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Abstract&15!

& Petroleum&systems&represent&complex&multi`phase&subsurface&environments.&The&properties&16!
of&the&noble&gases&as&conservative&physical&tracers&allow&them&to&be&used&to&gain&insight&into&the&17!
physical&behaviour&occurring&within&hydrocarbon&systems.&This&can&be&used&to&better&understand&the&18!
mechanisms&of&hydrocarbon&migration,&residence&time&of&fluids,&and&measurement&of&the&scale&of&the&19!
subsurface&fluid&system&involved&in&the&transport&and&trapping&of&the&hydrocarbon&phase.&The&noble&20!
gases&in&the&subsurface&derive&from&different&sources&with&distinct&isotopic&compositions,&allowing&21!
them&to&be&resolved&in&any&crustal&fluid.&We&discuss&the&processes&within&petroleum&systems&that&22!
incorporate&the&noble&gases&from&each&of&these&sources&into&hydrocarbon&accumulations.&The&23!
dominant&mechanism&controlling&the&introduction&of&air`derived&noble&gases&into&petroleum&systems&is&24!
via&subsurface&groundwater,&and&this&records&key&information&about&the&interaction&of&the&petroleum&25!
system&with&the&hydrogeological&regime.&Radiogenic&noble&gases&accumulate&over&time,&recording&26!
information&about&the&age&and&relative&timing&of&processes&within&the&petroleum&system.&We&review&27!
the&conceptual&framework&and&quantitative&models&describing&these&processes&using&examples&from&28!
previous&studies,&and&discuss&both&their&current&limitations&and&the&potential&for&their&application&to&29!
unconventional&hydrocarbon&systems.&30!
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1.&Introduction&32!

1.1&Overview&33!
The&study&of&the&origin&and&post`generation&history&of&hydrocarbons&in&sedimentary&basins&34!

has&been&the&subject&of&thousands&of&investigations&worldwide,&both&by&the&academic&and&industrial&35!
communities.&&Many&studies&have&tried&to&better&understand&or&characterize&the&elements&or&36!
processes&that&occur&within&a&given&hydrocarbon&system&(e.g.&Waples,&1994;&Hindle,&1997).&&In&a&37!
frontier&basin,&initial&studies&may&focus&on&predicting&whether&a&particular&package&of&Earth’s&crust&has&38!
the&necessary&elements&of&sufficient&quality&and&distribution&to&generate&and&store&hydrocarbons&over&39!
geological&timescales&(e.g.&Blanc&and&Connan,&1994;&Whiticar,&1994).&In&better&studied&basins,&efforts&40!
are&likely&to&focus&on&defining&the&robustness&of&critical&hydrocarbon&play&elements.&The&application&of&41!
geochemical&techniques&has&been&at&the&forefront&of&many&of&these&studies&by:&(i)&providing&time&and&42!
temperature&constraints&on&basin&evolution&(Sweeney&&&Burnham,&1990;&Crowhurst&et&al.,&2002&43!
;Stolper&et&al.,&2014),&(ii)&determining&the&depositional&environment,&age,&thermal&maturity&and&type&44!
of&organic&matter&of&key&source&rock&intervals&(Hughes&et&al.,&1995),&and&(iii)&linking&hydrocarbons&in&45!
reservoirs&to&the&source&rock&responsible&for&their&generation&(Dow,&1974;&Stahl,&1978;&Philp,&1993).&46!
However,&the&physical&histories&of&accumulated&hydrocarbons&have&proven&to&be&more&difficult&to&47!
understand.&48!

& The&noble&gases&have&found&strong&application&as&physical&tracers&in&a&wide&range&of&49!
geochemical&fields&(Porcelli&et&al.,&2002;&Ozima&and&Podosek&2002;&Burnard&2013).&Thanks&to&their&50!
chemical&inertness,&they&are&unaffected&by&biological&activity,&chemical&alteration,&or&redox&reactions&51!
that&complicate&many&other&tracer&systems.&This&means&that&only&physical&processes,&such&as&mixing,&52!
dissolution,&phase&partitioning,&and&diffusion&are&recorded&by&the&noble&gases.&This,&coupled&with&the&53!
fact&that&the&different&components&of&the&Earth’s&noble&gas&inventory&(atmosphere,&crust&and&mantle)&54!
are&isotopically&distinct&and&well`constrained,&means&that&the&inputs&into&and&the&processes&occurring&55!
within&any&given&system&can&be&accurately&deduced.&Given&these&properties,&noble&gas&geochemistry&56!
has&the&theoretical&potential&to&help&constrain&physical&processes&and&timescales&associated&with&57!
hydrocarbon&fluid&generation,&migration&and&storage&in&petroleum&systems.&&&58!

In&a&typical&noble&gas&investigation&of&a&petroleum&system,&samples&are&taken&from&the&59!
produced&hydrocarbon&and&measured&for&their&noble&gas&composition.&From&here&a&range&of&different&60!
models&can&be&applied&to&investigate&different&characteristics&of&the&system,&from&gas,&oil,&and&water&61!
interactions&to&the&timing&of&migration&and&accumulation.&The&development&of&these&quantitative&62!
noble&gas&models&has&happened&alongside&improvements&in&analytical&technology,&allowing&63!
measurement&of&more&noble&gas&isotopes&with&greater&accuracy&and&precision,&and&from&this&an&64!
increased&understanding&of&the&processes&affecting&the&noble&gases&within&the&subsurface.&65!



! 3!

Consequently&noble&gases&now&provide&a&powerful&tool&that&can&reveal&information&about&the&66!
subsurface&inaccessible&by&other&analytical&techniques.&For&complementary&information&we&refer&67!
readers&to&comprehensive&reviews&by&Ballentine&and&Burnard&(2002),&and&Holland&and&Gilfillan&(2013)&68!
for&detailed&discussion.&69!

1.2&Definitions&70!
& We&use&the&term&‘petroleum&system’&in&the&sense&defined&by&Magoon&&&Dow&(1994),&and&71!
provide&a&schematic&representation&in&figure&1.&It&is&considered&to&encompass&a&unit&of&active&source&72!
rock,&all&related&hydrocarbon&accumulations,&and&the&geological&features&and&processes&that&are&73!
necessary&for&the&hydrocarbon&accumulations&to&exist.&This&comprises&a&series&of&elements&and&74!
processes;&elements&include&the&source&rock,&migration&pathway,&reservoir,&and&trap,&whereas&75!
processes&include&hydrocarbon&generation,&migration,&and&the&geological&processes&affecting&the&76!
system.&As&such,&the&petroleum&system&can&cover&a&large&geographic,&stratigraphic,&and&temporal&77!
range&and&significant&differences&may&exist&between&different&systems.&78!

& We&discuss&both&conventional&and&unconventional&hydrocarbon&systems.&Conventional&79!
hydrocarbon&systems&comprise&of&(i)&a&source&rock&of&sufficient&quality&and&distribution&that&is&buried&80!
to&temperatures&and&pressures&necessary&to&result&in&the&generation&of&and&expulsion&of&hydrocarbons&81!
from&the&source&rock,&(ii)&secondary&migration&of&hydrocarbons&along&carrier&beds&to&a&reservoir&rock&82!
in&a&configuration&that&traps&hydrocarbons&either&stratigraphically&or&structurally,&and&(iii)&an&overlying&83!
low&permeability&seal&rock&that&results&in&the&accumulation&of&hydrocarbons&within&the&reservoir&rock.&84!
Whilst&the&term&‘unconventional’&has&been&applied&to&petroleum&exploitation&environments&ranging&85!
from&tar&sands&to&ultra`deep&water&production,&we&use&the&term&here&in&a&stricter&sense&to&apply&to&86!
source&rock&reservoirs&such&as&gas`shales&(Curiale&&&Curtis,&2016).&These&are&traditionally&87!
unconventional&in&that&they&produce&directly&from&the&source&rocks&that&generate&the&petroleum,&with&88!
very&little&secondary&migration.&The&low&porosity&and&permeability&of&these&rocks&means&that&they&89!
typically&require&advanced&production&techniques&such&as&hydraulic&fracturing&or&directional&drilling&to&90!
produce&economically.&A&schematic&representation&of&conventional&and&unconventional&production&is&91!
shown&in&figure&1.&92!

& Noble&gas&isotope&ratio&measurements&are&typically&reported&simply&as&raw&ratios,&unlike&93!
most&other&geochemical&isotope&ratios,&which&use&permil&(‰)&notation&(Hoefs,&1997).&Using&the&raw&94!
ratios&is&more&convenient&when&relatively&large&isotopic&variations&are&common&(Porcelli&et&al.,&2002).&95!
Although&using&raw&ratios&eliminates&the&requirement&for&a&universal&standard,&samples&in&natural&96!
systems&are&often&compared&to&air,&which&is&well&mixed&and&defined&(table&1).&In&subsurface&fluid&97!
systems&it&is&also&common&to&use&air`saturated&water&(ASW)&as&a&standard,&which&is&well&defined&over&98!
a&range&of&temperatures&and&salinities&(table&3).&Helium&isotope&ratios&(3He/4He)&are&usually&reported&99!
relative&to&the&air&ratio&(Ra).&Quantities&of&noble&gases&are&typically&reported&in&cm

3&standard&100!
temperature&and&pressure&(cm3STP&or&ccSTP),&due&to&the&small&amounts&of&noble&gases&usually&present&101!
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in&geochemical&systems.&The&cm3STP&unit&can&be&directly&converted&to&moles&using&the&molar&gas&102!
volume&(22400cm3&at&STP)&(Burnard&et&al.,&2013).&103!

2.&Origin&of&terrestrial&noble&gases&104!

2.1&Primordial&noble&gases&105!
& Primordial&elements&are&those&indigenous&to&Earth,&incorporated&during&planetary&formation.&106!
The&noble&gases&are&highly&volatile,&and&thus&difficult&to&entrain&during&planetary&accretion&(Pepin,&107!
1991).&This&results&in&a&bulk&Earth&that&is&depleted&in&noble&gases&by&several&orders&of&magnitude&108!
compared&to&the&proto`solar&nebula&from&which&the&planet&was&formed&(Wieler,&2002;&Grimberg&et&al.,&109!
2006).&Some&of&the&noble&gas&isotopes&(e.g.&20Ne,&36Ar,&84Kr,&130Xe)&are&not&produced&on&Earth&in&110!
significant&quantities,&and&thus&their&provenance&in&terrestrial&reservoirs&is&assumed&to&be&100%&111!
primordial&(Burnard&et&al.,&1997;&Moreira&et&al.,&1998).&The&isotopic&composition&of&possible&112!
accretionary&precursors&such&as&the&protosolar&nebula&and&carbonaceous&chondrites&have&been&113!
compared&with&the&terrestrial&inventory&of&the&primordial&gases&to&reconstruct&the&origin&and&114!
processes&responsible&for&delivery&of&volatiles&to&Earth&on&its&formation&(e.g.&Ballentine&et&al.,&2005;&115!
Ballentine&and&Holland&2008;&Holland&et&al.,&2009;&Marty,&2012;&Halliday,&2013).&These&models&of&116!
planetary&noble&gas&acquisition&successfully&explain&the&modern&terrestrial&inventory&for&all&of&the&117!
primordial&noble&gases&except&Xe,&whose&apparent&depletion&in&the&Earth&is&still&the&subject&of&much&118!
debate&(Sanloup&et&al.,&2005;&Lee&&&Steinle`Neumann,&2006,&Pepin&&&Porcelli,&2006,&Pujol&et&al.,&2011).&119!

2.2&Production&of&noble&gases&120!
& Noble&gases&are&produced&both&directly&and&indirectly&from&radioactive&processes&occurring&121!
within&the&Earth.&The&partitioning&of&different&radioactive&elements&into&chemically&and&physically&122!
distinct&parts&of&the&planet&is&the&cause&of&much&of&the&heterogeneity&in&the&terrestrial&noble&gas&123!
reservoirs.&The&most&productive&radioactive&elements&in&terms&of&abundance&and&decay&rate&(U,&Th,&K)&124!
are&highly&incompatible&in&the&Earth’s&mantle,&meaning&that&the&crust&is&typically&associated&with&much&125!
higher&levels&of&noble&gas&production&(Ballentine&&&Burnard,&2002).&&126!

