incorporate$'®N values typical of the uppermost section of thbdsieting slab, i.e., (i)
modern organic sedimentary nitrogen (+7 + 3%.: Rettral. 1978; Sano et al., 1998; Sano et al.,
2001; Halama et al., 2012) , (ii) subduction-radateetasediments (+3.2 + 2.1%0; Halama et al.,
2012), (iii) metamorphosed oceanic crust (+4.5 ¥%2, Halama et al., 2010; 2012), and (iv)
values proposed to characterize the recycled coemtogvident at many OIB localities (+3 +

2%o0; Marty & Dauphas, 2003a).
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Figure V.11: Plot of (a) N/°He and (b) W*Ar* ratios versuss*°N values. Only samples with
*He/*°Ar* < 10 are plotted. In (a), two end-member coniposs are indicated: for DMM (3.76 +
1.17 x16; -5 + 2%0) and a hybrid Iceland mantle plume souticat has incorporated a
heterogeneous section of recycled crustal matékial 6 x16°% +1%o to +10%o). Binary mixing
trajectories between these end-member composiicmshown with the two dashed gray lines,
taking the uncertainties of end-member compositiots account. A binary mixing trajectory
from a lower N/*He end-member (~1 x30is shown with a solid black line whereas a binary
mixing curve involving an even lower,NHe end-member (~1 x10is shown with the cyan
colored solid line. In (b), the DMM end-member (1885; -5 + 2%0) and a hybrid Iceland
mantle plume source (1 + 6 ¥]0+1%o to +10%o) are indicated with gray boxes. Takihe
uncertainty of end-member compositions into accobimary mixing trajectories between these
end-member compositions are shown with the two ethgiray lines, whereas binary mixing
involving a lower N/*°Ar* of 25, is shown with a solid black line. Sigiwintly, data are
consistent with binary mixing involving a heterogens recycled nitrogen component.

However, binary mixing between these two componebtdM and a hybrid Iceland

plume, is capable of explaining only a small suln$ehe coupled™N-N,/°*He systematics of the
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Icelandic subglacial basalts. Even if the uncetyaassociated with the mean value reported for
DMM (3.76 + 1.17 x10) is considered when constructing the binary mixings, a better fit to
the data is not obtained. Notably, however, mostpas are consistent with binary mixing, but
not towards the DMM end-member. Rather, an end-neeriy®*He ratio of ~1 (x18), a ratio
similar to uncorrected mean values of DMM (Martyg &@immerman, 1999), provides a better fit
as it incorporates a larger set of samples. Werase that two samples from the WRZ require an
even lower W°He ratio in the DMM end-member of ~1 (¥)0and also highlight heterogeneous
8N values in the recycled end-member (up to +7%synificantly, irrespective of the actual
value of the W°He end-member, the data imply binary mixing witbcenponent that has high
N,/*He ratios (at least >1x10and heterogeneo@s’N values (i.e., that lie at least between +3 to
+7%0). Such a component is similar to recycled Nnfrmodern subducted sedimentary material
and metamorphosed oceanic crust (e.g., Sano @988, Marty & Dauphas, 2003a; Halama et
al., 2010; 2012).

In Figure 11b, we plot N/*°Ar* versus3™N of the same samples asFigure 11a(i.e.,
samples witfHe/°Ar* < 10), to avoid samples affected by admixturghvehallow level crustal
material. Again, we superimpose two possible endiber compositions for DMM (138 + 65; -5
+ 2%0: Marty and Zimmerman, 1999; Marty and Daupt93a) and a hybrid Iceland mantle
plume source (1 + 6 x¥0+1%0 to +10%0). Note that the K°Ar* value we adopt for the crustal
component is somewhat higher than the highegAr\(total Ar) ratio of 21,000 reported for
oceanic sediment (e.g., Matsuo et al., 1978). Thibecause oceanic sediments are likely to
contain air-derived argon that would lower the@A. The §"°N- N,/*°Ar* systematics of the
Icelandic subglacial basalts are consistent withatyi mixing between DMM and a hybrid
Iceland mantle plume source. We note that reldativime5°N-N,/*He systematicsRjgure 113),
the DMM end-member provides a significantly befiierto the calculated mixing trajectories

(taking the uncertainty of the mean/MAr* ratio into account), with only 6 samples fallin
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below the binary mixing trajectory. Five of thesamples can be explained by adopting a
N,/*°Ar* ~25 for the DMM end-member, whereas one sanmég have an even lower,RPAr*
ratio in the mantle end-member (~10). Significansgmples that fall below the DMM estimates
clearly highlight heterogeneo@$N values in the recycled end-member.

Finally, we note that, in general, tAEN-N,/He systematics show more scatter relative
to thed'®N- N,/*°Ar* systematics, and the need for variable mariBisi/-like) end-members is
more problematic for the former. This observatian be explained taking into account that He is
more readily fractionated from,Nhan N from Ar, and deep-level fractionation event(s) doie
melting and/or solubility controlled fractionatiofe.g., Moreira & Sarda, 2000; Sarda & Moreira,
2002; Furi et al., 2010), are more likely to hawewred. In this respedtigure 11billustrates
the robustness of the.ffAr* ratio to constrain mantle end-members.

In Figure 12, we plot helium isotopes’fe/He) versus3™N values to test possible
relationships between higie/He mantle material in the Iceland plume aitN values. For
regional comparison, we include seven samples ft@rReykjanes Ridge reported by Barry et
al. (2012), helium data by Hilton et al., 2000 andon data by de Leeuw (2007). These samples
all display*®Ar/*°Ar ratios significantly higher than air, and wheraable (6 out of 7 samples),
also havéHe/°Ar* ratios < 10. We propose possible end-memberpgmmants: DMM (8 + 1R,

-5 + 2%0) and a hybrid Iceland plume with’lde/He ratio of 37 + 2R (Hilton et al., 1999),
assuming that it has entrained a heterogeneouslegcgrustal component, wits°N values

between +1%. and +10%o, that dominates the nitrogeigét.
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Figure V.12: Helium isotopes>HelHe) versuss™N values for the same samples plotted in
Figure 11. Also plotted are data from the ReykjaRédge reported by Barry et al. (2012).
Possible end-member components of DMM (8 ;1488 £ 2%0) and a hybrid Iceland plume with
a>Hel'He ratio of 37 + 2R and5™*N values between +1%. and +10%e shown. Binary mixing
trajectories between DMM and a recycled/plume kd/somponent evident at many OIB
localities (i.e. 8N = +3 + 2%o0; Marty & Dauphas, 2003a) are shown vgthy mixing lines and
binary mixing between DMM and modern organic seditsevith5'°N values of +7 (e.g., Peters
et al., 1978; Kienast et al., 2000; Halama et2812) is shown with the cyan mixing line. The
relative N/He ratios between plume and DMM compdsies expressed as r-values (where r =
(N/He)p ume/(N/He)oum). See text for details.

