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ABSTRACT :

Ebl'.;EMENTAL AND‘SR‘ISOTOPE‘C‘C)'NSTRAINTS ON COUPLED HIGH- AND LOW-TEMPERATURE
HYDROTHERMAL FLUIDS THROUGHQUT AN ERUPTIVE CYCLE AT 9°50’N EAST} PACIFIC RISE
by

JiII‘Marie‘McDerm‘ott .
Univers:ity of New Hampsh\ire’, Mey,‘ 20093
de-temperat'ure hydrothermal fluids, Iohg.‘.considere'd‘te be simple bi‘nar'vy mixturee ,

of high-remperature fluids and seaWater (Edmond et al, 1979eb), impacf 'ocearw cvhe‘m‘istry E
| _While ‘providing energy to.‘trrri\/ing ecosysrems afr mid-ocean ridgee_ (MORs‘). This tvh'esis
investigates w\hether_ proeesees o’ther'than eimple vmixing‘ rrrey ‘infliuence the evelut’ipri 'bf» low
E Ntemb'eraturre -hydrotrrerrhel ﬂuids. in particﬁlar, the role of eﬁhYdrrte disso»lu,tion is’
ad‘dreséed." . | | | | |

 9°50’N EPR contains h’igh-temperatljre ventS (Ty ar1d l0) fhat heve beenv;‘s’,sociated |
wrth Ibw—temperarure \)ehtihg (B"M82)'for‘ eVer a decade»évn}d remei’ned ective'follo;rvi.ng an
eruption:ir_l 2'(505-2;0’06.,The Sr isotope systerﬁatics of edjavc'envt high(— vand ,Iow-temperature
'flu:ids will su.pport‘ eithe‘r a binary eeaweter-hydrotherme'l‘ mixtu‘re, or will support addit,ienal |
compenents. The Sr isotopic composition of fluids sampled in 1994 t‘o:2007,‘determi‘ned r/ia _
| 'therrhal ionizati‘oh mass spectrbmetry; is vreported. 87Sr/BGVSr rahges are 0.70902 to 0.70917
in BM82 fluids. Pre- eruptlon Ty and lo end member 87Sr/%Sr range is 0. 70394 to.0. 70419
which allgns with previous EPR studies (0.7030-0.7040, (Rawzza etal, 2001)) However

|mmed|ate post- eruptlon end member 87Sr/g‘SSr ranges from 0.70511'to 0. 70654 cIoser to



. t.He seaWater value. These resuits imply that immediate post-efuption water-rqck reactions
‘ do not achieve the sahe deg(ée df isotopic equi»libriu‘m with basalt as rééétion‘g during_mdre -
sfable pgrio‘ds (Butterfield ét él., 1997 ; Von Da,mm, 2000). Additibnally, anhydﬁté

_dissolution following an eruption rhay chtribute 2-‘7% of Iow-tempe»ra‘ture fluid Ca; Oour
. 'fihdikngs’ demon_strate-that MOR hydrofheﬁnél anhydrite depo“s'i‘t.sumay be é-terhpdrary siﬁk _
for'Ca; Sr, and SOf’, and that the hydrofhermal ﬂl‘,lxb"compo‘nént of_these elé_henfal budgéfs ‘
must be reinterpretéd. Additional‘findings'rihclude evvid>e.nc‘é fofhalite precipitation énd ‘
alb‘itization:i_n the ‘_high:-femperéfufé fluid time seriés, .yas wéll as indica’t‘ion Qf s'eawbater :

- | infiltration info the discharge zohe iniMar'ch 2004 and iﬁ the posféf@tive 2006-2007

sampling interval.