Noble&gas&production&proceeds&by&3&mechanisms:&radiogenic,&nucleogenic,&and&fissiogenic.&127!
The&laws&governing&the&pathways&and&rates&of&radioactive&decay&are&well&understood,&allowing&128!
theoretical&production&rates&to&be&accurately&calculated&in&any&system&if&the&parent&isotope&129!
concentration&and&half`life&(decay&constant)&is&known&(Rutherford,&1906;&Pierce&et&al.,&1964).&This&is&130!
the&basis&of&a&number&of&successful&dating&tools&such&as&Ar`Ar&dating&and&4He&dating&(Merrihue&&&131!
Turner,&1966;&Farley,&2002;&Renne&et&al.,&2010).&&132!

2.2.1&Radiogenic&production&133!
& Radiogenically&produced&isotopes&are&those&produced&as&direct&daughter&products&of&134!
radioactive&decay.&For&the&modern&Earth,&the&most&significant&radioactive&decay&pathway&is&the&U,&Th&135!
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series.&The&initial&decay&of&235U,&238U&and&232Th&is&by&α`decay,&significant&in&terms&of&noble&gas&136!
production&because&an&α`particle&is&equivalent&to&a&4He&nucleus.&The&vast&majority&of&α`particles&ionise&137!
the&surrounding&material&upon&ejection,&collecting&electrons&to&form&a&4He&atom.&Elevated&U,&Th&138!
concentrations&are&therefore&associated&with&helium&that&is&isotopically&enriched&in&4He.&The&139!
incompatibility&of&both&U,&Th&in&the&mantle&means&that&they,&and&consequently&4He,&are&highly&140!
enriched&in&continental&crust.&&141!

Similarly,&high&crustal&concentrations&of&40K&lead&to&elevated&40Ar&when&40K&decays&by&electron&142!
capture.&The&subsequent&release&of&radiogenic&40Ar&into&the&atmosphere&has&drastically&altered&the&143!
isotopic&composition&of&atmospheric&argon&over&Earth&history.&Whilst&the&majority&of&primordial&argon&144!
is&36Ar&(the&proto`solar&nebula&has&a&40Ar/36Ar&~3.0&x&10`4),&the&atmospheric&40Ar/36Ar&ratio&in&the&145!
modern&atmosphere&is&~298.6&because&of&radiogenic&40Ar&enrichment&(Göbel&et&al.,&1978;&Anders&&&146!
Grevasse,&1989;&Lee&et&al.,&2006).&147!

2.2.2&Nucleogenic&production&148!
In&addition&to&α`particles&the&emission&of&neutrons&is&also&a&direct&result&of&radioactivity.&149!

Nucleogenic&production&is&the&interaction&of&both&these&particles&with&the&nuclei&of&nearby&atoms,&150!
leading&to&the&formation&of&new&elements&in&Wetherill&reactions&(Wetherill,&1954).&&151!

Most&commonly&the&impact&of&an&α`particle&into&a&nucleus&is&followed&by&the&emission&of&a&152!
neutron&in&an&(α,n)&reaction,&effectively&adding&2&protons&and&1&neutron&to&the&nucleus&of&the&affected&153!
atom.&Noble&gases&formed&in&measurable&quantities&in&this&fashion&include&21Ne,&which&is&derived&from&154!
the&(α,n)&reaction&of&18O,&(&18O(α,n)21Ne)&as&well&as&22Ne,&which&is&formed&indirectly&via&the&β+&decay&of&155!
the&short`lived&22Na&produced&by&(α,n)&reaction&with&19F&(19F(α,n)22Na(!+)22Ne).&156!

Alternatively,&an&incident&neutron&can&cause&a&nucleus&to&emit&an&α`particle,&effectively&157!
removing&2&protons&and&1&neutron&in&a&(n,α)&reaction.&This&pathway&provides&a&further&source&of&21Ne,&158!
produced&by&the&24Mg(α,n)21Ne&reaction,&as&well&as&a&small&contribution&to&3He,&produced&by&the&159!
6Li(α,n)3He&reaction.&160!

As&nucleogenic&reactions&require&a&source&of&α`particles&and&neutrons,&their&production&rates&161!
are&tightly&coupled&with&nearby&radioactivity,&primarily&U,&Th.&Both&α`particles&and&neutrons&have&a&162!
limited&range&in&typical&crustal&rock&after&being&ejected&from&the&parent&nucleus,&with&typical&ranges&of&163!
15`45μm&and&10`100cm&respectively&(Martel,&1990;&Ziegler&1977).&As&such,&heterogeneities&on&the&164!
mineral`scale&can&have&measurable&effects&on&the&relative&production&of&different&isotopes.&Notably,&165!
observed&radiogenic&21Ne/22Ne&values&from&the&modern&crust&are&incompatible&with&those&predicted&166!
from&average&crust&18O&and&19F&concentrations.&This&has&led&to&the&inference&that&the&O/F&167!
concentration&in&the&modern&crust&is&systematically&lower&in&phases&associated&with&high&U,&Th&168!
concentrations&(Kennedy&et&al.,&1990;&Hiyagon&&&Kennedy,&1992).&&169!
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2.2.3&Fissiogenic&production&170!
A&further&source&of&noble&gas&production&is&as&a&result&of&the&fission&of&heavy,&unstable&nuclei.&171!

The&systematics&of&this&process&are&more&complex&than&simple&radioactive&decay,&but&the&production&172!
rates&of&different&isotopes&can&still&be&relatively&well`constrained&(Wieler&&&Eikenberg,&1999).&The&173!
dominant&fission&process&in&noble&gas&production&is&the&spontaneous&fission&of&238U,&which&produces&174!
129,&131,&132,&134,&136Xe,&as&well&as&smaller&amounts&of&83,&84,&86Kr.&The&spontaneous&fission&of&232Th,&and&the&175!
neutron`induced&fission&of&238U,&235U,&and&232Th&also&make&minor&contributions&to&the&production&of&176!
these&fissiogenic&Xe&and&Kr&isotopes&(Ballentine&&&Burnard,&2002).&&177!

The&production&rates&of&fissiogenic&isotopes&are&much&lower&than&those&of&radiogenic&or&178!
nucleogenic&isotopes&(table&4).&As&such,&fissiogenic&Xe&excesses&are&only&observed&in&samples&that&have&179!
been&isolated&for&significant&periods&of&time&(Reynolds,&1963;&Holland&et&al.,&2013).&180!

3.&Physical&chemistry&of&noble&gases&in&fluids&181!

3.1&Henry’s&law&182!
The&dissolution&of&noble&gases&into&fluids&(water,&oil,&and&gas)&has&been&reviewed&by&183!

Ballentine&et&al.,&2002.&Dissolution&follows&Henry’s&law,&which&states&that&the&concentration&of&a&gas&in&184!
solution&is&directly&proportional&to&the&partial&pressure&of&that&gas&in&the&gas&phase.&This&can&be&185!
formulated&for&any&noble&gas&i,&assuming&ideal&gas&behaviour&in&both&the&gas&and&fluid&phases&(eq&5.1).&186!

!" = $"%" &187!

(5.1)&188!

Where&pi&is&the&partial&pressure,&xi&is&the&mole&fraction&in&solution,&and&Ki&is&the&Henry’s&189!
constant.&Henry’s&constants&are&specific&to&the&solute,&and&are&temperature&and&salinity&dependent;&190!
their&units&depend&on&the&units&used&to&measure&the&partial&pressure&and&concentration&in&the&fluid&191!
phase.&&192!

The&Henry’s&constants&of&noble&gases&in&water&have&been&determined&empirically&over&a&193!
temperature&range&from&the&freezing&point&to&the&critical&point&of&water&(Crovetto&et&al.,&1982;&Smith,&194!
1985),&and&equations&have&been&formulated&using&a&compilation&of&empirical&data&that&allow&the&195!
calculation&of&Henry’s&constants&at&any&temperature&(Fernández`Prini&et&al.,&2003).&Determination&of&196!
the&Henry’s&constant&for&oil&faces&the&further&complexity&of&the&natural&variation&in&oil&composition.&197!
This&work&is&limited&to&just&one&study&of&two&oils&with&API&gravities&of&25°&and&31°&(Kharaka&&&Specht,&198!
1988).&The&solubility&of&the&noble&gases&was&shown&to&be&affected&by&the&API&gravity,&but&it&is&likely&199!
that&the&solubility&is&also&controlled&by&properties&other&than&bulk&density&(e.g.,&concentration&of&polar&200!
compounds,&trace&element&concentrations).&Hence&the&Henry’s&constant&for&oils&remains&a&key&201!
uncertainty&in&models&that&apply&these&constraints.&202!
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3.2&Non6ideality&203!
Henry’s&law&can&be&modified&to&account&for&non`ideal&behaviour&in&the&gas&and&fluid&phases&204!

by&taking&into&account&both&the&gas&phase&fugacity&coefficient,&and&the&liquid&phase&activity&coefficient&205!
(eq&5.2).&206!

&"!" = '"$"%"&207!

(5.2)&208!

Where&Φi&is&the&fugacity&coefficient,&and&γi&is&the&activity&coefficient;&a&deviation&of&either&of&209!
these&from&unity&represents&non`ideal&behaviour.&Fugacity&is&pressure&and&temperature&dependent,&210!
and&can&be&calculated&from&empirical&measurements&of&real&molar&volume&(Dymond&&&Smith,&1980).&211!
Activity&is&dependent&on&temperature&and&salinity,&with&the&relationship&formulated&in&the&212!
Setschenow&equation&(eq&5.3).&213!

'" = ()*+(-)&214!

(5.3)&215!

Where&C&is&the&concentration&of&salt&in&the&solution,&and&ki&is&the&temperature&dependent&216!
Setschenow&coefficient.&The&response&of&Ar&to&changes&in&salinity&is&independent&of&the&electrolyte&217!
species,&and&this&relationship&is&assumed&to&be&true&for&the&other&noble&gases&(Ben`Naim&&&Egel`Thal,&218!
1965).&The&Setschenow&coefficients&have&been&determined&empirically&for&the&noble&gases&over&a&219!
range&of&temperatures&from&270`340K&(Smith&&&Kennedy,&1983).&Unfortunately,&the&temperatures&220!
encountered&in&subsurface&environments&often&greatly&exceed&this&range,&with&the&onset&of&oil&221!
formation&occurring&at&temperatures&of&approximately&350K,&and&secondary&cracking&to&gas&being&222!
above&420K&(Waples,&1980).&As&such,&the&extrapolation&of&curves&fitted&to&the&empirical&data&must&be&223!
used&to&account&for&salinity&effects&on&noble&gas&solubility&in&the&range&of&interest&of&most&224!
hydrocarbon&systems,&and&represents&a&potential&source&of&error&in&any&derivative&product.&Recent&225!
work&on&noble&gas&partitioning&in&CO2`water&systems&show&measurable&deviations&from&predicted&226!
behaviours&in&high`pressure&environments&(Warr,&2015).&In&most&petroleum&system&investigations&227!
these&deviations&from&ideality&are&unlikely&to&affect&the&general&outcomes&of&any&models,&but&care&228!
must&be&taken&when&considering&the&precision&with&which&they&can&be&applied.&Further&work&involving&229!
a&combination&of&empirical&and&model&data&will&be&crucial&to&refine&these&models&in&the&future.&230!

4&Terrestrial&noble&gas&inventories&231!

4.1&The&atmosphere&232!
& Although&small&in&size&compared&to&the&solid&Earth,&the&majority&of&the&Earth’s&primordial&233!
noble&gases&are&held&in&the&atmosphere&(Porcelli&&&Ballentine,&2002).&The&creation&and&evolution&of&234!
the&atmosphere&is&complex,&and&not&yet&fully&understood.&Whilst&it&is&likely&that&terrestrial&bodies&such&235!
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as&the&Earth&are&able&to&gravitationally&capture&volatiles&from&the&proto`solar&nebula&during&formation&236!
(Pepin,&2006),&the&atmosphere&is&clearly&distinct&from&a&solar&composition&(Brown&1949;&Porcelli&&&237!
Ballentine,&2002).&Alternative&proposed&methods&of&acquiring&noble&gases&include&adsorption&onto&238!
accumulating&dust&(Marrocchi&et&al.,&2005),&or&the&implantation&by&solar&wind&(Podosek&et&al.,&2000).&A&239!
contribution&of&volatile`rich&cometary&material&brought&in&during&the&late&heavy&bombardment&has&240!
also&been&suggested&as&a&source&of&atmospheric&noble&gases&(Owen&et&al.,&1992;&Dauphas,&2003;&241!
Holland&et&al.,&2009).&242!