There are two notable features of this plot. Fastnodel of binary mixing (gray mixing
lines) between DMM and a recycled component evidémbany OIB localities (i.e§"°N = +3
2%o; Marty & Dauphas, 2003a) readily explains thegled 5**N-*He/He systematics of most
samples. The relative N/He ratios between plume @BNIM components are expressed as r-
values (where r = (N/He)ume/(N/Hebum). R-values between 1 and 50 thus indicate that the

plume end-member is characterized by a marked fengat in its N/He ratio relative to the

DMM end-member, consistent with the enrichmentigfogen and/or depletion of helium in the
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plume source. Second, three samples from the NiRZddlition to 1 sample from the WRZ and
ERZ that plot to the right of mixing trajectory wit=50, are inconsistent with binary mixing
between DMM and the common OIB component, and recar end-member witst°N up to ~
+7 to reasonably fit these samples (cyan mixingd)nNotably, r-values in such a binary mixing
scenario (r=50) are similar to r-values in a mixiagenario involving the common OIB
component with +3 + 2%, (Marty & Dauphas, 2003a)plying similar nitrogen enrichments
and/or helium depletions in the plume source nadato DMM-Plume mixing scenario when
adopting a value of +3 £ 2%.. Significantly, r-vatue 1 for both scenarios, indicate that the high
*He/He signature may in fact be coupled with a FigiN end-member that has either i) lost He
before mixing with the MORB end-member, similar ttee two-step model of He depletion
followed by open-system degassing developed byditiai. (2010), and/or i) excess.N

In summary, we conclude that the highiN end-member required in order to explain
these mixing relationships strongly indicates that°N enriched crustal component is integrated
into the Iceland mantle source — implying that ddiéion to supplying primordial volatiles, the

deep-seated Icelandic mantle plume also supplsgled volatiles back to the surface.

5.3. Origin of high MW*°Ar* ratios in the Iceland mantle source

A key observation of the present dataset is the taat N/*°Ar* ratios in Icelandic
subglacial basalts (459 *+ 19Bigure 11b) are not only considerably more heterogeneous, but
also significantly higher, than DMM (138 + 65) a@dB (137 * 24) (Marty and Humbert, 1997,
Marty and Zimmermann 1999; Marty & Dauphas, 2008ajkn after applying a robust filtering
protocol to obtain values representative for theldod mantle source (i.e., section 5.1), the
N,/*°’Ar* ratios vary from 100 to 1721 with a mean vahfe459 (excluding three outliner values
of 12, 35 and 6300). High K°Ar* ratios of the Icelandic melts relative to théVidM and OIB

source may result from:



(i)

(ii)
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The complex speciation of nitrogen in melts undahhpressure and the possible
presence of nitrogen species that are more conipaltibn Ar (Roskosz et al. 2006). For
example, nitrides are probably the main speciatbmitrogen under very reducing
conditions, whereas nitrosyl (NO) dominates underaroxidizing conditions (Roskosz
et al. 2006). Additionally, recent solubility stediof nitrogen in upper-mantle minerals
suggest that the reduced lower part of the uppertlendas a large nitrogen storage
capacity, and that, under such reduced conditiarssgnificant fraction of nitrogen may
still be retained following melt extraction (Lee at, 2013). Extensive melt extraction,
from the reduced upper-mantle under Iceland, weulg generate higherfPAr* ratios
relative to DMM and OIB. However, in contrast tosebvations from other OIB that
display much lower M*Ar* ratios, such high ratios should also be pressnbther
oceanic hotspots. Unless melting dynamics undelarnice are notably different in
comparison with other oceanic hotspot, the ide& ientle-melting involving nitrogen
components more compatible than Ar in the uppertimaran explain high NCAr*
ratios, seems unlikely.

Contributions from nitrogen in the core to the aiten inventory of the lower-mantle.
The notion is based on the fact that nitrogenigh#l-to-moderately siderophile at high
pressure and temperature whereas Ar is not, anéntremetal/silicate nitrogen
partitioning experiments suggest that some nitrogeem be sequestrated into the core
(Roskosz et al. 2013). If trapped nitrogen inteyaweith the lower-mantle (e.g., via
diffusion as proposed by Hayden & Watson, 2007)¢cah become entrained by an
uprising mantle plume, leading to a high/RAr* relative to the DMM. However, direct
core contributions to Icelandic magmatism remainBkaly at present given the near

uniform '*°0s/*®0s ratio evident in Icelandic picrites (Brandonagt 2007). Instead,
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observed'®0s/®®0s are best explained by incorporation of recyatedst into the
Icelandic mantle (Brandon et al., 2007; Soboleal ¢2008).

(i) Short residence time of the recycled material i@ kbeland mantle source. The low
N,/“°Ar* ratios (<DMM) that characterize many E-MORB wagll as OIB, have led to
suggestions that link X°Ar* ratios < DMM to extreme potassium recycling ati
mantle residence time of the recycled material sutosequent radiogenic in-growth of
“Ar on a 16-10 year timescale (Marty and Humbert, 1997; Nishialet1999; Marty
and Zimmermann, 1999). This age is largely consistéth the enrichment of radiogenic
isotope in E-MORB and OIB that suggest the involgatof recycled components in the
source of such regions. In the case of Icelandemd N/*°Ar*, relative to other OIB
localities, suggest that the recycled componeitéfand is significantly younger (< 90
than recycled components evident elsewhere.

Thus, high N*°Ar* values, in addition to positivé'®N values that are evidently integrated into
the Iceland plume source, have important implicetifor constraining the age of the recycled
component. As discussed above, Marty and Daupl@®8&) developed ideas on the recycling of
post-Archean material (< Proterozoic) from the acef to the deep mantle and proposed that
nitrogen in mantle plumes is largely recycled fritra surface of the Earth in the form of ith
sedimentary material. A key argument in their désgon was that N isotopic composition of OIB
provides a good fit to that of organic matter emidan post-Archean sediments, metamorphic
rocks, and subduction-related volcanic rocks. Gtustaterial from the Archean is not a viable
candidate for sourcing nitrogen to mantle plumegtsagsotopic composition is not sufficiently
enriched (due to the lack of oxygen in the Archatmosphere). However, such material may
potentially supply nitrogen to the upper-mantle ent¢e the depleted!°N value of the DMM
source — as the warm and young slabs that domirgéde tectonics in the Archean are more

likely to be found in the upper-mantle (Marty & Omas, 2003a). In contrast, the old, cold, and
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nitrogen isotopically enriched slabs that predongrs present are more likely to be subducted to
the deep mantle. Significantly, we note that thenlsimation of high W*°Ar* and positives™N
values in the Iceland mantle source, which arecistes with higiPHe/"He ratios Figure 12), is

thus consistent with deep subduction of post-Arohssadiments.