INTRODUCTION

~ Deep sea mid-ocean ridge (MOR_).h'ydrotherméI S\vIs‘te‘ms wére first disco‘vekred‘ .
i app__roXirhately 30 years ago at the éalabagos Sﬁreading Center (Corlis.é’ et. al,, 1979). P.rior |
fo 1979, $mearine hot sbrings weré ‘_known .tb exist at the Red Sea S_preéding Cén#er“and’i‘n ‘
: lshalvlq"w water I‘ocat‘ions. *D'eép sea -MORv‘hy‘drdth'ermal syétem‘s,ir'nparvt m_ajOr’ch‘emical _avnd .
o physical i‘m;.)ac'ts"bn the oceans, afféctiﬁg globé,l ﬁeat and chemiéal fluxes aﬁd fhérmohéliné |
’ Vc,ircnulat,iOn (e.g.'Edmond etal, 19793; Stat‘Jdigg‘i and Hart, 1983; _Vén’ Da.‘mm etal, 1985;
' \Zo'hi D‘amn'.l,’1995). Fuvr}th‘err'nore', they eﬁable the éxisfénce-.'of'bi‘_olovgical c:‘o’mmuvnitivevs
: iridependent of s'OIar‘energy. ‘In a-deép vsea MOR hYdrovtherr'naI'sys‘t’enj, circulatiﬁg séawa‘ter
éxt‘réctsvheat from subs‘uvrface hagma in fractured oceanic ‘cfust where tectpnic plates are
diyergin’g. Thi; Wétér undergoésé variéty of waté‘r-vrock‘ reat‘:tbi‘ons’an'd collects m'agn"llat'ic
- ‘gases. The heaféd, chemically-altered ﬂuids are thermally buoyant and are divschayrlged as
sulfide-rich ”b‘lack‘smoker"‘ venfs on the séaﬂoor (Sbiess etal., 1980), High-temperature‘
f’o‘cusevd flowé fo‘rm‘ mineral struct’ures on tﬁe seafloor (Hay_rﬁbn,an‘d Kastnéf,"1981; vGoId'farb
c;,t él., 19‘83); and‘ vent‘“flljids at temperatures éqUaI to or greater than 250°C. These black :
“smoker Qénts are often surrounded by aréa§ of low-temperature diffuse flow, whiéh o
ci_réqlafe in‘the upper oceanic crust, vent directly from the rock substrate‘, and genérally

have’températures less than or equal >to 70°C (Von Damm, 1995; German and Von D’ammv, o



2004). Coupled low-temperature and high-témperature hydrothermal systems account for
an estimated 25% of Earth’s internal heat loss (Stein and Stein, 1994)" Hydrothermal fluids
additionally provide evidence of procéSse-s occurring within young oceanic crust, which
'prvesehtly is difficult tq drill withdut the presence of sediment covef. =

The relative importance of high- and low-temperature flow for the heat and element
_ fluxes to the‘gIObaI ocean continues to be debéted. While some recent studies propose
that Iow-temperature flow may be volumetrically more important than high-temperature

flow (Schultz and Elderfield, 1997; Mottl, 2_003), others con.clude instead that the heat flux

\A‘

may beveq‘ually partitioned between the two vent types (Veirs et al., 2006). Von Damm
(1995) sugggsts that despite the lower ;hemical anomalies in Iow—temperature'fluids‘, if the
vinrﬁe of low-temperature flow is ihdeed much greater than that of high-temperaturé flow;
Ibw-temperature flow may be a more important seafloor hydrbthermal themical
contributor. Due’in part to more difficult sampling cohditions as a result of variation in

" robustness of flow, low-temperature ﬂui‘ds have not beeﬁ as extensively stﬁdied as hiéh- |
temperature fluids. PreVaiIing assumptions state that Iow-temperature fluids ére sjmple' |
dilutions of high-temperature fluids, and t}heréfore high-temperature fluid data have been
considered sufficient for the purposes of flux ca|cu!ations (e.g. Edmond et al., 197Qab; Vbh
Darhm and‘LiIIey, 2b04). However, if low-temperature fluids are not simple dilutions of high- |
temperature fluidsf mbre must be known about the processes that control their;

compositions before flux calculations can be refined.



We now know that the relationsﬁips t-)etween‘high‘- and Iow-tei;nperature fluid}s are
affected by volcanic and seismic events on decadalytimesc-ales at the fast-spreading East
Isacific, Rise (EPR) mfd-o;ean ridge (Haymon et al, 1993; Von Damm et al., 2006) ahd that |
any individual Venf hés a unique cﬁem‘isftry th‘at can va‘fy on minute-tofyéarly timescales
(Von Damm, 1995). The short timescales éf these procéssés necessitates a timé series
apprloach to u'nderstandirjg :the var,iatijoh in ,flujd cher‘nis;try-absvwell as the contrt;l»ling
mechahisms, in ofder to fully quantify fluxes. - |