& The&reasons&for&the&atmosphere’s&distinct&noble&gas&composition&are&likely&due&to&the&243!
atmospheric&losses&experienced&by&the&Earth&during&its&early&history.&Whether&this&occurred&by&244!
aggregate&catastrophic&loss,&or&gradual&escape&of&volatiles,&is&still&debated&(Pepin,&2006;&Pepin&&&245!
Porcelli,&2006;&Tucker&&&Mukhopadhyay,&2014).&However,&the&atmospheric&composition&of&noble&246!
gases&has&been&remarkably&constant&over&geological&timescales.&Whilst&degassing&of&the&solid&Earth&at&247!
volcanoes&and&mid`ocean&ridges&releases&mantle&noble&gases&into&the&atmosphere,&it&is&in&such&small&248!
quantities&as&to&be&insignificant&even&over&billions&of&years.&However,&exceptions&to&this&include&249!
isotopes&with&high&radiogenic&production&such&as&40Ar,&which&are&produced&within&the&Earth&to&such&an&250!
extent&that&solid&Earth&degassing&can&influence&atmospheric&concentrations&(Allégre&et&al.,&1996;&251!
Ballentine&&&Burnard,&2002).&Helium&is&gravitationally&unbound&in&the&atmosphere.&However,&the&loss&252!
into&space&is&balanced&by&a&volcanic&degassing&flux&from&mid`ocean&ridge,&ocean`island,&and&253!
subduction`related&volcanism,&resulting&in&an&assumed&steady`state&helium&concentration&in&the&254!
atmosphere&(Torgersen,&1989;&Lupton&&&Evans,&2013).&When&considering&most&fluids&in&the&crust,&and&255!
groundwater&in&particular,&it&is&reasonable&to&assume&that&the&atmospheric&noble&gas&composition&has&256!
been&constant&over&the&timescale&of&their&introduction&into&the&subsurface.&257!

4.2&Water& &258!
When&in&direct&contact&with&the&atmosphere,&water&will&rapidly&equilibrate&with&air&according&259!

to&the&processes&detailed&in&the&previous&section.&The&solubilities&of&the&noble&gases&vary&by&element,&260!
meaning&that&at&equilibrium&the&elemental&composition&of&the&water&is&not&air`like&(Kipfer&et&al.,&2002).&261!
However,&isotopic&ratios&of&the&individual&noble&gases&are&not&significantly&affected&by&equilibrium&262!
partitioning.&&As&the&rules&governing&this&partitioning&and&the&variation&with&respect&to&temperature,&263!
pressure,&and&salinity&are&well&known,&it&is&possible&to&calculate&the&air`saturated&water&composition&in&264!
any&given&environment.&This&composition&is&crucial&for&noble&gas&analysis&of&hydrocarbon&reservoirs,&as&265!
a&common&assumption&in&modeling&and&analysis&is&that&all&atmospherically&derived&noble&gases&in&the&266!
subsurface&will&be&delivered&in&known&quantities&dissolved&as&air`saturated&water&(ASW)&through&267!
hydrocarbon`water&interaction&and&noble&gas&partitioning.&&&&268!

One&complication&to&this&arises&from&empirical&measurements&of&atmosphere`derived&noble&269!
gas&concentrations&in&meteoric&groundwater&that&have&often&been&found&to&be&higher&than&the&values&270!
predicted&by&Henry’s&law&equilibration.&This&phenomenon&is&commonly&referred&to&as&‘excess&air’&271!
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(Heaton&&&Vogel,&1981;&Herzberg&&&Mazor,&1979).&The&behaviour&of&this&excess&air&component&is&272!
generally&consistent,&with&neon&being&the&most&strongly&affected,&and&the&heavier&noble&gases&273!
proportionally&less&so&(Heaton&&&Vogel,&1981).&Theoretical&models&describing&processes&by&which&this&274!
can&occur&have&been&developed,&and&refined&over&time&to&more&closely&match&observations&(Stute&et&275!
al.,&1995;&Ballentine&and&Hall&1999;&Aeschbach`Hertig&et&al.,&2000).&Whilst&these&models&differ&slightly,&276!
they&are&based&on&the&principle&that&excess&air&is&introduced&into&groundwater&by&the&entrapment&of&277!
air&bubbles&during&fluctuations&of&the&water&table.&A&close&fit&to&experimental&observations&is&found&by&278!
modeling&a&closed`system&equilibration&of&these&bubbles&(Aeschbach`Hertig&et&al.,&2008).&Within&279!
petroleum&systems&deposited&under&marine&conditions,&the&groundwater&is&likely&to&have&a&marine&280!
noble&gas&composition&(Kipfer&et&al.,&2002)&and&excess&air&within&these&systems&are&not&expected.&&281!

4.3&The&mantle&282!
& The&Earth’s&mantle&contains&a&high&proportion&of&primordial&noble&gases.&It&is&introduced&to&283!
the&surface&in&CO2`rich&volcanic&gases&that&can&permeate&through&the&crust&or&get&released&at&mid`284!
ocean&ridges&and&volcanoes.&The&measured&compositions&of&these&gases&have&distinctive&high&but&285!
variable&3He/4He&ratios.&For&example,&the&well`mixed&asthenospheric&upper&mantle,&as&sampled&by&286!
depleted&mid`ocean&ridge&basalt&(MORB)&mantle&ranges&from&7`9&Ra&(Graham,&2002),&where&the&sub`287!
continental&lithospheric&mantle&is&defined&as&6.1&±&2.1&(Day&et&al.,&2015).&In&contrast,&many&mantle&288!
plume&regions&extend&as&high&as&~50&Ra&(e.g.,&Stuart&et&al.,&2003).&Likewise,&the&mantle&is&marked&by&289!
high&20Ne/22Ne&ratios&and&40Ar/36Ar&ratios&(Sarda&et&al.,&1988;&Staudacher&et&al&1989;&Holland&et&al.,&290!
2009).&Addition&of&mantle&noble&gases&into&subsurface&hydrocarbon&accumulations,&while&not&useful&in&291!
the&context&of&origin&and&history&of&hydrocarbon&gases,&may&be&useful&for&constraining&the&origin&of&292!
non`hydrocarbon&gases&that&in&some&cases&accumulate&concurrently&in&the&subsurface&–&particularly&293!
CO2&and&N2&(Ballentine&and&Sherwood&Lollar&2002;&Ballentine&et&al.,&2005;&Gilfillan&et&al.,&2009).&294!

4.4&The&crust&295!
& Due&to&their&incompatibility&in&the&mantle,&the&major&radioactive&elements&involved&in&noble&296!
gas&production&were&partitioned&heavily&into&the&Earth’s&crust&during&planetary&formation.&These&297!
elements&which&include&U,&Th,&and&K,&initiate&the&decay&chains&that&produce&the&radiogenic&noble&gas&298!
isotopes,&principally&4He,&40Ar,&21Ne,&22Ne,&and&to&a&lesser&extent&some&Xe&and&Kr&isotopes.&Whilst&the&299!
crust&is&a&complex&and&heterogeneous&system&with&inputs&from&many&sources,&crustal&fluids&are&often&300!
characterized&by&high&concentrations&of&these&radiogenic&isotopes.&&301!

& These&isotopes&are&produced&within&the&minerals&that&make&up&the&crust,&but&can&be&released&302!
into&the&surrounding&fluid&systems&(Bach&et&al.,&1999).&The&extent&of&this&release&is&controlled&by&a&303!
number&of&factors&including&grain&size,&temperature,&and&mineral&alteration&(Honda&et&al.,&1982;&304!
Brooker&et&al.,&1998;&Baxter&et&al.,&2001).&Lighter&isotopes&are&more&readily&released&at&lower&305!
temperatures,&and&as&such&the&ratios&of&radiogenic&isotopes&(e.g.&4He/21Ne*,&4He/40Ar*)&can&be&used&to&306!
determine&temperatures&of&release&(Torgersen&et&al.,&1992;&Baxter&et&al.,&2002).&307!
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& In&general,&higher&concentrations&of&radiogenically&produced&noble&gas&isotopes&reflect&older&308!
systems&that&have&been&isolated&for&longer&periods&of&time.&Data&from&fracture&fluids&in&mines&in&309!
Precambrian&shields&show&concentrations&that&would&have&taken&billions&of&years&to&accumulate&310!
(Holland&et&al.,&2013).&311!

5&Introduction&of&noble&gases&into&the&petroleum&system&312!

5.1&Source&rock&formation&313!
The&genesis&of&the&petroleum&system&begins&with&the&deposition&of&an&organic&carbon&rich&314!

sedimentary&rock.&Typically&>1%&total&organic&carbon&(TOC)&is&considered&sufficient&for&a&source&rock&315!
(Gluyas&&&Swarbrick,&2013),&although&this&can&vary.&As&organic&carbon&comes&in&a&variety&of&forms,&316!
each&of&which&has&distinct&chemical&behaviour&in&a&petroleum&system,&these&source&rocks&are&typically&317!
classified&according&to&their&kerogen&composition,&as&outlined&in&Table&2.&The&type&of&organic&matter&318!
that&makes&up&source&rocks&is&of&particular&importance&because&it&is&this&that&ultimately&determines&319!
how&oil&or&gas&prone&a&source&rock&is&likely&to&be,&as&well&as&the&volume&of&hydrocarbons&that&can&be&320!
generated&from&the&source&rock&on&a&gram&for&gram&basis&(Peters&&&Cassa,&1994).&Laboratory&321!
simulation&of&this&naturally&occurring&process&has&been&extensively&investigated&in&hydrous&pyrolysis&322!
experiments,&in&which&immature&source&rock&is&heated&under&controlled&conditions&to&simulate&the&323!
naturally`occurring&process&of&petroleum&formation&(Peters,&1986;&Peters&et&al.,&2015).&These&and&324!
other&experimental&studies&suggest&that&the&presence&of&water&may&be&required&during&catagenesis&325!
and&hydrocarbon&generation&to&produce&the&compositions&that&we&observe&in&nature&(Lewan,&1993).&326!
Noble&gases&are&more&soluble&in&oil&than&in&water,&and&thus&the&formation&of&a&liquid&petroleum&phase&327!
within&the&source&rock&will&cause&the&partitioning&of&noble&gases&between&it&and&the&surrounding&328!
water&phase&that&remains&in&the&rock&(Ballentine&et&al.,&1991).&The&water&in&this&context&is&likely&to&not&329!
represent&a&significant&volume&given&the&prior&compaction&and&lithification&of&the&source&rock.&Given&330!
sufficient&pressure&generated&during&the&generation&of&hydrocarbons,&oil&may&escape&from&the&source&331!
rock&and&as&such&noble&gases&in&the&escaping&fluid&will&evolve&separately&(described&below)&to&the&332!
noble&gas&signature&of&any&retained&oil.&The&extent&of&kerogen&decomposition&can&further&affect&the&333!
partitioning&of&noble&gases,&as&the&solubility&of&noble&gases&has&been&shown&to&be&positively&correlated&334!
with!the&API&of&the&oil&(Kharaka&&&Specht,&1988).&Given&continued&burial&and&increase&in&temperature,&335!
the&retained&oil&itself&will&begin&to&crack&to&gaseous&hydrocarbons.&The&onset&of&gas&generation&will&336!
further&complicate&this&phase&partitioning,&as&the&noble&gases&have&a&strong&affinity&for&the&gas&phase&337!
when&it&is&present.&Furthermore,&it&is&unclear&how&the&alteration&of&the&source&rock&composition&will&338!
affect&the&noble&gases&stored&within;&it&is&possible&that&any&component&adsorbed&onto&the&organic&339!
carbon&could&be&released&during&thermal&degradation.&340!