5.4. Recycling of Phanerozoic oceanic crust: caists from other isotope systems

Additional constraints on the age of the recycledstal material entrained by the
Icelandic mantle plume are also available by cersig radiogenic isotopes. On the basis of
trace elements and radiogenic isotopes, ChauvelHsmdond (2000), and later, Kokfelt et al
(2006), proposed that the full compositional speutiof Icelandic melts was generated through
recycling a complete section of oceanic crust @mtdhinto the Icelandic plume. Skovgaard et al.
(2001) presented coupled O-Os isotope data to afguehe presence of recycled oceanic
lithosphere in the source of lavas from the Thegstar region, and ocean crust recycling was
also favored in the studies of Hanan and Schil{it@R7), Hanan et al., (2000), Kempton et al.
(2000), Fitton et al. (2003), Stracke et al. (2008rKenzie et al., (2004), Macpherson et al.
(2005) and Magna et al., (2010).

Significantly, Thirlwall et al. (2004) demonstrat#feht negative\”’Pb values (deviation
of *Pbf*Pb for a given**Pbf*Pb relative to the Northern Hemisphere Referenawe)Li
associated with DMM-like compositions, charactenany Icelandic lavas, and proposed that
such signatures are likely to have formed in a teastmponent with higher U/Pb ratio relative
to the DMM at a time as recent as ~170 Ma agonbtiearlier than ~450 Ma ago. Iceland is thus
a case example of a young HIMU (highmantle source (e.g., Thirlwall, 1995; 1997). Naga
A™Pb in Iceland lavas thus bear witness to involvenuénPalaeozoic oceanic crust initially
heterogeneous in Pb isotopes. Notably, the redioregativeA”’Pb appears to correspond with

the entire region between 56°N and 70°N (Thirlwetlal., 2004), which is associated with
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elevated®He/He ratios (e.g., Firi et al., 2010) and to someemxtlow 8*°0 values (e.g.,
Gautason &Muehlenbachs, 1998; Macpherson et @5;ZDhirlwall et al., 2006). Thus, melts in
this whole region of the North-Atlantic are predaamtly sourced from a mantle plume source
that has incorporated relatively young (i.e., Petagc) recycled oceanic crust and primordidé
from the deep mantle (Thirlwall et al., 2004). Reat al., (2010) and Manning and Thirlwall
(2014) have also shown that lavas from the Oreefidljdlolcano in southern Iceland display
positive A*Pb that are consistent with small (~0.5%) contiing of recycled sediment in
mantle source under Oraefajokull.

In contrast, Kokfelt et al. (2006) proposed thatycded lithosphere with the older age of
~1.5 Ga could account for the Pb isotopic signatafeneovolcanic zone lavas - consistent with
Os isotope studies, which suggest a recycled coem@f < 2 Ga, but possibly as young as 750
Ma (Brandon et al., 2007; Sobolev et al., 2008). Wdee, however, the Os-studies so far have
been mainly directed at two localities — the Regkfg Peninsula and Theistareykir — they both
show the most depleted Pb isotope compositions, @tigicke et al., 2003; Thirlwall et al., 2004),
consistent with derivation from the oldest partled Iceland mantle source. In addition, Re-Os
isotope decay model ages are highly dependenteimitial Re/Os ratio of the subducted crust,
which remains poorly constrained due to the higlbifitg of Re during subduction (e.g., Sun et
al.,, 2004). In any case, radiogenic isotopes caimstthe age of the recycled component
incorporated by the Iceland mantle plume to ben{Bantly) less than 2 Ga, and possibly as
young as 170 Ma, likely pointing to a Phanerozge 6541 Ma).

Significantly, the extreme X°Ar* ratios in the Iceland mantle source relativeother
OIB are consistent with the age of the recycledmament being significantly younger (at least <
10%yr) than recycled component samples from othermicd@otspot (18-10yr). Thus, we favor
a Phanerozoic age (<541 Ma) of the recycled compormit note that the Pb isotope models

presented by Thirlwall et al. (2004) may possibiyigtrain the age of this component further to
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the Palaeozoic era (252 to 541 Ma). In this respaet point out that in order to account for
highly radiogeni®’Srf°Sr ratios in Hawaiian ultra-depleted melt inclusipSobolev et al. (2011)
proposed a similar model, involving the recycling a (young) Phanerozoic (200-550 Myr)
oceanic crust. Such a young age for the recycledpooent in the Hawaiian mantle source
significantly predates previous estimates for degmtle plumes, and indicates a considerably
faster mantle circulation timescales, assumingti@subducted crust was delivered to the core—
mantle boundary and recycled back to the surfaa¢héd Hawaiian mantle plume.

Finally, we note that a major tectonic event, whickvitably affected the upper-mantle
structure in the North-Atlantic during the Phan@iozwas the closure of the lapetus Ocean by
convergence of the protocontinents of Laurentidiiéa and Avalonia, between 500 to 400 Ma
(e.g., Barker & Geyer, 1984; Bott, 1985; Soperleti992). Evidence for the presence of this
ancient subduction system present today in the d@alan collision zone (i.e., suture) that
represents a broad zone of compression found inGaenland, Scandinavia, Britain, Europe,
and Newfoundland (Barker & Geyer, 1984). It thumaes a possibility that recycled crustal
components evident in Icelandic melts, have a eWwadrigin which is mostly confined to the
upper-mantle. In this respect, the couptN-He/He systematics would then favor a model
involving remobilization of the entrained upper-rlanmaterial by an uprising Iceland mantle
plume whose roots may be as deep as the core-ntamttedary (e.g., Helmberger et al., 1997).
Future work on these samples, involving radiogesatope characterization (Sr-Nd-Hf-Os-Pb)
and sulfur isotopes (e.g=>S), will help to further constrain the age and ratof this recycled

component.

Conclusions

Based on the N-Ar-He relative abundance and isomy®tematics of subglacial basaltic

glasses, we emphasize the following points:
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O Nitrogen isotopes in subglacial basalts from Icélapan a large range 8PN values
from -2.91 to +11.96%that are generally more positive than values abthirom DMM
and largely overlap with'N values obtained from OIB worldwide.

0 We see no evidence for degassing induced isotomitiénation o6*N.

O Samples with strong ancillary evidence for degasshow evidence of significant crustal
contribution to the nitrogen elemental,({8Ar*) and isotope systematics.

O Coupled isotope and relative abundance systematiggest that a recycled nitrogen
component is present in the Icelandic mantle.