This thesis 'abd‘dressesvthe relations‘hipsb'etwéen high- and iow-tenﬁperatu‘re fluids in
terrﬁs of temperature and major and ‘minof erement:.chemicaI v’ariétiovh over the course of .
an eruptive cycl_e.ét 9-16°N E,asbt Pacific RiSe (EPR) bracketéd by eruptions iﬁ 1591-92 and
2005—06.‘ | a,lsb discuss Sr isotope varfation over the pref énd’post-erupfive periodé for both
fluid types. Rav‘iz.za_et al. ‘(2001) used Sr isofopes to,idéntify the presence of an |
intermediate, partially-reatted fluid mixihg into a high-te_mperature hydrothermal veﬁt at 9-
10°N EPR. Sr isotope data, therefore, coupled With elerﬁental Ca and Srvabund'anCes, can be
usved as a tracer of sub-surface brocesses to const.rain'mixi.ng 'relationéhibs betweén high-- .
and Iow-te‘mperatur‘e ﬂuidsv. Sr isotopfc data may therefore be used as a 'nﬁéthod to addrgss
the deviations from non-covnser’vaAtive mixing that ha_Vé ‘pos‘sible implications‘fér anhydrite
dissolutioﬁ into the low- and/or high—temperature fluids cilurin_g'the s’ampll‘ihg interval.

With respect to the stabilify of anhydrité déposifs; both low- and high-temperature
fluid compositidn cbntrois inc‘Iu‘de quid temperature, redbx state, and the felétive vo‘lumes

and rates of convection of seawater mixing in through fractures in the discharge zone. The



likelihood of higher volumes of seawatér entrainment during and.fqllowihg an eruption is
high, due to higher crustal permeability and} more vigOrdUs rates of conve‘ction,v and thds it- -
o possible that anhydrite deﬁo;its may form quickly?and th-én re-dissolve. From a high-b
‘temperature fluid pergpective; Ca, Sr, 5042', and Mg.can all be removed from both thé high‘-
Iv ten'wperaturve fluids avﬁd seawater into m’in‘erél deposifs, in both thve cihimhéy $tru§ture,and in _
" the stockwork (Haymon, ‘19V83). When 'nﬁinerall deposits havé sealéd in fluid cOnagits, '
. thereby creating more reduci_ng‘ subsurface c‘onditions,v ahhydrife becomeé )
: therr'nodynamiCally‘ unstablé and;can:be re-mébilized. This},stUdy wili, addreés‘ how an
eruption affe;ts the .s'tabilitky of ah"hydrite deposits in both the high- and IoW}témpérature

fluids.



CHAPTER |

BACKGROUND

Ptevious Iow-t‘emp ber‘ature fluid chemical studies .

v Prior to 1‘97‘7 it Was hypothesized,.that elemental abunda'nces in the oeean were |
controlled by input ﬂuxes of elements from the continents from streams ‘and ‘rivers as well
as oceanic sedimenta‘.r'y sinksv(Sillen, 1'976‘1), Ifit isassumed fthat the ocean isin steady sta‘te,‘ ;
- these fluxes should be equal and opposite. With the discove‘ry of'the first deep sea
hydrothermal vent sites in 1977, elemental fluxes due to hydro_thermal activity were
ealcul’ated quickly by Edmond et al. (197y9a,b) based on the 't:_'hemistry of fluids sampled at
the Gal/apangS Spreading‘Center (GSC).. Thes‘e flu’ids"were‘ all ~Iow-temperature Iess than ‘ B
20°C when sampled Edmond et al (1979a) calculated sinks for Mg and SO4 , sources for Li,
‘. er Ca K, Si, Ba, and more complex additions and removals of Na and Cl. Edmond et al
(1979b“) noted that the sampled fluid chemistry indicated a dilution of high—temperature
| fluids with seawater. 'fhis» di‘scussion formed the first interpretation of low-te}mperature ‘
flui.d formation and the consequent deposition "ofmetal sulfide within the crust. ‘Edmond et
’al. (1979b) postulated that these metal sulfide deposits form as a result of mixing of high-

temperature: fluids with seawater or‘_near-seawater‘ during the ascent through the crust in