Most&noble&gas&studies&to&date&have&focussed&on&characterizing&or&modelling&the&inheritance&341!
and&evolution&of&noble&gases&during&migration&and&accumulation&in&conventional&reservoirs.&However,&342!
key&gaps&exist&in&our&understanding&of&hydrocarbon&generation&and&expulsion&from&source&rocks,&and&343!
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there&have&been&very&few&studies&to&date&that&have&studied&the&evolution&of&noble&gases&during&344!
hydrocarbon&generation.&Questions&such&as&the&role&of&water&during&hydrocarbon&generation,&the&345!
relative&volumes&of&expelled&versus&retained&oil&and&gas,&and&the&mechanisms&of&storage&within&the&346!
source&rocks&(adsorption&or&as&free&gas&within&porosity&or&fractures),&remain&elusive.&347!

5.2&Primary&migration&348!
& Primary&migration&is&the&initial&expulsion&of&the&generated&hydrocarbons&out&of&the&source&349!
rock&and&into&the&surrounding&crust.&This&occurs&by&thermally&activated&diffusion&of&hydrocarbons&350!
through&the&residual&organic`matter&network&(Stainforth&&&Reindes,&1990).&The&rate&of&primary&351!
migration&is&an&important&control&on&the&total&hydrocarbons&produced&from&the&source&rock,&as&well&as&352!
the&extent&of&secondary&cracking.&The&effects&of&primary&migration&on&the&noble&gas&composition&of&353!
the&hydrocarbon&phase&are&unclear.&Although&a&thermal`diffusive&release&mechanism&may&impart&a&354!
mass`dependent&kinetic&fractionation&signature&onto&the&noble&gases,&it&has&not&been&identified&in&355!
real`world&samples.&It&is&possible&that&the&effect&is&small&compared&to&that&of&other&subsurface&356!
processes.&Such&processes&include&the&interaction&of&noble&gases&co`transported&in&or&with&357!
hydrocarbons&with&other&fluids&or&the&mechanisms&and&timescales&associated&with&the&movement&of&358!
hydrocarbons&within&the&crust.&&359!

5.3&Secondary&migration&360!
& The&principal&mechanism&driving&secondary&migration&is&the&buoyancy&force&due&to&the&361!
density&difference&between&petroleum&and&the&surrounding&water.&This&driving&force&is&balanced&by&362!
the&resistance&provided&from&capillary&entry&pressure,&a&function&of&the&surrounding&pore`size&and&363!
permeability&(Schowalter,&1979).&Empirical&investigations&into&this&process&suggest&that&secondary&364!
migration&likely&occurs&along&restricted&pathways,&often&along&structural&boundaries,&and&proceeds&365!
rapidly&on&geological&timescales&(Dembicki&&&Anderson,&1989).&Figure&1&shows&the&migration&of&366!
hydrocarbons&through&a&groundwater`saturated&reservoir,&and&the&potential&inputs&of&noble&gas&367!
sources&into&the&same&groundwater.&Once&in&contact&the&noble&gases&are&expected&to&equilibrate&368!
between&the&two&phases&quickly&relative&to&geological&timescales&(Ballentine&&&Burnard,&2002).&369!

& Secondary&migration&can&occur&laterally&for&up&to&100’s&of&kilometres&and&vertically&through&370!
kilometres&of&groundwater`saturated&strata&(Demaison&&&Huizinga,&1991)&and&have&profound&effects&371!
on&the&noble&gases&in&the&system.&The&migrating&hydrocarbons&can&undergo&phase&partitioning&with&372!
this&surrounding&groundwater,&and&as&the&noble&gases&are&more&soluble&in&hydrocarbons&than&in&373!
water,&this&can&strip&the&groundwater&of&much&of&its&noble&gases&(Ballentine&et&al.,&1996).&This&occurs&374!
via&well`defined&Henry’s`law&solubility`dependent&partitioning,&and&forms&the&basis&of&a&series&of&375!
models&that&investigate&hydrocarbon&migration&using&the&varying&solubilities&of&the&noble&gases&376!
(Zartman&et&al.,&1961;&Bosch&&&Mazor,&1988;&Ballentine&et&al.,&1991;&Ballentine&et&al.,&1996).&While&this&377!
has&yet&to&be&discussed&or&tested&in&studies&performed&to&date,&the&evolution&of&noble&gas&signatures&378!
in&hydrocarbons&in&conventional&systems&is&therefore&likely&to&be&dependent&on&the&mechanism&and&379!
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length&scales&of&migration.&In&systems&where&migration&occurs&short&over&distances,&it&is&possible&that&380!
hydrocarbons&may&encounter&relatively&limited&volumes&of&water&with&which&to&interact&and&partition&381!
noble&gases&(e.g.&Ballentine&et&al;&1996).&In&contrast,&migration&within&hydrocarbon&systems&such&as&382!
those&of&the&foreland&basins&of&the&Western&Canadian&Sedimentary&basin&may&occur&over&tens&or&383!
hundreds&of&kilometres&and&as&such&will&encounter&significantly&greater&volumes&of&water.&However,&384!
to&date&there&has&been&no&thorough&investigation&into&the&effects&of&secondary&migration&distance&385!
upon&noble&gas&composition&–&if&any&such&pattern&exists&it&could&prove&an&invaluable&tool&in&386!
retroactively&assessing&migration&distances&and&pathways.&387!

& The&general&effects&of&secondary&migration&on&noble&gases&can&be&considered&by&comparing&388!
the&conventional&systems&with&unconventional&systems&where&no&secondary&migration&takes&place.&389!
Figure&2&shows&an&overlapping&but&distinct&grouping&of&conventional&and&unconventional&systems&with&390!
respect&to&[4He]&concentrations.&Conventional&systems&tend&to&have&higher&[4He]&concentrations,&391!
which&we&speculate&could&be&due&to&interaction&with&large`scale&aquifer&systems&during&secondary&392!
migration.&Previous&studies&of&conventional&systems&have&shown&some&to&contain&concentrations&of&393!
radiogenic&noble&gases&far&higher&than&that&possible&by&local&production,&requiring&input&from&regional&394!
systems&(Ballentine&et&al.,&1991;&1996).&395!

&396!

5.4&Accumulation&397!
& The&final&stage&in&a&conventional&petroleum&system&is&the&migration&of&the&hydrocarbons&into&398!
a&suitable&structural&or&stratigraphic&trap,&with&a&low&porosity&seal&allowing&an&accumulation&to&form&399!
(Downey,&1984).&Once&in&an&accumulation,&there&are&still&several&processes&that&can&allow&further&400!
alteration&of&the&noble&gas&composition.&The&structure&and&fluid&flow&pathways&that&focused&the&401!
hydrocarbon&migration&into&the&trap&are&likely&to&allow&fluids&from&other&sources&to&also&arrive&at&the&402!
same&location.&It&is&therefore&not&unusual&to&see&mixing&and&interaction&with&CO2&rich&mantle`derived&403!
fluids,&especially&in&tectonically&active&areas&(Hooker&et&al.,&1985;&Gilfillan&et&al.,&2008;&2009).&These&404!
mantle&fluids&have&a&distinct&elevated&3He/4He&ratio,&and&so&their&presence&in&the&hydrocarbon&405!
accumulation&is&often,&though&not&always,&easily&identified.&Continued&subsurface&flow&of&and&406!
interaction&with&groundwater&can&also&transport&noble&gases&from&other&parts&of&the&crust.&In&many&407!
cases&this&can&lead&to&high&concentrations&of&crustal&radiogenic&noble&gases&that&require&contributions&408!
from&a&large&fetch&area&or&catchment&(Ballentine&et&al.,&1991;&1996;&Ballentine&&&Sherwood&Lollar&409!
2002).&410!

5.5&Tertiary&migration&411!
Once&in&an&accumulation,&it&is&possible&for&the&hydrocarbons&to&leak&gradually&through&the&412!

seal,&or&through&mechanical&structures&such&as&faults&(Downey,&1984;&Wiprut&&&Zoback,&2000).&413!
Evidence&for&this&is&apparent&in&the&many&natural&hydrocarbon&seeps&found&both&onshore&and&on&the&414!
seafloor&(Bojesen`Koefoed&et&al.,&1999;&Hornafius&et&al.,&1999,&Holzner&et&al.,&2008).&It&is&possible&to&415!
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identify&this&loss&of&hydrocarbons&within&the&noble&gas&signature&using&a&mass`balance&approach&if&the&416!
input&of&noble&gases&into&the&accumulation&is&well&constrained.&&This&is&particularly&notable&in&systems&417!
that&are&filled&to&structural&spill.&A&recent&study&by&Barry&et&al.,&(2016)&demonstrated&the&sensitivity&of&418!
noble&gases&to&constraining&the&relative&hydrocarbon&volumes&lost&from&the&Sleipner&Vest&reservoirs&of&419!
the&Norwegian&North&Sea&through&such&a&process&420!

5.6&Unconventional&systems&421!
& As&the&widespread&commercial&exploitation&of&unconventional&systems&is&a&relatively&recent&422!
phenomenon,&there&is&a&comparatively&small&compilation&of&literature&describing&the&geochemical&423!
behaviour&of&these&systems&(Curtis,&2002).&As&source&rock&reservoirs&typically&have&low&porosity&and&424!
hydrocarbons&produced&from&these&systems&have&not&undergone&any&prior&migration,&we&might&425!
expect&the&noble&gas&signature&to&be&indigenous&to&the&source&rock.&However,&it&is&clear&that&these&are&426!
not&perfectly&closed&systems,&as&many&source&rock&reservoirs&have&generated&hydrocarbons&that&have&427!
migrated&to&form&conventional&systems&(Curiale&&&Curtis,&2016).&&428!

& The&behaviour&of&noble&gases&within&unconventional&systems&is&therefore&likely&to&be&similar&429!
to&that&of&noble&gases&within&source&rocks,&barring&any&drilling&or&production`related&effects.&The&lack&430!
of&secondary&migration&should&simplify&the&factors&affecting&noble&gases&composition,&as&unknowns&431!
about&the&timing&and&rate&of&migration&can&be&eliminated.&432!

6.&Analysis&of&the&petroleum&system&using&noble&gases&433!

6.1&Early&noble&gas&investigations&434!
& The&presence&of&significant&amounts&of&Helium&in&natural&gases&was&first&observed&over&100&435!
years&ago&(Cady&&&McFarland,&1906).&The&first&isotopic&measurements&of&noble&gases&were&made&436!
nearly&50&years&later,&and&established&using&4He/40Ar&ratios&that&the&presence&of&high&concentrations&437!
of&radiogenic&4He&in&natural&gases&was&not&due&to&increased&local&4He&production,&but&due&to&fluid&438!
migration&transporting&He&from&off`structure&(Zartman&et&al.,&1961).&Wasserburg&et&al.&(1963)&also&439!
used&measurements&of&natural&gases&to&make&early&estimates&of&the&terrestrial&4He&degassing&flux&440!
through&the&crust,&and&hence&residence&time&in&the&atmosphere.&These&pioneering&studies&highlighted&441!
the&potential&utility&of&noble&gases&to&study&the&origin&and&history&of&hydrocarbon&and&non`442!
hydrocarbon&fluids&in&sedimentary&basins,&and&formed&the&foundations&for&future&studies&targeting&443!
multiple&elements&and&processes&of&numerous&hydrocarbon&systems.&444!

& The&preparation&of&samples&for&noble&gas&analysis&requires&specialised&equipment&and&445!
techniques&compared&to&sample&collection&for&traditional&hydrocarbon&geochemical&analyses,&mostly&446!
to&avoid&air&contamination.&Concentrations&of&noble&gas&species&in&air&are&significantly&higher&than&447!
those&of&typical&crustal&samples&(especially&Ar&and&Ne),&and&so&even&very&small&air&admixtures&can&have&448!
a&large&impact&on&measured&values&even&when&present&only&at&the&ppm&level&(Barry&et&al.,&2016).&449!
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Furthermore,&the&small&size&of&the&noble&gas&atoms&means&that&they&have&a&much&higher&propensity&to&450!
slowly&leak&across&seals&that&are&sufficient&to&hold&hydrocarbon&compounds.&Valved&high`pressure&451!
cylinders&are&not&considered&to&be&effective&at&maintaining&the&sample&integrity&required&for&noble&gas&452!
analysis&over&long&periods&of&time.&Typically&noble&gas&hydrocarbon&samples&are&collected&at&low&453!
pressure&in&refrigeration`grade&copper&tubes&that&are&either&crimped&or&clamped&to&make&a&helium`454!
tight&seal&effective&during&transport&and&storage.&455!