0 We propose that the Iceland mantle plume has incated the uppermost section of
subducted oceanic crust, whose age may possiblyasbgoung as Phanerozoic as
constrained by the combination of positi¥N values, radiogenic isotopes (e.g., Pb),
and very high N*Ar* relative to other OIB. This implies a relatiyekhort mantle-

residence time for this recycled material.
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Supplementary Material

Sample details
All the subglacial basaltic glasses of this stumBlpng to the so-called Mdberg formation
(e.g., Jakobsson and Gudmundsson, 2008) - a gaasrafor Icelandic volcanic rocks formed in

single vent and/or fissure eruptions during thernBes geomagnetic epoch at the end of the
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Pleistocene (0.78-0.01 Ma) (J6éhannesson and Saesmmds998). We note that most samples
are fresh (i.e., free of any surficial alteratiomhich suggests relatively young formation ages
within the epoch. This is consistent with obsexvadi in the field, as well as cosmogenic
exposure ages (Licciardi et al., 2007) that indicfsrmation during the last deglaciation. All
samples are tholeiitic in composition and only thé®m the volcanic flank zones (i.e., TRI-1,
TRI-2, TRI-3, BHE-43 and BHE-44) are transition##tadic to alkali in composition. Additional
studies on the major and trace elements chemistryaddition to radiogenic isotope

characteristics on this suite of samples, are otlyrenderway.

N,/*°Ar* ratios of the DMM, OIB and the Iceland reservoirs

In order to estimate a representativg“Mr* ratio of the DMM reservoir, we calculated
and compiled N*°Ar* ratios using N-Ar data reported by Marty andrifnermann (1999) and
Marty and Humbert (1997). By adopting the sameeriifty protocols (i.e., using only samples
with “°Ar/*°Ar > 1000), as described by Marty and Zimmermarg9@), and by only considering
values with He isotope ratios that are within theanical DMM range 8 + 1R we obtained a
value of 138 + 65 (n=28: 2standard erros/r2’?, where n is the number of values) for the
N,/*°Ar* ratio of DMM. Notably, only slightly lower MW*Ar* ratios are obtained for the DMM
reservoir when using the few reported samples {figr*°Ar* < 10, or 122 + 39 (n=7), which is
in good agreement with the,Mr (total argon) value of 124 40 reported for all MORB types by
Marty and Zimmermann (1999). Considering only sasplith“’Ar/**Ar > 1000 we obtained a
value of 137 = 24 (n= 27) for the OIB reservoirngsdata reported by Marty and Zimmermann
(1999), Marty and Humbert (1997) and Marty and Deag(2003a). Finally, we calculated an
average M*°Ar* ratio for Icelandic subglacial basalts of 459184(n=19) considering only
samples with"He/°Ar* < 10. This value is both considerably more heteneous and

significantly higher than estimates for both the BMnd OIB reservoirs.
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Additional stable isotope fractionation models

Additional stable isotope fractionation models suachspecies- (i.e., solubility-) (e.g.,
Mysen & Fogel, 2010) and/or diffusion- (i.e., kiiwe} (see below and e.g., Yokochi et al., 2009;
Pinti & Hashizume, 2010; Roulleau et al., 2012)uiceld isotopic fractionation have also been

proposed as means of modifying nitrogen isotopeacheristics.

Species-induced isotopic fractionation

In the former case, changing abundance of volapkies, such as,ldnd NH (the two
major nitrogen-bearing species), dissolved in aikcmelts in molecular form and as structural
complexes, respectively, may potentially affecbktaisotope fractionation during melting and
crystallization at high pressure and temperaturgs@ et al., 2008; Mysen & Fogel, 2010). In
this case, we note that in fluids of the relativekydized upper mantle (e.g., 30-35 kbar = 90-105
km), nitrogen is mostly is the form of,Nwhile in the deeper, and more reduced parts ®f th
upper mantle (beyond 60 kbar = 180 km), N&ithe dominant nitrogen species (Brandes et al.,
1998; Li et al., 2013; Li and Keppler, 2014). Thasy interpretation of the nitrogen isotope
values of melts formed at depths in the oxidizedempnantle should take into account that most
of the nitrogen was present as NHHowever, the isotope fractionation factax)(of §°N
between NHand N is about -1%o (i.e.A; = 8 Nyus - 5"°Nyy) at 1200°C (Richet et al., 1977), so
it is unlikely that even the complete decomposittdiNH; to N, and H in the upper-mantle, can
explain highly positivéd®N values in Icelandic melts.

In addition, provided that the mantle solidus unttmiand is neither particularly wet
and/or carbonated, it remains unlikely, at prestat Icelandic melts are formed at such great
depth, with the base of the melting region undetalied generally assumed to be locatetio0

km but generally no deeper than ~ 120 km (Maclergtaal., 2001). This view, however, has
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been challenged by experimental work (Eggler, 1&t&jfinnson and Presnal, 2005; Dasgupta &
Hirschmann 2006; Dasgupta et al. 2007 and 2013)ddsamonstrates that wet and/or carbonated
peridotite may cause the onset of silicate meltorga sub-ridge mantle to occur as deep as 220—
300 km — consistent with some geophysical obsematfor oceanic ridges, such as the presence
of the oceanic low-velocity zone and the electricahductivity structure of the mantle. It is,
therefore likely that the presence of small amowfiteater and/or carbon in the mantle beneath
Iceland may generate small melt fractions (e.gbasate melts) at depths several tens of km
greater than that of the anhydrous solidus. At slegiths, NHis the dominant nitrogen species,

but it partially decomposes to,ldnd H at shallower depths.

Diffusion-induced isotopic fractionation

Regarding diffusion- (i.e., kinetic-) induced ispio fractionation as a result of more
rapid diffusion of““N relative to™N, we note that some of the available models haen tapplied
to an apparent concentration gradient involvindudibn between fluid inclusions in xenoliths
and/or phenocrysts and their host magma (Yokochl.e2009; Roulleau et al., 2012). Diffusion
is always driven by concentration gradients anemithat basaltic glasses can be regarded as a
relatively homogenous transport medium @f ldrge concentration gradients are unlikely.

However, we also note that diffusion of the lighigaitope t*N) across the glass-vesicle
interface during vesiculation is also a possiblacpss capable of enrichindN in the melt phase.
In this case, vesicles will have low&N values relative to the initidd*°N value of the melt
before any vesiculation. Although, experimental foamation of this behavior warrants further
studies, we note that such a mechanism is highpem#gent on the melt-vesicle equilibrium
partitioning, i.e., how much of the initial N goeso the vesicles phase from the melt phase.