the s_ubSurfa_ce discharge zone. Edmond et al. (1979b) indeed found that transition metal
(Cu, Ni, Cd, Cr, U) abundances were»depleté‘d With respeét to their seawater concentrations‘
-dué to precipitation in the subsnrface. Flux questions ha}ve sincé becnme more cpmplicated
w'it‘h>th.e discoyery of high'etemper_ature vents and wide ranges in fluid compns'ition, both
spatially ‘and temporally. - '
One overarch.ing goal of hydfotherm/al fluid reSearch remains the deférminatﬁi\on of
heaf and elemenf fluxes to the ocean due tn..the global hydrotherrnal systefn, and the A
: ' réactions that }control'low-témperature fluid .chve‘mistry‘ ha_vé”implications'for both;elémental
‘and ‘h:ea‘t flux calculét‘ionsb. ance its discoVery at the GSC, Iowrfemperature ‘flow. hés'b‘een
"c_onvs'idekred to be a'sinnple dilution of seawater and high-témpérat‘uré flow. Hnwever,
‘ quli_shedv data for low?t'e»mp"er'aturevf_‘Iuids"at" 9;10°N' EPR‘p‘rOVe‘ qthefwise_. VonDammand
‘LiIIe”y‘ (2004) showed depletion of H,S, CO;, 'a'nd" lekan‘dbnrodu‘ction of CiI‘-|'4 in Idw- . |
tén'iperaturé f|uids, relative to the values expected fr'oni cons.ervétive mixing nf high-
. temperature fluids with seawater, providing Stfong su‘p.p_o'rt‘ tnat‘, Iow-‘temp,e‘rat‘ure fluids éré
undergoing fu-rther‘reaction within the‘ subsnrfacé. Methavnevand H, avvre important sneciés |
- in minrobial methanogenesis, and are used as an indinaltor by Von Darnm and Lilléy'(2004)
to idéntify thelinfluence Qf a snb-seafloor microbial biosphere on Iow—temperature ﬂo'w o
composition. Loy\);ternperatUre' fluids are therefore not the vpvr“od.uct of simpl‘e‘cons'e‘rva.ti\ke
o dilutions of nigh-temperature fluids w‘ith sé’én)ater, but experivence additional pro@:ésses that

include sub-seafloor biological activity..



~ Controls én hydrothgrmal fluid chemistrx |
: Vbn Damm (1995_.) diséﬁssed the‘ factors which determ.iné,the éieme’nt‘al compos_ition>. :
' |n a ve‘n"c fluid. THese‘incIujde (1) the $§ﬁrte for an element from 'Sea'wéter, rock, and/or
n'lla‘gma deg‘asSing, (2) wh'ethér aﬁ element willllform one or more st_éble aquéous species
.;aIIoWing for t’ralnspovrt Within ‘the’ fluid, and (3“)'_‘w‘hether the element Wi_ll precipit"até_és"a g
minefal phase. Von.Damm (2000) idéhtifie’d 6hasé sevparatio“n and water-rock interéction aS
Athe two d‘ominant controls on hydrot‘hermal'venffIUid composition, with rﬁagmétié :
degassing aklyso"play’ivng arole. .Géo'chem;ical mddeling enabl‘és p;redi(:tion,oi‘ mi.r'\eralv |
| solubilit»y‘ co‘n'dition‘s and pofcential‘precipitation. B
N Iﬁ subsequént discusgion,' 1 will refer to thevch:evmic'al constituenté of hydrothermva‘lkv
- ﬂqids using ellemevn‘tal, rather tiha‘n idnic nomencléfuré "(ve.g‘. CI rather than CI) for two main
: réasoh;. ‘First, the speciation of dissolved constituents in a hydrothermal solution is ndt
r_ﬁeaSure_d, or always‘ known. Seﬁondly, mdsj; methods fo'fl‘detérmihing the c.hemica‘l J ‘
: ‘ c_bnétituents of hYdrbthefmal fluias measure‘tbtalve'lerﬁentval abuvnda'nc‘es. ‘Any e)‘(ce‘ption to -
fhis n'OmencIatur;-:- Will be noted and discﬁSsed when that pafticular ;hemical consfituent is

introduced.

Phase Separation
Bischoff (1991) showed that at the average mid-ocean ridge crest pressure of about
250 bars injthe 9-10°N EPR region, seawafer will boil sub_criti‘cally at temperatures < 388°C.

Subcritical bdiling results in phase separatidn, during which the fluyid will be partitioned into



two physically and chemically distinct phases: é “vapor” phase and a denser liquid ”brine”
phase. At subcritical conditions, the vapor phase will have a Cl content less than that of
seawater, while‘thé Brine pha.se will have a Cl content gréater thén that of seawater. Phase
separation is.known to be ubiquitous in hydrothermal fluids, as vefy "fev'v highftempe;ature
fluids contain'Cl erquivale_nt to seawater. Vapor phése fluids are more commonly sampléd
(\}/oh‘ Damm, 1995; Von Damm, 2000; Von Damm, 2004). Current beliéf is‘ thét the densef
brines; may be stored in the shallow oceanfc crust for én unconstrained period of time pr‘ior'
to venting.