6.2&Endmember&mixing&models&456!
& Noble&gases&are&introduced&into&the&petroleum&system&from&several&distinct&geochemical&457!

reservoirs,&each&with&a&distinct&elemental&and&isotopic&composition.&Deconvolving&the&contribution&of&458!
different&endmember&compositions&is&a&key&step&in&beginning&to&understand&the&subsurface&459!
environment&of&any&petroleum&system,&and&the&composition&of&any&accumulations.&The&detection&of&460!
mantle`rich&fluids&can&be&used&to&gain&insight&into&the&geological&history&and&connectivity&of&any&461!
accumulation.&Figure&2&shows&that&He&isotope&data&reveal&a&grouping&of&CO2`rich&petroleum&462!
accumulations&that&are&associated&with&elevated&3He/4He&isotope&ratios,&in&which&this&CO2&is&463!
postulated&to&have&been&derived&from&magmatic&fluids&passing&through&the&petroleum&system&464!
(Gilfillan&et&al.,&2009).&&465!

& For&robust&analysis&of&noble&gas&provenance&by&endmember&mixing&decomposition,&it&is&first&466!
crucial&that&the&endmembers&themselves&are&well&defined.&For&some&systems,&such&as&the&467!
atmosphere,&this&is&certainly&the&case,&however&others&can&be&more&complicated.&The&elemental&468!
composition&of&air`saturated&groundwater&is&dependent&on&temperature&and&salinity&of&recharge&469!
conditions,&and&these&are&often&difficult&to&constrain.&However&the&isotopic&composition&of&each&470!
element&is&unaffected&by&solubility&partitioning,&and&for&He&and&Ne,&their&solubilities&are&similar&471!
enough&that&they&can&be&considered&equivalent&in&certain&situations.&Radiogenic&production&ratios&are&472!
well`known&for&average&crust,&although&local&parent`isotope&concentrations&can&cause&significant&473!
deviations&in&some&isotope&ratios&(Ballentine&&&Burnard,&2002).&For&the&mantle,&isotope&ratios&(e.g.,&474!
3He/4He)&are&reasonably&well&constrained&for&different&mantle&compositions&(MORB,&OIB)&and&the&fact&475!
that&these&are&orders&of&magnitude&different&to&crustal&endmembers&makes&the&uncertainty&in&them&476!
less&significant.&477!

Processes&that&can&isotopically&or&elementally&fractionate&noble&gases,&such&as&those&detailed&478!
in&the&following&sections,&must&be&identified&and&taken&into&account.&For&this&reason,&it&is&preferable&to&479!
use&isotopic&ratios&of&the&same&element&rather&than&elemental&ratios&when&calculating&mixing&480!
fractions,&as&they&are&less&affected&by&solubility&or&mass&dependent&fractionation.&As&such,&mantle&481!
contributions&to&a&petroleum&system&are&usually&deduced&from&3He/4He&ratios&(eq&8.1),&and&radiogenic&482!
contributions&from&20Ne/22Ne&and&21Ne/22Ne&ratios.&&483!

&484!
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/012345 = 6217845/217845 + 6:1;"<=57">/:1;"<=57">&485!

(8.1)&486!

Example&equation&for&deconvolving&mantle&Helium&contributions,&where&R&denotes&a&3He/4He&487!
ratio,&and&f&is&the&fractional&contribution&to&the&measured&sample.&488!

A&further&important&use&for&calculations&is&the&identification&of&any&air&contamination&in&a&489!
sample,&as&even&ppm&levels&of&air&within&a&sample&can&impact&measurements.&Due&to&the&varying&490!
concentrations&of&the&noble&gases&in&typical&crustal&samples&and&air,&certain&isotopes&are&more&491!
sensitive&to&air&contamination.&For&example,&the&4He/20Ne&ratio&is&often&used&to&identify&atmospheric&492!
He&contamination,&as&all&of&the&20Ne&is&assumed&to&be&originally&atmospheric&in&origin.&A&4He/20Ne&close&493!
to&the&air&value&of&0.288&suggests&atmospheric&contamination,&as&crustal&samples&typically&have&values&494!
many&orders&of&magnitude&higher&(Ballentine&et&al.,&1996).&However,&as&Ar&is&much&more&abundant&in&495!
air&than&He,&it&takes&a&smaller&amount&of&air&contamination&to&affect&the&40Ar/36Ar&ratios.&496!

"497!

6.3&Hydrocarbon6water&interaction&models&498!
!499!

& Water&is&a&key&component&in&all&petroleum&systems.&It&is&present&in&the&sediments&during&500!
burial&(known&as&‘connate’&or&‘formation&water’),&however&groundwater&can&also&migrate&through&the&501!
system&depending&on&the&permeability&and&structural&configuration&of&reservoir&lithologies&or&carrier&502!
beds.&Understanding&the&interactions&between&hydrocarbon&and&water&phases&can&help&give&insight&503!
into&the&history&of&the&formation&and&migration&of&the&hydrocarbons&themselves,&as&well&as&their&504!
present&water&contact.&The&present&day&water&contact&may&be&particularly&important&in&providing&505!
pressure&support&for&the&production&of&hydrocarbons&at&wells,&and&may&have&implications&for&water&506!
breakthrough&&(Toth,&1980).&507!

The&noble&gases&have&different&solubilities&in&fluids,&with&the&heavier&noble&gases&typically&more&508!
soluble.&This&phenomenon&has&been&demonstrated&empirically&in&noble&gas&investigations&of&509!
groundwaters,&where&Xe&and&Kr&are&enriched&relative&to&their&atmospheric&abundances&(Mazor,&1972).&510!
Theoretically&it&should&be&possible&to&predict&the&partitioning&behaviour&for&the&noble&gases&between&511!
any&fluid&phases&in&the&subsurface,&such&as&water&and&oil&or&gas.&This&has&led&to&the&development&of&512!
models&describing&the&partitioning&of&the&noble&gases&between&water&and&oil/gas&phases&in&the&513!
subsurface.&&514!

These&models&make&a&series&of&assumptions.&Firstly,&they&assume&that&the&hydrocarbon&phase&is&515!
initially&devoid&of&noble&gases&and&only&inherits&an&atmospheric&noble&gas&inventory&through&516!
interaction&with&air`saturated&water&(ASW)&in&the&subsurface&post&expulsion&from&the&source&rock&(i.e.&517!
hydrocarbons&in&source&rocks&do&not&contain&any&noble&gases).&These&models&also&typically&assume&518!
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that&an&initial&composition&of&atmosphere`derived&noble&gases&is&present&in&groundwater,&which&is&519!
well&constrained&over&a&range&of&temperatures&and&salinities&(Kipfer,&2002).&Isotopes&for&each&gas&are&520!
chosen&which&have&no&significant&radiogenic&production&in&the&subsurface&(20Ne,&36Ar,&84Kr,&130Xe),&so&521!
that&the&total&amount&of&each&isotope&present&in&the&system&is&constant.&These&isotopes&have&522!
previously&been&used&as&tracers&in&the&investigation&of&groundwater&circulation&patterns&(Castro&et&al.,&523!
1998a&&&b).&Helium&is&typically&not&considered&in&these&models&as&4He&is&produced&radiogenically&in&524!
large&amounts,&and&atmosphere`derived&3He&in&the&subsurface&is&negligible.&Furthermore,&the&525!
solubilities&of&He&and&Ne&are&often&indistinguishable&at&crustal&pressures&and&temperatures,&meaning&526!
that&little&new&information&would&be&gained&regardless.&In&systems&with&negligible&fissiogenic&Xe,&132Xe&527!
is&often&used&instead&of&130Xe,&as&it&is&present&in&higher&quantities&at&atmospheric&ratios.&The&result&528!
from&these&assumptions&is&that&measurement&of&the&atmosphere`derived&noble&gas&isotopes&in&one&529!
phase&of&the&subsurface&system&allows&the&volume&ratios&and&partitioning&behaviour&of&the&entire&530!
system&to&be&reconstructed.&531!

The&fundamentals&of&this&approach&were&originally&laid&out&by&Bosch&&&Mazor&(1988),&who&532!
used&the&isotope&ratios&of&atmosphere`derived&Ne/Ar,&Kr/Ar,&and&Xe/Ar&to&predict&partitioning&533!
patterns&in&water`oil&and&water`gas&systems.&Ballentine&et&al.&(1996)&used&atmosphere`derived&534!
20Ne/36Ar&ratios&measured&in&the&North&Sea&Magnus&oilfield&to&quantitatively&estimate&oil/water&535!
volume&ratios&(Vo/Vw).&The&technique&is&similarly&applicable&to&predict&gas/water&volume&ratios&(Vg/Vw)&536!
in&gas`dominated&petroleum&systems,&as&shown&in&the&following&equation.&537!
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Where&Ki&is&the&Henry’s&coefficient&of&noble&gas&i"in&water&at&reservoir&conditions,&and&the&539!
subscript&asw&refers&to&the&air`saturated&water&composition&of&groundwater&recharge.&For&oil`water&540!
systems&Vo/Vw&is&calculated&analogously&to&the&above&equation,&but&using&the&ratio&of&the&Henry’s&541!
coefficients&of&oil&and&water,&instead&of&simply&water.&542!

This&concept&was&modified&by&Zaikowski&&&Spangler&(1990),&who&used&Ne/Ar&ratios&combined&543!
with&absolute&36Ar&concentrations&to&predict&the&evolution&of&groundwater&in&contact&with&varying&gas&544!
volumes.&Using&absolute&concentrations&has&the&added&complexity&of&uncertainties&that&arise&from&the&545!
conversion&of&concentration&at&STP&to&reservoir&temperature&and&pressure&than&using&ratios,&but&can&546!
provide&an&additional&constraint&on&water`gas&ratio&volumes.&Furthermore,&at&gas/water&ratios&of&over&547!
~0.01,&effectively&100%&of&the&noble&gases&are&partitioned&into&the&gas&phase,&making&ratios&548!
insensitive&to&changes&in&Vg/Vw.&Concentrations&however&will&still&be&diluted&by&the&addition&of&more&549!
hydrocarbons,&making&them&more&effective&at&determining&Vg/Vw&in&these&scenarios.&The&formulation&550!
for&calculating&Vg/Vw&using&concentrations&is&as&follows.&551!
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Where&C&is&the&concentration&of&the&noble&gas&i&in&a&particular&phase,&and&Ki&is&the&Henry’s&553!
coefficient&in&water&at&reservoir&conditions.&Units&for&Henry’s&coefficient&must&be&chosen&to&554!
complement&the&units&used&for&concentrations&in&the&water&and&gas&phases.&For&oil`water&systems,&555!
again&the&ratio&of&Henry’s&coefficients&is&used.&556!

The&models&and&equations&described&thus&far&are&applicable&to&a&simple&2`phase&static&closed&557!
system.&In&reality,&petroleum&systems&are&often&more&complex,&exhibiting&open&system&behaviour&in&558!
the&form&of&reservoir&leakage,&gradual&noble&gas&stripping&by&previous&migrating&hydrocarbons&and&559!
dual&hydrocarbon&phase&accumulations&(e.g.&reservoired&oil&with&a&gas&cap).&These&more&complex&560!
scenarios&can&be&accounted&for&by&using&mass`balance&for&hydrocarbon&loss&and/or&partitioning,&or&561!
Rayleigh&fractionation&to&describe&gradual&processes&(Zhou&et&al.,&2005).&The&context&of&the&specific&562!
system&will&dictate&which&model&is&most&appropriate.&For&example,&Barry&et&al.&(2016)&use&compound&563!
models&to&describe&volume&ratio&interactions&in&both&open&and&closed&systems&from&the&Sleipner&field,&564!
North&Sea.&&565!