However, several studies (e.g., Marty et al., 1988nbon et al., 1986; Marty and

Zimmermann, 1999) have shown that the partitiohgrgon (and thus also nitrogen) between
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vesicles and melt, generally follows Henry's lawdafor vesicularities relevant to MORB
glasses, Ar (and N) should be dominantly foundhia tesicle phase. Marty and Zimmermann
(1999) also argued that additional nitrogen comptsevident in the melt phase, and recovered
by heating (e.g., Exley et al.,, 1986), is unlikely result from melt-vesicle equilibrium
partitioning and necessitates a secondary conimibutom externally-derived nitrogen. They
presented measurementsdoiN values of the melt phase that displayed disgnetbre positive
8N relative to the dominantly negative values in tlesicle phase and argued that nitrogen
extracted by melting was dominated by surficialgrided nitrogen — thus highlighting the
robustness of extraction by crushing to reveal aemepresentative picture of magmatic volatile

components (Marty and Zimmermann, 1999).
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I have discussed ways to address and understamggses that influence magmatic
volatile characteristics in Earth. By systematigadlentifying and correcting for these processes,
we can better constrain magmatic volatile sour@eattteristics at convergent and divergent plate
boundaries. Itook examples from three differentaieic settings: (i) Indonesia, (ii) the East
African Rift System and (iii) Iceland. Below, wellbriefly summarize the main findings of each
of these studies.

Chapter Il investigated the He-CEN, isotope and abundance characteristics,
supplemented with major gas chemistry on selectachpkes, of active fumaroles, and
hydrothermal gases/waters from the western Sunda ladonesia. Although the dry gas
chemistry was typical of subduction zone gasesneted a strong crustal control on the He,CO
isotope and relative abundance systematics on dewai volcanic centers, most clearly at flank
localities but also in water phase samples assutigith active fault systems in between volcanic
centers (IBVC). We adopted a robust filtering apgio to identify samples whose volatile
characteristics have been modified by means ofrabpeocesses, generally at shallow-level, that
take place within hydrothermal systems associat#ld wlcanic activity. This allowed us to
characterize magmatic signatures of individual aotes along the arc. Helium isotopes are
generally consistent with the mantle wedge beirgy ghincipal source of He, but we noted a
significant input of crustal He and carbon at sdomalities on Sumatra, particularly at the IBVC
sites, whereas samples from Java and Bali suggastber input of crustal He. However, on the
basis of coupled CHand ®He relationships, we suggested that the over-ridingst and
associated sediments add minimal volatiles to vidceenters throughout the western Sunda arc.
Rather, we proposed that subducted sediment eaessong control on the magmatic £0
characteristics, although it is less influentiat fd. This was supported by carbon systematics
along the western Sunda arc that displayed highdrraore variable values to the north of

Sumatra where such an effect is not apparent nogah systematics. The latitudinal effect is
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consistent with the presence of the Nicobar Farclwvkupplies Himalayan-derived sediment to
the slab off Sumatra. Finally, we concluded thdidsiction-related source contamination must
play a dominant role relative to basement rocksuipplying the major volatile output budget of
the western Sunda arc.

Chapter 1ll reported a comprehensive He, Ne, and Ar relatlwendance and isotope
dataset of mantle-derived xenoliths and lavas fdifferent segments of the EARS. This dataset,
composed of over 100 new He and over 50 new Nesdtope analyses from the entire EARS,
was the first attempt to explore neon isotopesgtbe EARS, in order to address the question as
to whether one or more mantle plumes impinge theeumantle below East Africa. The neon
isotopes revealed distinct Ne-isotope anomaliedivel to DMM. Most notably, we demonstrated
that a number of samples associated with the EtmioRift overlap some well defined OIB
trajectories, consistent with a solar-Ne compomerihe East African mantle source. In addition,
we considered coupled He-Ne systematics, and sholadhey are best explained by binary
mixing between a single mantle plume source, begtesented by the African Superplume,
which would be common to the entire EARS, and eith®MM or a SCLM source. Moreover,
we evaluated noble gas elemental ratios to pladdefu constraints on mantle end-members
involved in EARS petrogenesis. In agreement witlsepbations from oceanic hotspots, we
suggested that the African Superplume source isactexized by low’He/’Nes ratios. The
similarity in He/Ne ratios between EARS samplesrirour study and many OIB that display
high ®*He/He ratios, prompted us to propose that such areaapresents a deep-seated plume
component that has preservéte“Ne ratios distinct from the upper-mantle, and wigatrently
supplies the EARS with primitive volatile comporeniVe discussed some implications of our
new dataset for EARS magmatism, concluding thabdehinvolving a common mantle-plume
source underlying the entire EARS effectively rubes other plume models that advocate either

different styles of mantle convection along the BA& multiple plumes impinging the African
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lithosphere, such as an oceanic HIMU-type mantiengl to explain lowiHe/He ratios evident in
the Kenya rifts. Finally, our model shows that 8@LM plays the key role in generating the low
®He/'He ratios along the EARS, effectively ruling out Mnvolvement in petrogenesis in the
region surrounding the Kenya Dome.

Chapter IV considered the relative abundances and isotoggersgiics of He, CQ N,
and Ar trapped within fluid inclusions of mantlenddiths from the EARS. We also reported new
oxygen isotope data on the mafic crystals hostirgfluid inclusions. In total, we examined 26
xenoliths from 9 localities along the strike of tBARS. All data were obtained usiitg vacuo
crushing techniques, whereas most data thus fa been produced using stepwise heating that,
at least in case of nitrogen, can be biased damatytical problems associated with the heating
of samples. We showed that volatile componentgpadgn xenolith fluid inclusions generally
represent unmodified mantle source features. A® tiseextensive evidence for recycled material
in the source of EARS magmatism, we explored thear@tion of stable isotopes and elemental
ratios involving *He to investigate the nature of the source matesfaltrapped volatile
components to ascertain if there was evidence anviiiatile record for recycled material. We
showed that the trapped volatile components arsistemt with metasomatic enrichment(s) of the
East African SCLM by C@rich mantle fluids. Lows'®0 values of crystals hosting the fluid
inclusions relative to DMM closely resemb$®°O values previously obtained from southern
African eclogites which are commonly ascribed teruippted fragments of hydrothermally altered
subducted oceanic crust/lithosphere. The combinatib5*C and §'°N values significantly
higher than DMM, in addition to lov$'®0 values, strongly suggests a subducted origin of
metasomatic melts and reinforces the link betwdenmetasomatic fluids and subducted slab
fluids. The nature of the metasomatic melts washé&ur explored using elemental abundance
systematics involving the ratio of G&Ar*. We suggested that carbonate-melts, in additmn

silicate melts, are pervasive throughout the Eaficdn upper- mantle. Significantly, we
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emphasized that xenoliths with higHe/He ratios from the northern Ethiopian Rift show the
closest association with such recycled carbonatesnigased on these results, we concluded that
the deep-seated African Superplume supplies the EMARh a mixture of primordial and
recycled volatiles. Finally, we showed that recgcleolatiie components have a strong
association with pyroxenite xenoliths, pointingaidink between the formation of a pyroxenite-
hybrid mantle source and recycled volatiles from Affrican Superplume.