,Phase separation is the rﬁost ‘imp‘dr;tant control on Clvconcentration,‘i.n hydrothermal
fluids, énd gréatly influences water-rock feaétién'éénditibns. 'With the precipitation of SO~
and titration of alkalinity (see iatér dichSsion), Clis by far the dominant anion in
: Hydrothermal fluids. With the exception of possible halite dissolru‘tion‘ or précipitation
(Oosting and Von Damm, 1996; Von bamm, 2000), there are almost no known mineralogic
sinks for Cl in these systéms, and many cations maintain their element-to-Cl ratioé durian
phase separation (German and Von Damfn, 2Q04). Changes in Cl t»ht‘erefor‘e h-ave‘ a strong
effecton-miﬁeral solubility, as Cl affects the formation of aqueous metal ion complexeé,
ionibc strength, and charge balanée constraints in a solution (Seyfried and Ding, 1995).
Withi.n a hydrothermal fluid, element m‘obility is highly dependent on both temperature and

_pressure conditions and Cl concentration.



Water-rock reaction

The source of’van element can be detefmined by knowin‘g the'composition of Io‘calv
»amvbient seawatér, and of rock present in the system. ‘As seawater passes thrbugh rock and
is heated, reactive exchaﬁge with the rock begivhs in the downflow zone, and corjtinﬂues
through the reaction and discharge zohe$ as deta‘iled for majo; eleméht$ in vFigu’re 1. As .

‘seawater is progressi\}ely,heated, Mg'fs ‘quantitativ"ely removed by precipitation ‘o‘f
’magnes‘ium hydroxy si‘Iica‘tes inthe downﬂoW’zone, and’p‘rotons are pr,oduced. The pH is
Iowéred SO subsféﬁtfally that all alkalinity is titrated away. At atemperature > 130°C,
anhYdrité (CéSO45 precipi;cate_s. fhére |s more SO, than Cain seaWafef, thi,ls additionalv Ca

must bé Ieached _ffom rock if more _than ‘33% :of available seawéter sulfate is prec_ibitated via -
thi’sme‘chanism (Ge’rman and Von Dafn,m, 2004). If is known tf\at some Cais leached from
the rock via Na-Ca re‘placem-ent’in plagioclas.e' feldspar,v called albitiZ‘atién, to précipitate

-more of the 5042"deriiv;e.d from sééwater. Additional 5642' may_infiitrate the Vreactiorn zone
and be _reduced to HZS. Some S is_ also leached directly from sulfides that afe primary
igneous phases. .S’hanks A(2001) hés’ found HéS in hydrothermal fluids of n'e'arly any |
temvperat.urev;‘ Also at temperatures ~150°C, mobilizafion of alkalis 'including K, Rb, énd Li.

- occurs (Alt, 1995). In t'vhe react_ion zbne,' the fluid reach‘es‘ its gréafest terﬁpefature', waterQ

| rock reactions continue, énd phase separation may occur. Itis concéivable that any fluid

may ’have undergone phase séparatibn muifiple times, and the trUe s»yst.em is undoubtédly :

more complex than we kﬁow or assume; howe\)er, due to a lack of better constraints and

for greatest simplicity in a conceptual model, phase separation is assumed to occur once

B



within thé reactidn “zovne‘. The reaction zone lS also assuhed to be the sité of magmatic
d,egassing input (»German and Von Damm, 2004). G"asevous species (e.g.’COvz andl He) may be
affected by ‘magmatfc degassing’ianjts, but these processe§ reméi_n pqorly understood (Von "
Damm, 2000; LiIIeY et‘all.,ZQv03)-.‘ _'Additional watef-rOck reactiQ"ns o;cur ih the reaction and |
' diséharge zo,hes, including Iargéadditions of Iéached Si, Fe, and Mn ‘(Gérman and Von
- Damm, 2004). Within the discharge zone, inﬁltrating seawater may add S0,%, whicﬁwill
precipitate as anhydrite if température.s_aire greater than 130°C. Leached constituents can -
also,pre‘cipitate, depositihg SiOz-and Fe,-ké‘nd Mn-bearing mihérals within the alteredw_b_asalt) '
or "gtOCk\)\/ork,” in the ‘discharge Zone. CHanges,in,physical ‘c?o.nd_itki‘ons within the diséhargé
zone may lead to mineral replacémehts ‘(‘e.'g.‘S'iOz often replaées ahhydrite in gtbckworks). ;
‘Wh\en ’tér:nperat’ure_s, are less than 3bO°C, metal sulfides will precipjtate, either sub_—surface
orin éhimne?s.
qu t’o\the p‘resent difficulty ‘to‘ ,dﬁll frésh, un-’sedirpé.nted basalt, subfsurfa;e "rock.
- composition is farely known, andbthus the common assumption i‘s that th'e'com‘position“ of
rock at depfh mat‘ches that of surficial rock. Altered basalt samples gathered from seafloor
_ exbbsures can provide a meéns fo betfer'understand min’eral de_posi_tio‘n‘ and alteratiorf]-