A&graphical&representation&of&this&approach&is&shown&in&figure&3,&illustrating&the&different&566!
distributions&of&atmosphere`derived&noble&gases&for&both&gas`water&and&oil`water&systems.&Examples&567!
of&data&from&previous&studies&are&shown&in&figure&4,&which&shows&the&observed&ranges&of&20Ne/36Ar&568!
from&real&world&gas&and&oil&systems.&It&is&also&clear&that&whilst&the&behaviour&84Kr/36Ar&and&130Xe/36Ar&569!
should&follow&directly&from&the&measured&20Ne/36Ar,&it&is&frequently&observed&at&elevated&levels&and&570!
therefore&usually&not&considered&for&quantitative&volume&ratio&calculations.&571!

The&practical&applications&of&this&approach&include&measuring&the&extent&of&groundwater&572!
interaction&with&a&known&hydrocarbon&phase,&which&can&provide&insight&into&migration&patterns&and&573!
regional&subsurface&fluid&flow&regimes&(Bosch&&&Mazor,&1988;&Ballentine&et&al.,&1996).&The&extent&of&574!
groundwater&interaction&also&has&implications&for&the&quality&of&the&hydrocarbons&present.&The&575!
dissolution&and&removal&of&soluble&hydrocarbons&by&persistent&groundwater&flow&(also&known&as&576!
‘water`washing’)&can&have&a&negative&impact&on&the&quality&of&the&accumulated&oil&(Lafargue&and&577!
Barker,&1988).&Furthermore,&the&movement&of&groundwater&through&the&system&can&introduce&and&578!
maintain&microbial&communities,&which&can&biodegrade&oil,&or&produce&microbial&methane&(Leahy&&&579!
Colwell,&1990;&Horstad&et&al.,&1992).&&580!

The&accuracy&and&precision&that&arise&from&the&application&of&this&technique&is&somewhat&581!
limited&by&its&input&parameters.&As&detailed&in&previous&sections,&the&Henry’s&law&solubility&of&noble&582!
gases&is&dependent&on&temperature,&pressure,&salinity&(for&water),&and&API&gravity&(for&oil).&These&583!
relationships&are&non`linear&and&must&be&empirically&derived,&with&some&parameters&often&needing&to&584!
be&extrapolated&from&empirical&data&to&match&reservoir&conditions.&Additionally,&the&initial&585!
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composition&of&air`saturated&groundwater&is&similarly&dependent&on&temperature&and&salinity&586!
conditions&when&it&is&formed&at&the&surface&during&aquifer&recharge.&As&groundwater&associated&with&587!
hydrocarbon&systems&can&be&millions&of&years&old,&it&can&be&difficult&to&predict&what&these&surface&588!
conditions&would&have&been,&but&the&generic&assumption&is&made&that&perturbations&in&the&noble&gas&589!
composition&caused&by&petroleum&system&processing&is&far&larger&than&any&uncertainty&in&initial&590!
composition.&As&the&increase&in&quality&data&sets&from&case&studies&increases,&it&is&interesting&to&note&591!
that&data&inversion&techniques&are&starting&to&be&used&to&reconstruct&surface&conditions&and&592!
demonstrate&that&some&systems&can&preserve&these&signals&over&many&millions&of&years&(Barry&et&al.,&593!
2016).&594!

& &595!

6.4&Dating&by&radiogenic&ingrowth&596!
& The&dating&of&groundwaters&using&the&decay&and&production&of&noble&gas&isotopes&is&a&well`597!
established&technique,&albeit&with&many&assumptions.&Whilst&several&different&methods&exist,&each&598!
appropriate&for&different&timescales&or&systems,&the&most&widely&investigated,&and&most&appropriate&599!
for&typical&basinal&fluid&timescales,&is&the&accumulation&of&stable&radiogenic&4He&and&40Ar&(Torgersen&&&600!
Clarke,&1985;&Marty&et&al.,&1993;&Tolstikhin&et&al.,&1996;&Castro&et&al.,&1998a&&&b;&Mahara&et&al.,&2009).&601!
A&similar&technique&using&fissiogenic&Xe&production&is&possible,&but&is&only&applicable&in&very&old&602!
samples&(>100Ma)&due&to&the&slow&accumulation&rate&(Holland&et&al.,&2013).&By&using&the&partitioning&603!
laws&described&in&the&previous&section,&it&is&possible&to&indirectly&date&the&groundwater&associated&604!
with&a&petroleum&system&by&measuring&the&noble&gases&in&the&hydrocarbon&phase&(Zhou&&&Ballentine,&605!
2006).&The&importance&of&groundwater&involvement&in&petroleum&systems&is&detailed&in&the&above&606!
section,&and&constraining&the&age&is&a&crucial&step&in&resolving&the&groundwater`hydrocarbon&607!
interaction.&608!

& The&basis&for&all&of&these&models&is&to&deconvolve&the&noble&gases&produced&in&situ&within&the&609!
system&from&those&present&initially&in&the&groundwater,&and&those&brought&in&from&external&fluxes.&610!
The&in&situ&concentration&is&then&compared&with&the&theoretical&production&rates&(calculated&from&611!
parent&isotope&concentrations&and&decay&constants)&to&give&the&necessary&time&for&this&concentration&612!
to&accumulate.&&613!
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& Where&total&is&the&total&reconstructed&concentration&in&associated&groundwater,&asw"is&the&615!
initial&concentration&in&air`saturated&groundwater&recharge,&in"situ"production&is&the&amount&616!
produced&in&place&over&the&lifetime&of&the&system,&and&external"flux&denotes&the&amount&brought&in&617!
from&external&sources.&The&age&of&the&system&can&then&be&calculated&using&the&following&618!
parameterization,&after&Torgersen,&1980.&619!
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Where&ρ&is&the&density&of&the&rock,&J&is&the&in&situ&production&of&4He,&Λ&is&a&parameter&621!
describing&the&efficiency&of&transfer&of&produced&4He&from&mineral&to&surrounding&fluid,&where&0<Λ<1,&622!
and&φ&is&porosity.&The&residence&time&of&the&groundwater&in&the&system&is&t.&Λ&is&thought&to&be&623!
approximately&1&over&geological&timescales&(Ballentine&&&Burnard,&2002).&J&is&calculated&as&a&function&624!
of&the&concentrations&of&U&and&Th&in&the&surrounding&rocks,&after&Craig&&&Lupton,&1976.&625!

T = 0.2355×10^_C ` 1 + 0.123
`
aℎ

− 4 &626!

Analogous&equations&can&be&formulated&for&the&production&of&40Ar,&or&any&other&radiogenic&627!
isotope.&628!

The&principal&uncertainty&in&groundwater&dating&is&the&term&accounting&for&external&flux&of&629!
radiogenically&produced&isotopes.&Radiogenic&concentrations&in&excess&of&those&that&can&be&630!
reasonably&explained&by&in&situ&production&are&frequently&observed&in&groundwater&and&hydrocarbon&631!
systems&(Torgersen&et&al.,&1985;&Ballentine&et&al.,&1996;&Takahata&&&Sano,&2000).&Several&studies&632!
suggest&that&this&is&due&to&a&universal&continental&degassing&flux&from&the&deep&crust,&whilst&others&633!
have&suggested&a&more&variable&input&from&old&isolated&fluid&bodies&or&mineral&degassing&during&634!
alteration&(Torgersen&&&Clarke,&1985;&Solomon&et&al.,&1996;&Tolstikhin&et&al.,&1996;&Patriarche&et&al.,&635!
2004)&or&due&to&thermal&perturbation&of&old&continental&crust&(Ballentine&et&al.,&2002;&Lowenstern&et&636!
al.,&2014).&The&exact&impacts&of&these&various&factors&are&probably&dependent&on&basin`scale&637!
hydrogeological&behaviours,&and&as&such&knowledge&of&the&basin&structure&and&history&are&crucial&638!
during&these&calculations&and&subsequent&interpretations.&639!

Zhou&&&Ballentine,&2006&considered&data&from&3&previous&studies&to&investigate&4He&ages&of&640!
hydrocarbon&associated&groundwater&In&the&San&Juan&basin,&biogenic&coalbed&methane&play&4He&ages&641!
were&found&to&be&dependent&on&distance&from&recharge&at&the&basin&margin.&Making&an&argument&642!
that&the&biogenic&degradation&of&the&coal&is&related&to&groundwater&age&enabled&a&biogenic&gas&643!
production&rate&to&be&calculated,&and&is&in&reasonable&agreement&with&biogenic&gas&production&rates&644!
estimated&using&a&similar&approach&in&the&Antrim&Shales,&Illinois&basin,&USA&(Schlegel&et&al.,&2011).&&4He&645!
ages&from&the&North&Sea&Magnus&oilfield&gave&values&of&~2Ma,&which&when&compared&with&the&age&of&646!
the&reservoir&(~150Ma)&to&suggest&the&influence&of&formation&water&has&been&relatively&minor.&The&647!
He`rich&Hugoton`Panhandle&gas&field&in&the&Southern&US&yielded&slightly&older&4He&groundwater&ages&648!
of&around&4Ma.&This&is&still&relatively&young&compared&to&the&estimated&age&of&the&petroleum&system,&649!
and&is&interpreted&to&be&more&representative&of&the&ages&of&groundwaters&bringing&in&the&high&He&650!
concentrations,&indicating&a&relatively&recent&injection&of&commercial&He.&651!
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Dating&of&groundwaters&associated&with&natural&gases&in&the&Piceance&basin,&Colorado,&has&652!
also&been&undertaken&by&McMahon&et&al.,&2013.&They&were&able&to&identify&a&range&of&groundwater&653!
ages&using&4He&dating&in&conjunction&with&14C&dating.&This&was&used&to&show&the&compartmentalisation&654!
of&the&field&into&areas&with&different&ages,&with&differences&in&gas&composition&between&the&areas.&655!
Similarly,&the&4He&ages&determined&by&Schlegel&et&al.,&2011,&in&the&Illinois&basin,&showed&older&656!
groundwater&ages&associated&with&thermogenic&methane,&whilst&younger&ages&were&associated&with&657!
microbially&generated&methane.&This&suggests&noble&gas&ages&have&the&potential&to&constrain&the&658!
onset&and&extent&of&microbial&methane&generation.&659!

&660!

6.5&Unconventional&systems&661!
& The&rapid&expansion&of&unconventional&source`rock&reservoir&hydrocarbon&production&over&662!
the&last&decade&has&created&an&opportunity&for&the&development&of&new&noble&gas&techniques&to&663!
advance&our&understanding&of&the&mechanisms&involved&in&unconventional&oil&and&gas&generation,&664!
storage,&and&production&(Curiale&&&Curtis,&2016).&As&unconventional&hydrocarbons&are&generated&and&665!
produced&in&situ,&with&no&secondary&migration,&the&pressure`temperature&histories&of&the&systems&are&666!
better&constrained,&and&the&noble&gas&signatures&are&likely&to&be&less&influenced&by&basin`scale&fluid&667!
flow&regimes.&Furthermore,&the&retention&of&hydrocarbons&within&the&source&rock&allows&for&the&initial&668!
noble&gas&composition&of&hydrocarbons&to&be&measured&directly.&This&could&have&important&669!
implications&for&the&study&of&conventional&systems,&where&the&initial&hydrocarbon&noble&gas&670!
composition&is&often&assumed&to&be&negligible.&671!

& Tantalising&insights&into&the&potential&behaviour&of&noble&gases&in&source&rocks&were&found&in&672!
an&investigation&into&biogenic&coalbed&methane&in&the&San&Juan&system&(Zhou&et&al.,&2005).&The&673!
produced&gases&were&observed&to&be&highly&enriched&in&atmosphere&derived&Xe,&and&to&a&lesser&extent&674!
Kr.&This&effect&was&suggested&to&be&due&to&preferential&sorption&of&heavy&noble&gases&onto&the&675!
organic`carbon&rich&sediments,&a&phenomenon&that&has&been&observed&experimentally&in&laboratory&676!
simulations&(Fanale&&&Cannon,&1971;&Podosek&et&al.,&1981)&and&observed&previously&in&other&677!
hydrocarbon&systems&(Torgersen&&&Kennedy,&1999).&Variable&fractionation&was&also&observed&in&both&678!
20Ne/22Ne&and&38Ar/36Ar&isotope&ratios,&consistent&with&kinetic&mass`dependent&fractionation.&This&is&679!
proposed&to&be&due&to&concentration&gradients&created&during&gas&production&imparting&a&diffusive&680!
effect&on&the&produced&gas.&681!