Chapter V described the nitrogen gNabundance and isotop&™\) systematics of
subglacial basaltic glasses collected from the aleawic zones of Iceland. We showed that
basaltic glasses with sufficient JN(> 3 pcn®STP/g), span a large rangedhN values: from -
2.91 to +11.96%.. However, we noted thaiN values > 6%o are only observed at one locality.
Elemental ratios (i.e. #¥He, and N/*°Ar*) also showed a wide range and span severarsmafe
magnitude. We carried out detailed evaluation uéss processes that are likely to have played a
role in modified original mantle source composiio'We considered processes such as air
interaction, degassing-induced fractionation ofredatal ratios and isotope values, but noted that
contamination with volatiles from the Iceland crusbst significantly the assimilation of organic
material, was instrumental in modifying the intimmantle characteristics. We demonstrated that
the approach of considering coupled N-Ar isotope rmaative abundance chacteristics/(Rr*;
8N:; “Hef°Ar*) provided a very powerful tool with which to édtify (and remove) highly
degassed and thus modified samples. In contr&$ tigotopes, where a clear distinction between
individual rift segments is observed, there appéaitse little to no spatial control on the filtered
8N dataset, apart from the predominance of posiéivBl values in the Eastern Rift Zone.
However, coupled MAr* and §'°N systematics clearly reveal the presence of actedyN-
component being pervasive throughout the neovatcaoine. Moreover, coupled He-N isotope
systematics suggest that recycled N-component(s)be®n entrained by the Iceland plume

source. In addition, we used available radiogesotopes from Iceland to better constrain the age
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of the recycled N-component, and demonstratedathelkatively young age of the recycled crustal
material (i.e., Phanerozoic; < 541 Ma) could prevadsatisfactory explanation for the observed
nitrogen systematics of the Iceland plume souragtably, such a young age of the recycled
component would imply a relatively short residetioge of volatile elements within the mantle
source.

Finally, in this last section, | address some {iasgirections of future research, based
on the findings and uncertainties associated whih discussions in Chapters Il to V, with

particular emphasis on the suite of samples onhwhiese findings are based.

Chapter Il (reprint of Halldorsson et al., 2013)

A critical issue of this chapter was to resolve vodatile characteristics that result from
processes that take place within arc hydrotherystems, such as air contamination, shallow-
level crustal contamination, and/or elemental foacttion, from those that are representative of
the magma system. Although volatile degassing fimitanic centers is well documented,
emissions from flanks, in addition to areas surdiog volcanoes are not well quantified. In this
respect, we note that the hydrothermal systemscia$sd with volcanoes along the western
Sunda arc act as a medium for the of transfer tdtiles from the magma source towards the
surface. Significantly, in-depth studies of indwal hydrothermal systems along the Sunda arc,
so as to unravel their hydrological characteriséind the proximal versus distal volatile release

features would facilitate better understandinghefprocesses that take place within them.

With respect to magmatic volatiles and their tramspvithin a given hydrothermal
system, the most straightforward approach wouldobandertake a detailed study on a single
volcano and characterize all possible degassingyaats both proximal and distal to the volcano

summit, including chemical and isotope charactessif emitted volatiles. Indeed, ongoing work
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in the Fluids and Volatiles Laboratory at SIO, ailva characterizing the carbon footprint of a
passively-degassing volcano, has tremendous paltémtihis respect. The volcano selected as a
type locality, in many ways represents a ‘classint volcano - Mount Lassen in northern
California - and preliminary work has elucidated the and C systematics in groundwater of this
currently passively-degassing volcano (Franz, 203@jnificantly, this study showed that a large
(~30%) fraction of the total magmatic ¢@as indeed released via the groundwater system
surrounding the volcano. However, the caveat thatyevolcano and associated hydrothermal
system can be very different, should be kept firmlynind during further studies on arc-related
volatiles that use Mount Lassen as an analog of@oanoes to constrain volatile fluxes.

We also note that better characterization of sutilycediments would help to advance
our binary mixing model involving mantle and re®@atlslab material. In this respect, we noted
that currently there are nYBe data available from the Sumatran subduction ,zand we
proposed that due to shallow slab dips, the redbtiglow convergence rate, and the occurrence
of a massive accretionary prism off Sumatra, itrikely that significant®Be anomalies will be
found. In addition, an important conclusion of tbigpter was the apparent minimal contribution
from the over-riding crust and associated sedimemtdhe volatile budget of volcanic centers
throughout the western Sunda arc. However, we tfudé improved resolution of the deep
lithological structure of the Sundaland crustalecaould allow us generate more reliable models
of possible crustal volatile input, in particulaithvrespect to the distribution of possible organic
sedimentary material embedded within the crustat tbat is likely to modify the Nand CH
characteristics of bypassing mantle-derived vadatil

In Chapter Il, methanide relationships played a fundamental role in elaiihg the
minimal role of the upper crustal contributionghe volatile inventory in the western Sunda arc.
As the CH/PHe ratio of the crustal end-member is not well t@ised, we adopted three

possible end-member compositions @He=5.0x16% 1.3x10% 3.0x16° with a common
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*He/'He value = 0.01 R to explain coupledHe/He- CH/°He systematics. Integration of
geological studies of possible crustal materialthe Sundaland crust, in conjunction with
geochemical characterization, would lead to moliabske geochemical models of volatile sources
along the western Sunda arc. However, it shoulérbphasized that, irrespective of the crustal
end-member value selected, our model demonstrai@donly a relatively minor input from
sedimentary material was needed to explain theatlveariation observed in samples from the
volcanic centers, and the crustal composition wdade to be significantly different from what
has been observed elsewhere in order to be ofignifisance.