processes.
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Low-T fluids; Hi-Tﬂﬁids;
T<70°C T2 250"‘(\2

{

)
i

Ambient SW;
T=2°C

Reaction zone

- Continued water-rock reaction
- Metals added to fluid from rock
- Remaining SO, reduced to H,S
- Possible degassing input to fluid

Recharge ¢

-AtT>130°C, an ite - Possible halite precipitation @ntinued water-rock
precipitation: - At T > 386°C, P = 250 bars, peaction
* Some Ca** los inerals phase separation: Yrluid may cool due to
+ All or some SO, * Vapor (Cl < SW) and adiabatic and conductive heat
to minerals brine (Cl > SW) phase loss to rock
- Formation of Mg-OH silicatlg fluids form - in upper crust, some fraction of
« All Mg?* lost to rock * Many cations travel as high-T fluid may mix with
+ H* added to fluid chloro-complexes seawater:
- Possible albitization: * Metals partition stgaiigly ¢ At T < 350°C, metal sulfides
* Some Na* lost to rock into brine phagg precipitate
* Ca®* added to fluid Gases partitj Fongly o Low-T fluids form, support
-Sr isctopic exchange with rock 1 ase biological communities

g

Figure 1: Schematic description of chemical processes occurring to a hydrothermal fluid as it begins as
seawater and passes through the recharge, reaction, and discharge zones. After (Von Damm, 1995) and
{German and Von Damm, 2004).
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Controls on Ca, elemental Sr, and SO,%

Von Damm (1995) déscribed the source§ and»controlling mechahisms on element
composition inb iiytiiroth,erm.al systems, inclludirig those eI;ments of interést fo t_his study: Ca, "
5642-’ elemental Sr, énd ‘isotopicbsrr. . ;

A_f"cer' ‘hormaliza_tion to Cl to correcf fo_i phasé separatio_n' effevcts, hydrot"hvermal Ca .
'con’c'entrations are generally eleyéfed vi/ith respect toryseawater concentrations,’ based on -
- prior w‘oik by Von .Damrﬁ (1995). ‘C‘alciu,‘m is‘usu'ally the second most abund.ant catioﬁ in E
'vhy‘dr‘o"chie‘rmal fluids,~With Na being the most abu:nd:ant. Caiciiim is presehf in‘sea,water but

in hydr_otvhermal fliiids, éeawater-sourced Ca is’préci:pitated vi/ithv S0, as arilfiydiité in the
dowrii‘low‘zone; ‘Du‘e to the faict that there iS'mare‘SO4_2; than Cain seawater, additioriai‘fCa o
’ mu'st be leached from rock if ri‘ioré thari 33% of ava‘ilabie séawater sulfate is prec‘ip‘itatéd via B
: | ai}hydrife precipitation in the dow‘rnflow zone (G»errn‘an and Von Damm, 2064). Ti\érefdre,
Ca ih_hydrdthermai fluidS is derived mainly fiorha rock source (Vori Damm, 1995)_.

. Célcium is the cation released dgriﬁé‘water-rdck interactidn when i\la istaken up -
_dUririé albitizatio.n reactions, and it is bai‘l‘so: exchéhged via other minéral_ pi'0cess‘és,-in<v:luding‘ ‘V
anhyidrite and ‘epidote. or other Ca-Al-Si miheral pvh'as'esT v

The eIerﬁehialSr content of hydfothermal fiuids_ céh véry between enii;hments; or
v depIetiéns, but is not Striétly coupled yvith cl (Von 'Damm, 1995). Due to the Chémical_
similarity between the two alkali earth metals Sr ;iiid Ca, Sr’ lS thought to be remoi/edand v

added via the same processes as Ca.
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Sulfate content of a high-temperature hydrdtherma_l fluid, as already described, is
essentially zero, due to removal by the two _méin processes of anhydrite precipitation in the

dpwnflow and reducticon to H,S in the reaction zones.