& An&investigation&into&Marcellus&shale&gases&by&Hunt&et&al.&(2012),&showed&that&the&gases&682!
could&be&separated&into&distinct&groups&with&different&thermal&maturities,&based&on&their&radiogenic&683!
noble&gas&contents.&The&4He/40Ar*&and&21Ne*/40Ar*&ratios&both&showed&a&distinct&grouping&that&684!
correlated&with&thermal&maturity,&suggesting&that&the&temperatures&experienced&by&the&source&rocks&685!
affected&the&release&of&radiogenically&produced&noble&gases&into&the&surrounding&fluids&(e.g.&686!
Ballentine&et&al.,&1996).&Whilst&there&are&more&practical&ways&of&identifying&gas&maturity,&this&shows&687!
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the&possibility&for&using&noble&gases&to&track&the&extent&of&gas&release&with&temperature,&unaffected&688!
by&chemical&or&biological&effects.&&689!

& The&Antrim&shale`gas&play&has&also&been&investigated&by&Wen&et&al.&(2015).&Trace&amounts&of&690!
mantle&fluids&were&detected&using&3He/4He&isotope&ratios,&and&4He&groundwater&ages&were&relatively&691!
young&(<250ka),&coinciding&with&past&glaciations.&Both&of&these&findings&suggest&that&despite&the&low&692!
porosity&of&the&rocks,&groundwater&and&other&fluids&are&still&able&to&permeate&the&system.&However,&693!
the&Antrim&shale&is&naturally&fractured&to&a&much&greater&extent&than&typical&unconventional&shale`gas&694!
systems,&which&could&artificially&increase&permeability&and&hence&local&fluid&flow&(Apotria&et&al.,&1994;&695!
Ryder,&1996).&Further&observations&from&this&study&include&variable&Ne&isotopes&exhibiting&scatter&in&696!
the&mass`dependent&fractionation&directions,&similar&to&the&San&Juan&basin;&whether&this&is&a&signal&697!
common&to&all&unconventional&systems&is&not&yet&known.&&698!

Measured&data&from&unconventional&studies&are&shown&alongside&those&from&conventional&699!
systems&in&figures&2,&5,&&&6.&Helium&isotopes&show&lower&4He&concentrations&compared&to&700!
conventional&systems,&and&no&significant&mantle&contributions.&Neon&isotopes&in&both&datasets&show&701!
no&significant&radiogenic&contribution&but&high&levels&of&scatter&along&mass`dependent&fractionation&702!
trajectories.&&40Ar/36Ar&isotopes&ratios&show&little&variation&in&unconventional&systems,&but&large&ranges&703!
in&36Ar&concentration&compared&to&conventional&systems.&This&pattern&potentially&reflects&704!
heterogeneity&in&production&when&compared&to&conventional&accumulations,&caused&by&lower&705!
permeability&and&connectivity&within&the&source`rock&reservoir.&However,&more&datasets&are&needed&706!
to&draw&any&robust&conclusions.&It&is&also&important&to&note&that&both&the&San&Juan&and&Antrim&shale&707!
systems&would&be&considered&far&from&typical&for&unconventional&source`rock&reservoir&production.&708!
The&San&Juan&is&a&biogenic&coalbed&methane&rather&than&a&more&common&thermogenic&shale&gas,&and&709!
the&Antrim&system&also&has&a&significant&biogenic&component,&and&has&been&highly&fractured&by&recent&710!
glaciation&events.&For&a&detailed&discussion&of&nomenclature&and&classification&of&unconventional&711!
systems,&see&Curiale&&&Curtis&(2016).&712!

& Studies&of&noble&gases&in&produced&unconventional&hydrocarbons&are&still&relatively&sparse&713!
(see&also&Darrah&et&al.,&this&volume),&there&have&been&several&noble&gas&studies&of&the&groundwaters&714!
associated&with&unconventional&systems,&primarily&for&assessing&environmental&impact&on&aquifers.&Of&715!
these,&Darrah&et&al.,&2014&&&2015&and&Jackson&et&al.,&2013,&have&shown&the&utility&of&noble&gases&in&716!
discriminating&between&anthropogenic&hydrocarbon&contamination&of&drinking&water&aquifers,&and&717!
natural&hydrocarbon&migration&in&subsurface&brines.&&&718!

7.&Summary&719!
& Despite&years&of&investigation&and&a&number&of&notable&publications&in&the&field,&noble&gases&720!
are&still&not&used&as&a&routine&geochemical&analytical&tool&in&hydrocarbon&systems,&in&the&manner&of&C&721!
or&H&isotopes.&Partly&this&is&due&to&the&expense&and&difficulty&of&making&the&measurements&722!
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themselves,&but&it&is&also&due&to&the&complex&nature&of&interpreting&noble&gas&results&and&the&723!
necessity&of&having&proper&context&to&do&so.&Whilst&calculating&absolute&Vg/Vw&ratios&and&

4He&and&40Ar&724!
ages&represents&significant&progress&towards&quantifying&fluid&exchange&and&accumulation&within&a&725!
system,&it&is&still&not&always&intuitive&what&these&numbers&actually&represent.&For&Vg/Vw&and&Vo/Vw&726!
ratios&it&is&not&necessarily&the&ratio&of&gas&to&water&in&the&accumulation&itself,&but&rather&the&entire&727!
history&of&hydrocarbon`water&interaction&within&the&system&(e.g.,&during&migration&from&the&source&728!
rock&to&the&accumulation).&In&this&way&they&should&be&considered&not&as&an&alternative&to&geological&729!
observations,&but&as&an&additional&constraint&to&complement&existing&techniques.&&730!

& A&key&step&in&the&development&of&the&noble&gas&toolkit&is&the&continued&acquisition&and&731!
compilation&of&case&studies.&Although&petroleum&systems&can&be&broadly&categorized&they&are&all&732!
unique,&which&potentially&provides&great&future&utility&for&identifying&the&source&and&history&of&a&733!
hydrocarbon&reservoir.&Comparison&between&different&systems&will&allow&universal&patterns&between&734!
similar&systems&to&be&discerned&from&local&effects&particular&to&that&location.&This&in&turn&will&allow&735!
more&robust&conclusions&to&be&drawn&in&a&more&straightforward&fashion&from&new&studies.&&736!

& In&the&study&of&unconventional&systems,&it&remains&unclear&which&questions&noble&gases&will&737!
be&most&suited&to&answer.&Will&the&adaptation&and&application&of&existing&conventional&system&tools&738!
be&appropriate,&or&will&new&approaches&need&to&be&formulated&entirely?&The&isolation&of&any&Xe`739!
enriched&sedimentary&component,&and&the&controls&on&this&process&should&be&a&preliminary&goal.&This&740!
may&lead&to&insights&into&the&mechanisms&controlling&gas&storage&within&organic`rich&sediment;&the&741!
importance&of&adsorption&versus&free&gas&stored&in&porosity&could&help&explain&extent&of&gas&742!
generation&and&recoverability.&As&previously&mentioned,&constraining&the&noble&gas&characteristics&of&743!
source&rocks&could&also&help&refine&groundwater&models&in&conventional&systems.&Indeed,&fluid&744!
interaction&models&could&also&have&some&utility&in&unconventional&systems&themselves.&Previous&745!
studies&have&shown&that&despite&their&low&permeability,&groundwater`derived&noble&gases&and&mantle&746!
fluids&are&present&within&produced&gases.&Unconventional&systems&are&known&to&expel&some&747!
generated&hydrocarbons,&as&many&simultaneously&act&as&source&rocks&for&conventional&accumulations&748!
(Robison,&1997).&Noble&gases&could&be&used&to&shed&light&on&the&mechanisms&controlling&gas&release&749!
versus&retention&within&the&source&rock,&effectively&helping&predict&the&volumes&of&hydrocarbons&750!
present&in&a&source&rock&while&simultaneously&providing&constraints&on&potential&volumes&in&751!
associated&conventional&petroleum&accumulations.&&752!

& The&promise&of&being&able&to&geochemically&decode&the&physical&structure&and&history&of&a&petroleum&753!
system&is&a&tantalising&prospect.&Although&theoretically&straightforward,&this&goal&is&complicated&by&the&754!
vagaries&of&any&natural&system.&Completion&of&further&data`rich&studies&on&a&wide&range&of&different&755!
systems&should&be&aided&by&improvements&in&experimental&technology.&Past&investigations&were&756!
typically&focused&on&a&few&specific&isotopes,&it&is&now&possible&to&routinely&measure&all&naturally&757!
occurring&noble&gas&isotopes&in&a&single&sample.&The&acquisition&of&accurate&data&for&less`studied&758!
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isotopes&such&as&those&of&Kr&and&Xe&could&lead&to&development&of&new&investigative&techniques&as&well&759!
as&the&corroboration&of&existing&ideas.&Integration&of&this&data&will&help&investigations&of&individual&760!
systems&to&be&generalized&into&overarching&patterns&applicable&to&all&petroleum&systems,&at&which&point&761!
noble&gas&analysis&can&become&less&descriptive,&and&more&predictive.&&762!
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&1161!

Fig&1.&A&schematic&conceptual&model&of&the&sources&of&noble&gases&in&petroleum&systems,&modified&1162!
from&Ballentine&&&O’Nions,&1992.&For&each&input,&the&major&characteristic&isotopes&are&shown,&1163!
although&in&reality&each&source&will&have&varying&contributions&from&a&range&of&isotopes.&Groundwater&1164!
is&usually&considered&to&be&ubiquitous&in&the&subsurface,&although&the&provenance&of&the&water&1165!
(meteoric&recharge&or&formation&water)&and&the&connectivity&of&different&sources&can&vary.&Meteoric&1166!
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groundwater&recharge&has&air`saturated&water&(ASW)&composition&and&air`like&isotopic&ratios;&the&1167!
isotopes&shown&have&no&significant&mantle&or&radiogenic&sources,&and&so&are&considered&characteristic&1168!
of&the&subsurface&noble&gas&component.&Crustal&radiogenic&production&occurs&throughout&the&crust,&1169!
though&the&produced&isotopes&can&be&transported&via&groundwater&flow.&Phase&equilibrium&between&1170!
groundwater&and&any&hydrocarbon&accumulation&is&rapid&on&a&geological&timescale,&and&is&the&primary&1171!
conduit&for&introducing&noble&gases&into&the&hydrocarbon&phase.&1172!

&1173!

Fig&2.&Helium&isotope&ratio&and&concentration&measurements&from&selected&noble&gas&studies&1174!
of&petroleum&systems.&3He/4He&ratios&are&reported&relative&to&the&atmospheric&ratio&Ra.&The&observed&1175!
range&of&3He/4He&ratios&and&4He&concentrations&is&controlled&by&the&regional&geology&and&tectonic&1176!
regime&of&the&petroleum&systems.&The&3He/4He&ratio&of&a&system&is&usually&thought&to&comprise&of&2`1177!
endmember&mixing&between&crustal&fluids&with&a&ratio&of&0.01`0.02,&and&mantle&fluids,&which&have&a&1178!
ratio&of&>8.&Presence&of&even&small&contributions&of&mantle&fluids&therefore&increases&3He/4He&ratios&1179!
above&normal&crustal&values,&and&is&a&feature&of&extensional&tectonic&regimes&(Marty&et&al.,&1992).&1180!
Concentrations&of&4He&are&affected&by&several&factors:&radiogenic&production&of&4He&occurs&over&time,&1181!
meaning&that&older&systems&will&have&accumulated&more&4He;&the&regional&hydrogeology&can&also&1182!
transport&4He&dissolved&in&groundwater&into&the&petroleum&accumulations;&finally,&concentrations&of&1183!
all&noble&gases&will&be&affected&by&the&extent&of&secondary&cracking&of&hydrocarbons,&as&this&effectively&1184!
increases&the&relative&volume&of&hydrocarbon&gases&in&the&sample&and&dilutes&the&helium&1185!
concentration.&As&is&evident&from&the&data,&different&systems&show&distinct&ratios&and&concentrations,&1186!
and&different&amounts&of&scatter&show&variations&in&homogeneity.&Mixing&lines&are&apparent&in&some&1187!
systems,&such&as&the&mantle`CO2&rich&Bravo&Dome;&others&show&little&or&no&pattern.&Data&are&broadly&1188!
clustered&according&to&the&type&of&the&system,&conventional&or&unconventional,&and&CO2`rich.&Data&1189!
sources:&Antrim&Shale&(Wen&et&al.,&2015);&San&Juan&coalbed&methane&(Zhou&et&al.,&2005);&JM`Brown,&1190!
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Sheep&Mountain,&Jilin&and&Kismarja&fields&(Gilfillan&et&al.,&2009);&Alberta&field&(Hiyagon&&&Kennedy,&1191!
1992);&Indus&Basin&(Battani&et&al.,&2000);&Hugoton`Panhandle&field&(Ballentine&&&Sherwood&Lollar,&1192!
2002);&Bravo&Dome&(Ballentine&et&al.,&2005).&1193!