We also note that the carbon isotope charactesizath hydrothermal CHcould open up
exciting prospects for future studies, particulaiynen combined with relative abundance
characteristics (e.g., GBHe). Mantle-derived Cl which has equilibrated with mantle O
generally ha$'*Ccy, values between -18 to -15%. (Welhan and Craig, 1983contrast, typical
values 0f3"*Ccy, for thermogenic methane, produced by thermocatalgactions within organic
matter in the crust, range from -46 to -32%o., armbbnically-produced methane can yield values
significantly lower than -50%. (down to -110%o). Thukere is a large isotopic contrast in CH
derived from degassing of the mantle and from, Géherated by heating of sedimentary material
in the crust (i.e., Welhan and Craig, 1983; Schaeli88; Welhan, 1988). Indeed, plans are
currently in place for a fully operational and deded hydrocarbon laboratory at the Fluids and
Volatiles Laboratory at SIO. Not only will this nelaboratory be able to analyze the relative
abundances of different hydrocarbons, but will dsocable to obtaif*C/**C ratio determination
for each of them, i.e., methane, ethane, propamé,baitane. Under the supervision of Prof.
Hilton, and as a part of his McNair Post-baccalateeAchievement Program, undergraduate
student, Cristian Virrueta has been involved inrgjget directed at the origin of methane and
other hydrocarbons in magmatic systems. Cristiatettnok a reconnaissance study of the origin

of methane by means of isotope analysis on saraplescted from (i) the Salton Sea Geothermal
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System in California, (i) the Tengchong GeotherRabvince within the Tibetan—Yunan fold
system in China, (iii) the geothermal region inigfia associated with on-axis and off-axis rifted
areas and (iv) from the Costa Rica fore-arc systaitial results demonstrate that the protocols
for obtaining reliable*C/*?C ratios for methane in geothermal samples have baecessfully
developed. Thus, this new dataset, in many waysesents a breakthrough in volatile studies at
the Fluids and Volatiles Laboratory, as it alloww fadditional insight into the origins of

hydrocarbons and other volatiles in geothermalesyst

Chapter Il

A major conclusion of this chapter was that couptiedNe systematics can be explained
simply by admixture between a single mantle pluowee, common to the entire rift, and either
a DMM or SCLM component. This conclusion needsHertattention in future geochemical
studies of the EARS, particularly since the ideadfingle plume source underlying the entire
EARS is now well established, from a geophysicalwgoint (Hansen et al., 2012). For example,
recent seismic tomographic models of the mantlestiyithg East Africa, and thus covering the
entire Cenozoic Afro-Arabian Rift System, revead thresence of a laterally near-continuous,
low-velocity region in the upper mantle beneathddlleastern Africa and western Arabia, that
possibly rises all the way from the core-mantlerimary (e.g., Hansen et al., 2012).

We propose that future work on these now well-cttgrized samples, involving
radiogenic isotope (Sr-Nd-Hf-Os-Pb) in additionttace elements, should provide additional
insight into the binary mixing process involvingiagle mantle plume source and the two upper-
mantle components, DMM and/or SCLM. We note that model is largely consistent with
recent models based on radiogenic isotopes thatcatl for three-component mixing between
DMM, SCLM, and plume components for the entire EAfR®gers, 2006). For example, Rooney

et al. (2012) have advocated for a three-compomamte! to account for Sr, Nd, Hf, Pb, and He
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isotopic variations along the Main Ethiopian RIift.this respect, we also note that collaborative
work considering the coupled Sr, Nd, Pb, and Hé¢ois® characterization of several samples
discussed in this chapter with Prof. Castillo @ $ currently on-going. Preliminary results, that
have been presented as conference meetings (Castél., 2012; Castillo et al., 2013; Castillo et
al., 2014), and have led to the development ofraeicomponent mixing model involving a

single plume source beneath the EARS - entirelysistent with the model we presented in

Chapter III.

Chapter IV

It became evident in this chapter, that pyroxemiémoliths hold the key to further
assessment of mantle volatiles in the EARS, andiplyselsewhere. However, as the volatile
characteristics were the primary motivation fostkiudy, petrographic work in conjunction with
chemical characterization involving major and tratements on the various minerals which
make-up the EARS xenoliths was not provided. Imptbunderstanding, provided by such (e.g.,
major and trace element) characterization, will éfafly enable us to generate more robust
geochemical models in the future and possibly helpto better interpret isotope and relative
abundance results from EARS xenoliths. Also, warKloid inclusions hosted by mafic minerals
of these xenoliths by means of Raman spectrosdapgddition to micro-thermometry, could
provide further insight into formation pressures alatile characteristics prevailing under the
EARS mantle.

A fundamental issue with our models was the useegfcled crustal material entrained
by the African-Superplume to place constraints ossfble end-member compositions in the
mantle. Additional work on these same xenolith dasip involving radiogenic isotope
characterization (Sr-Nd-Hf-Os-Pb) and other stablatope systems could provide ancillary

evidence (e.g.5"C) for recycled components in their mantle sourger example, carbon
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isotopes in fluid inclusions of the EARS xenolithigghlighted the importance of recycled
carbonate material as metasomatic agents in the Aasan upper mantle. Consideration of
additional stable isotope systems could potentisttigd further light on this recycled carbonate
material in the mantle beneath the EARS. In thipeet, the combined use of C-Mg-Ca isotopes,
in particular, has enormous potential for tracingducted carbonate in the mantle. The mantle is
homogeneous in its Mg isotope composition (68g = -0.25 + 0.07%0), whereas carbonates
have significantly lighter Mg isotope compositiongith §°°Mg values ranging from —5.31 to
—-1.09%0, making Mg isotopes a potential tracer afycked carbonate in the mantle (e.g., Yang et
al., 2012). Furthermore, Ca isotopes also have gaantially in this respect as the upper-mantle
has somewhat more positive valué$”{'Ca ~ +1.05 + 0.04%o) relative to marine carbonates
(5**%Ca ~ 0%0: DePaolo, 2004; Huang et al., 2011).

Additionally, we note that a possible solution tgkain highly variable mantle #fHe
end-members in the EARS mantle was to invoke @mifft sedimentary end-member wstfiN
as low as ~ -7.5%0. Such a sedimentary end-membmmnlyspossible assuming that it formed in
the absence of oxygen in the Archean. In this spensideration of multiple sulfur isotopes
(*%s, ¥s, **S) could help to further constrain the age and reani the recycled sedimentary
component (e.g., Farquhar et al., 2002; Cabrall.et2813). For example, significant mass
independent®S anomalies (i.eA**S) in the EARS xenoliths would tie the age of tedimentary
component to the Archean, thus supporting the tgrmaxing scenario invoked to explain the
coupled N/°He- 5"°N systematics. On the other hand, the lack of rimakpendent®S anomalies
would constrain the age of recycled componenthé¢opost-Archean - thus arguing against the
ternary model - and support binary models with highariable N/°He values in the mantle end-
member. Again, some of this work will hopefully fiorthe basis of my postdoctoral research at
the Isotope Laboratory at the University of Icelamd! in collaboration with Isotope Laboratories

elsewhere.
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Finally, we note that one segment of the EARS Vi@aghe most part, largely overlooked
in Chapters IV and V, mainly due to the lack of ptas. The northern part of the western rift,
involving volcanically-active areas in Uganda, Themocratic Republic of Congo, Rwanda, and
Burundi, remains poorly explored with respect to nttex volatiles studies and mantle
geochemistry in general and there is enormous patdor future studies. The potential of the
western rift was clearly highlighted by recent wank at the Rungwe Volcanic Province at the
southern tip that revealed exciting results, anehepd up many doors for further studies. Notable
for its low magma volume, the northern part of western rift contains some of the most diverse
igneous rocks on the planet, involving highly sihendersaturated rocks, carbonate-rich rocks,
and potassic rocks (kamafugites), in addition tdbeaatites (e.g., Holmes and Harwood, 1932,
1937; Combe and Holmes, 1945; Kampunzu and Mol LAl these rock-types are generally
CO,-rich, as evidenced by the occurrence of carb@stiind the fact that GOs generally
associated with the generation of low silica mgdtg., Eggler, 1976; Dasgupta et al., 2007).