Controls on isotbpic Sr
| ,Stro'ntiurr'\ isqtope variations .w4ithin"r Hyd‘rotherin‘al sysfems a;t as géOCherﬁical

tracgrs of fluid evoIUtion‘ and m_ixihgv-:dt’Jrinvg circulation through thé crusf. | Sfrqntiurﬁ has
o ':four naturaltly-occurring isbtopes,. inc]uding Bsr, 875?, 8‘6'Svr, and 84S’r’. All are 'sAtal:;lve, ahd havé
abuhdances of 82.53 pevr<4:e‘nt, 704 pe‘rcéht, 9.87 percent, and 0.56 bp_erbcvént, respectively
o »F(Fbaur-éi, 19773; DePaolo andv Ihgrém, /1985)[ Ra‘di(:)activé Rb in rot‘;kspr'oduces stablev,87sir
via beta de;:éyi i . | |

| 87Rb—’>‘£’7$r+6'+v+Q

‘with a haI’f-Iife‘ of .4.75 x 10 years (Kin#éy etal, 1996), whé_re’ 6 i5 a beta p‘arvticlé, visan -
' ar{ti-neutrino, a"nd’ Q i_s"the' decay energy.‘ Thus, :the amouﬁt of &gy in'é rocl{i.‘containing 8’7Rb o
increases continuouély as .a fﬁn'ction of ti.me, and isotopic- S“r‘cc')mposition is éxpressed és
'375,; /%8sy, Dué to thé felétivély Idng‘half;lifle, Sr isotopé r,atios. iﬁ h‘ydrothermal systems are
best used as a means of’elucidating'rez’actions and pfocesses 0c;urring in thé shallo‘W
‘obcean‘ic c'ru;c,t,’ rathérthan'for.rad‘ibcljmét‘ryi‘c dating purpo’ﬁes. 9-10°N EPR ba'sba‘lt‘ 8751 /%8¢
. ‘yalueé._ fall in a very tight range between ‘0."70244 t 5 to 70.70257 16, éndv ‘a"\‘/e'rage 0.7025 .
‘(Si’ms“ et al.; 2002). The pfesent-day value of modern seawater 87Sr/BGS;r is 077:0918>,_(Hodell

etal,1990). . IR
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To date, there have been a very limited number of publiéhed studies reporting Sr
|sbtope systematlcs in hydrothermal fluids (Flgure 2). Albarede et al. (1981) reported-a
hlgh-temperature hydrothermal fluid end member 87Sr/86$r of 0.7030 for a single high-
temperature vent at 21°N EPR. Ravizza et al. (2000) reported end member #’Sr/%%Sr at
| 9°46’-9°54'N EPR’ to rangé from more radiégenic values of 0.7042 (_P vent and Biog’) and

0.7041 (Biovent) in more northern vents to léss radiogenic values of 6.7039 and 0.7037 (A
~ and L) in more soUthern vents (Ravizza et al., 2000) (Figu‘ré 2, 3). Ravizza et al. (2000) is‘the
ohly published Sr isotope study of the 9°50’'N EPR vents, and only includes ‘high- 
temperature fluids sambled at one time pobin't, in NovemE;er 199‘6. My studyﬂ aims to
enhance our knowledge of the variability of Sr isotépes in ’two high-temperature vents (Ty

87Sr 85y values in coupled

and lo) over time, and also explores the rélatidnship between
high-temperéture Vents (Ty and lo) and a’djacent low-temperature flow (Biomarker 82). If |
subsurface anHydrite deposits with a unique ¥’sr/%sr $ighéture are dissolving ihto fow-
femperature fluids; the Sr isotope systematics of adjacent high- and Idw-temperature vents
will either recérd a two-conﬁpénent seaWater-hydrdthermal mixtufe, or will support
'anhydrite dissoluvtion as‘ an é’dditional third component. This cénceptual model for fluid
evolufion at low- and high-temperature vents is further described in Figure 4. An additional
possibility is the presence of a possible fourth component, comprised of entrained seawater
that is only partially reacted within the discharge zone. The low-temperature hydrothermal

fluid mixture may therefore include four components: seawater, anhydrite, high-

temperature hydrothermal fluid, and altered seawater.
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. — = =~ — — —-~ Seawater (SW) (Hodeli et al., 1990)