&1194!

Fig&3.&Model&for&the&distribution&of&atmosphere`derived&noble&gases&(ANG)&in&subsurface&partitioning&1195!
between&water&and&oil/gas&phases,&after&Bosch&&&Mazor,&1988.&All&values&are&normalized&to&the&air`1196!
saturated&water&(ASW)&reference,&which&is&assumed&to&be&the&initial&composition&of&groundwater&in&1197!
the&subsurface.&Upon&first&interaction&with&a&small&gas&volume&(Vg/Vw&≈&0)&the&different&solubilities&of&1198!
the&noble&gases&cause&different&amounts&of&exsolution&into&the&gas.&The&composition&of&the&gas&1199!
volume&at&Vg/Vw&=&0&will&be&that&defined&by&the&gas`water&interaction&line.&As&the&gas&volume,&and&1200!
consequently&Vg/Vw&increases,&the&proportion&of&noble&gases&in&the&gas&volume&increases,&and&the&1201!
composition&of&the&gas&will&evolve&back&towards&the&initial&ASW&values,&as&shown&by&the&arrows.&In&a&1202!
closed&system,&the&gas&remains&in&contact&with&the&water,&and&as&Vg/Vw&increases&the&noble&gases&will&1203!
eventually&be&≈100%&in&the&gas&phase,&resulting&in&the&gas&phase&having&the&initial&ASW&composition.&1204!
In&an&open&system,&where&gas&is&able&to&escape,&the&remaining&water&can&become&highly&fractionated,&1205!
and&eventually&the&noble&gases&exsolving&from&this&water&will&evolve&to&compositions&beyond&the&ASW&1206!
line.&In&this&way&the&ANG’s&can&be&used&to&assess&to&what&extent&a&system&is&open&or&closed&(i.e.&how&1207!
much&gas&is&potentially&escaping&from&the&system).&Furthermore,&quantitative&Vg/Vw&ratios&can&be&1208!
calculated&from&this&method&(see&text).&In&an&oil&system,&the&same&method&applies.&The&initial&gas`1209!
water&and&oil`water&interaction&lines&were&calculated&for&an&initial&ASW&composition&of&zero&salinity&at&1210!
STP&(Kipfer&et&al.,&2002),&and&the&phase&partitioning&occurring&at&a&reservoir&temperature&of&100°C.&1211!
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Choosing&different&initial&ASW&and&reservoir&conditions&can&substantially&affect&the&magnitude&of&1212!
fractionation&upon&partitioning.&1213!
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&1214!



! 38!

& Fig&4.&Selected&data&displayed&on&the&ANG&composition&chart&described&in&fig&5.&Shaded&areas&1215!
correspond&to&the&gas`oil&and&water`oil&partitioning&lines&described&in&fig&5,&although&as&these&lines&are&1216!
sensitive&to&temperature,&pressure&and&salinity&both&in&the&reservoir&and&at&initial&groundwater&1217!
recharge&conditions,&the&actual&partitioning&lines&will&vary&for&each&system.&The&Hula&Valley&and&1218!
Ashdod`Sadot&systems&(Bosch&&&Mazor,&1988)&show&similar&elevated&20Ne/36Ar&ratios&suggesting&gas`1219!
water&partitioning&with&small&Vg/Vw,&although&enrichments&in&Kr&and&Xe&vary.&The&Helez`Kokhav&oil&1220!
system&(Kennedy&et&al.,&1990)&shows&partitioning&in&the&direction&of&the&oil`water&line,&suggesting&a&1221!
low&Vo/Vw.&The&San&Juan&coalbed&methane&(Zhou&et&al.,&2005)&shows&a&gas&system&fractionated&1222!
strongly&away&from&the&gas`water&line&past&the&ASW&reference.&This&is&potentially&indicative&of&an&1223!
open&system&with&significant&gas&loss,&or&some&other&mechanism&fractionating&the&noble&gases.&The&Elk&1224!
Hills&system&(Torgersen&&&Kennedy,&1999)&shows&20Ne/36Ar&values&expected&for&a&gas&system,&although&1225!
the&84Kr/36Ar&and&130Xe/36Ar&are&highly&enriched.&The&Alberta&system&(Hiyagon&&&Kennedy,&1992)&is&1226!
described&in&the&caption&to&fig&2.&A&common&observation&amongst&the&different&systems&is&an&1227!
enrichment&in&atmospheric&Kr&and&Xe&compared&to&the&values&predicted&from&the&20Ne/36Ar&1228!
partitioning.&The&extent&of&this&enrichment&is&variable,&although&it&is&often&suggested&to&derive&from&an&1229!
adsorbed&component&within&the&source&rock.&1230!
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&1231!

Fig&5.&Neon&3`isotope&plot&for&selected&noble&gas&studies&of&petroleum&systems.&Neon&1232!
isotopes&are&conventionally&thought&of&as&a&3`endmember&mixing&system,&with&crustal&radiogenic&1233!
production&and&mantle&mixing&lines&shown.&In&crustal&systems,&both&21Ne&and&22Ne&are&produced&1234!
radiogenically,&resulting&in&alteration&of&the&isotope&ratios&along&the&crustal&evolution&line&defined&in&1235!
Kennedy&et&al.,&1990&and&Ballentine&&&Burnard,&2002.&The&Bravo&Dome&system&shows&radiogenic&1236!
ingrowth&in&addition&to&mixing&with&a&mantle&Ne&endmember&(Ballentine&et&al.,&2005).&Additionally,&1237!
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mass`dependent&fractionation&of&the&system&can&cause&the&isotopes&to&evolve&along&the&mass`1238!
fractionation&line&in&either&direction,&consistent&with&data&observed&in&both&the&Antrim&and&San&Juan&1239!
systems.&Both&of&these&systems&are&unconventional,&the&San&Juan&being&a&coalbed&methane&system,&1240!
and&the&Antrim&a&more&typical&shale&gas&play.&The&Bravo&Dome&system&is&rich&in&CO2&that&is&interpreted&1241!
to&be&sourced&from&mantle&fluids;&the&Neon&isotopes&clearly&show&mixing&with&a&mantle&endmember.&1242!
Data&sources:&Antrim&Shale&(Wen&et&al.,&2015);&San&Juan&coalbed&methane&(Zhou&et&al.,&2005);&Bravo&1243!
Dome&(Ballentine&et&al.,&2005);&Paris&Basin&(Pinti&&&Marty,&1995);&Vienna&Basin&(Ballentine&&&O’Nions,&1244!
1992);&Alberta,&Tucamari,&and&Ataco`Morrow&(Kennedy&et&al.,&1990).&&1245!

&1246!

Fig&6.&Selected&examples&of&Ar&isotope&ratio&and&concentration&measurements&from&previous&1247!
studies.&40Ar/36Ar&is&plotted&against&1/[36Ar]&so&that&mixing&trajectories&are&clearly&apparent.&The&Ar&1248!
isotope&system&is&a&mixing&system&between&the&air`like&ratio&of&298.6&(Lee&et&al.,&2006)&and&addition&of&1249!
radiogenic&40Ar,&produced&in&the&crust&from&40K&decay.&As&is&evident&from&the&data&shown,&ratios&below&1250!
the&air&value&are&not&usually&observed.&Elevated&40Ar/36Ar&ratios&can&be&caused&both&by&radiogenic&1251!
production&of&40Ar&within&the&crust,&as&well&as&mixing&with&mantle&fluids&which&have&high&levels&of&1252!
radiogenic&40Ar.&The&Ar&isotope&system&is&also&important&for&the&detection&of&any&air&contamination&in&1253!
samples;&the&relatively&high&concentration&of&Ar&in&Air&makes&even&small&amounts&of&contamination&1254!
drastically&affect&measured&Ar&concentrations&and&isotope&ratios.&Data&sources:&Magnus&(Ballentine&et&1255!
al.,&1995);&Pannonian&Basin&(Ballentine&&&O’Nions,&1993);&Hugoton`Panhandle&gas&field&(Ballentine&&&1256!
Sherwood&Lollar,&2002);&Alberta&field&(Hiyagon&&&Kennedy,&1992);&Bravo&Dome&(Ballentine&et&al.,&1257!
2005);&Antrim&Shale&(Wen&et&al.,&2015);&San&Juan&coalbed&methane&(Zhou&et&al.,&2005).&1258!

&1259!

& &1260!
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& Table&1.&The&volume&mixing&ratios&for&the&noble&gases&in&dry&air.&Data&from&Porcelli&et&al.,&1261!
2002.&1262!

& Table&2.&The&equilibrium&concentrations&of&the&noble&gases&in&air`saturated&water&at&1263!
atmospheric&pressure&for&selected&salinities&and&temperatures,&calculated&from&Henry’s&constant&1264!
equations&in&Fernández`Prini&et&al.,&2003,&and&Setschenow&coefficient&equations&in&Smith&&&Kennedy,&1265!
1983.&1266!

& Table&3.&The&isotopic&ratios&of&noble&gases&in&air.&Data&from&Porcelli&et&al.,&2002;&Lee&et&al.,&1267!
2006.&1268!

& Table&4.&Present&day&production&rates&for&the&radiogenic&noble&gases&in&typical&continental&1269!
crust.&Data&from&Ballentine&&&Burnard,&2002.&1270!

& &1271!
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Table!1!1272!

!1273!
Table!2!1274!

Element' Concentration'(cm3STPg41)'
' Freshwater!10°C! Freshwater!20°C! Seawater!10°C!
He' 4.73×10^e! 4.65×10^e! 4.04×10^e!
Ne' 2.06×10^g! 1.93×10^g! 1.70×10^g!
Ar' 3.91×10^O! 3.23×10^O! 3.11×10^O!
Kr' 9.21×10^e! 7.27×10^e! 7.26×10^e!
Xe' 1.34×10^e! 9.29×10^i! 1.04×10^e!

!1275!

Table!3!1276!

Isotope' Relative'abundance'
3He! 1.399 ±0.013 ×10^H !
4He! ≡ 1!
! !

20Ne! 9.80 ± 0.08!
21Ne! 0.0290 ± 0.0003!
22Ne! ≡ 1!

! !
36Ar! ≡ 1!
38Ar! 0.1885 ± 0.0003!
40Ar! 298.56 ± 0.31!

! !
78Kr! 0.6087 ± 0.0020!
80Kr! 3.9599 ± 0.002!
82Kr! 20.217 ± 0.004!
83Kr! 20.136 ± 0.021!
84Kr! ≡ 100!
86Kr! 30.524 ± 0.025!

! !
124Xe! 2.337 ± 0.008!
126Xe! 2.180 ± 0.011!
128Xe! 47.15 ± 0.07!
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129Xe! 649.6 ± 0.9!
130Xe! ≡ 100!
131Xe! 521.3 ± 0.8!
132Xe! 660.7 ± 0.5!
134Xe! 256.3 ± 0.4!
136Xe! 217.6 ± 0.3!

!1277!

Table!4!1278!

!1279!
!1280!
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