Very few geochemical studies involving isotope gse$ on lavas from the region have
been reported and are currently mostly confinegetographically-restricted regions (e.g., Davies
& Lloyd, 1989; Rogers et al., 1992, 1998; Chakréibar al., 2009; Rosenthal et al., 2009).
Furthermore, isotopic studies on geothermal fl#ds very rare in the scientific literature (e.g.,
Bahati et al., 2005; Tedesco et al., 2010). We moparticular that geochemical studies of lavas
and geothermal fluids from Uganda are very spavbeyeas the region by Lake Kivu and Mount
Nyiragongo in The Democratic Republic of Congo heseived more attention in recent years,
following the 2002 Nyiragongo eruption. The lackggfochemical studies in Uganda is somewhat
surprising due the great variety of volcanic rocks;luding ultramafic xenoliths such as
pyroxenites, that have been described from theonegio there is exciting potential for future
studies aiming to characterize and geochemicallyp mhatinct regions of EARS mantle. For

example, due to a strong lithosphere signature amtle-derived melts from the region, the
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northern part of the western rift is a key regian dssess to role of SCLM in EARS
magmagenesis. | remain optimistic that | can caomtino work on the EARS during my
postdoctoral research, and | would greatly welcamparticular, any opportunities to conduct

research into the geochemistry of Ugandan lavagyanthermal fluids.

Chapter V

In this chapter, it became evident that degassindeats involving elemental ratios rely
heavily on solubility coefficients for elements witerest (e.g., M*°Ar*). As a result of the
similar geochemical behavior of nitrogen and argiubility coefficients of these elements are
expected to be nearly identical. Thus, realistid aneaningful degassing models involving
experimentally- and/or naturally-derived solubilitpefficients for nitrogen and argon require
well defined solubility coefficients, as relativelpinor uncertainties can potentially result in
significant changes to the outcome of the model. €udy thus warrants production of further
solubility coefficient data for these elements.difie determination of such solubility coefficients
would take internal and external variables, sucheasgperature, pressure, and composition into
account, leading to more robust determination.

Similarly, the degassing model developed in thiaptér to test degassing induced-
fractionation of nitrogen isotopes also dependeavihe on well constrained isotopic
fractionation factors. In the model adopted in ttliepter, we assumed an isotopic equilibrium
fractionation factoof 5°N between the vesicles and the melt, and we ada@ptedue of -1.6%e.
This value was taken from Cartigny et al. (2001 aas based on their observations ofahi
difference between vesicles and the melt phasdmsdltic glasses from the south-west Indian
Ridge. This value has not been confirmed by expemtal work and thus requires corroboration.
An important conclusion of this study was that dcelic subglacial basalt did not experience

significant degassing-induced fractionation. Howewse note that there appears to be no
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consensus on degassing-induced isotopic fractimmatf nitrogen (see contrasting views in the
discussions of Cartigny and Ader, 2003 and Martg &auphas, 2003) and further studies,
involving both experimental melts and well-charaged natural melts that will allow more
accurate interpretation 6f°N values in mantle-derived material, are needed.

In this chapter, we also noted that any interpi@tabf the nitrogen isotope values of
melts formed at depths exceeding ~ 180 km, must tao account that most of the nitrogen is
likely present as Nk By assuming that the mantle solidus under Icelantkither particularly
wet and/or carbonated, we made the assumptionathafttrogen should be in the form of,N
Clearly, this statement requires further testirggsemall amounts of water and/or carbon in the
mantle beneath Iceland may generate small melidresc(e.g., carbonate melts) at depths several
tens of km greater than that of the anhydrous gsl{@120 km). Detailed melt inclusion studies
of mafic crystals in primitive lavas may providéeasible way of determining whether the mantle
solidus under Iceland is affected by the presefeeter and/or carbon.

An important conclusion of this study was that tieogen systematics of a number of
Icelandic basalts appeared modified, and thus veseptative of mantle source characteristics,
due to contamination with volatiles from the Icalacrust. This was clearly evident in samples
that had lost significant amounts of volatiles datbr experienced significant input from the
assimilation of organic material in the Icelandiast. However, the possible role of such organic
end-members in the Icelandic crust as a contamieantelandic melts needs more attention. In
particular, the formation and preservation of soctganic material in the crust is an issue of
concern, as it appears unlikely that organic malteri substantial quantities can be found in a
hot, young, and entirely basaltic crust, similattie Iceland crust. In addition, contamination of
mantle volatiles by organic material should reguktoupled enrichments 6fC and*N, making
it difficult to separate such contamination frone tthegassing induced isotope fractionation that

dominates much of th&C signature (e.g., Barry et al., 2014). In thipees, we also note that
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future work on highly degassed samples (i.e., #it&*°’Ar* > 10), involving independent tracers
of contamination (e.g§"'B and3'®0), will help to further constrain the source ofjiive 3°N
signatures observed in Icelandic glasses. Oxygetopges are particularly interesting in this
respect. Due the high northern latitude of Icelard] hence isotopically light precipitation, and
an unusually thick crust, Iceland remains the exsenple of a low oxygen anomaly preserved in
oceanic basalts worldwide (e.g., Muehlenbachs.efl@V4). This low oxygen anomaly has been
widely attributed to assimilation of the 16820 Icelandic crust (Muehlenbachs et al., 1974). The
notion that shallow level contamination of crusfatganic) material is responsible for the
predominantly positive nitrogen isotope values ol in highly degassed basaltic glasses can
therefore be tested with oxygen isotopes.

Finally, we note that nitrogen isotope systemati€sunmodified Icelandic melts are
consistent with significant heterogeneity (i.e., t8+7%o) in recycled crustal end-members.
Improved knowledge of possible end-member compsstof the recycled materials would help
to constrain the mixing model presented in thisptdia For example, future work on these
samples, involving radiogenic isotope characteopaiSr-Nd-Hf-Os-Pb) and sulfur isotopes
(e.g.,**S), will help to further constrain the age and ratof the recycled components. Some of
this work will, indeed, be conducted during my muostoral research period at the Isotope

Laboratory at the University of Iceland.
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