0.704 - - ©"46-54 N EPR high-T vents (Ravizza et al., 2001)
' "+ Mid-Atlantic Ridge high-T vent (Amini et al., 2008)
Juan de Fuca high-T vent (Mills et al., 1998)
0.703 — " 21° N EPR high-T vent (Albaréde et al.,1981)
k—'-.-'-‘"' 9-10°N EPR fresh basalt (Sims et al., 2002)

-Figure 2: Summary of selected published studies reporting Sr isotope systematics in hydrothermal fluids,
framed by the two end member ¥5r/%sr values in the deep sea MOR hydrothermal system: modern seawater
and 9-10°N EPR fresh basalt. The measured variability in values is represented by the thickness of the line. -

Hydrothermal black smoker chimney growth

The hollow mineral formations which précipitaté when high-temperature
hydrothermal fluids aré discharged at the seaflbor are known as black smoker chimnéyvs -
(Spiess et al., 1980; Haymon and Kastnef, 1981). Ina bare-basalt hosted déep sea MOR |
hydrothermal system such as the EPR,kthese chimneys undergo a comvplex growth history.
Haymon (1983) analyzed chimneys from 21°N EPR, and described this growth history aé
occurring in two stages. Stage I occurs in the early history of the chim‘ney, when sevawat‘er‘is
heatecj to‘greater ;chan 130°C, and anhydrite reaches super-saturation and preéipitates to

~form the chimney walls. Caminite, a Mg-hydroxysulfate-hydrate mineral, can also
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precipitate with the anhydrite. In stage I], continued outward precipitatio‘n»of anhydrite wili
seal in ihe cracks in the chimney walls, thereby ihsulating the’high-temperature fluid from .
mixing with seawater. Thisl reSﬁits' ina hotter, more acidic, more feducing flgid passing
through the céntral conduit of the thimney. Anhydrite is not stable ih a reducihg
environment, 'érnd'is brogressivély di's.solved‘ éhd replacedby Cu-Fe sUIfide hinérals.

t fs likely that sirﬁ.ilar processes of miﬁneral pfecipitatioh and -diﬁss'oluti’on occuf in’thve -
plumbing system, 6r sto'ckwvork, wfthin the discharge zone of a high-témperathe \)ent (R.
kH'aym'on,‘ pers.-.comni.). A"n’hydri‘te,vand possibly cahinité_, may'fo;rh if a large voluvmie’ of
s_eawafer is sudd,enly entrained withiﬁ the stéckworkr (e.g.du’rihg‘:a_cracking evéht bfought N '
on by a volcahiceruption). Indeéd, Seyfried and Ding (1995) repoft thka‘t th‘eb dissolved Fe
o and Cu conteh_téf high-temperature fluids at 21°N EPR (HG \)enft; Von Damh‘et al., 1:98}5) |
are ;:on'sivstvent with a subsurfacé r‘ni‘neral asSemblage which includés pYrite, magnetite, and" o
| aﬁhydt‘ité.‘ | R

’ .Calciqm; Sr,,SO42', a‘nd Mg‘can therefore all be rvemoved ffom both the high-
températuré flﬁids and seawater into mineral deposits,kin‘ bofh thé c‘hi‘mney sfruéturé
- (during growth stage'll')'ahd in the stockwork (following mixi.ng in éf more oxidizing seawater’ -
in the di;schargé zone). Caléiu‘m, Sr, SO42', and Mg can also bé dissolved and th‘us re-
mobilizéd "‘into the high'-temperature hydrothermal quivds, whether by replacemént of
anhydrit,é or caminite inthe chimneys by Cuv-‘Fe sulfid‘é minerals,(durihg growth stége It), or
dis;solthi‘on of anhydrite in the sfockwofk duetoa shiff toward a mére-redﬁcing redo_i state

in fluids passing through the discharge zone. It is therefore known from mineralogical
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studies that ta, Sr, SO,%, and Mg are present in deposits ‘durin,g seme portion of the grthh
| histery of black smoker ehimneys vand potent_i‘ally ie subsujrface stockWork d‘epr_'oskits, as
anhydfite and caminite, but that this is an epheme‘_ral sink of:unknov:vnﬂ magnitude. This
study .will address how fhe stability of anhydrite deposits in,befh the high-‘and}le\-/‘v-'_l '

| temperature fluids may be‘ affected by ’en erupﬁon, and whether the r‘e-fnol‘)ilizet'ion sigrllal‘__ ‘,

' may be detected in the high- and/or low-temperature fluids.
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Figure 3: Location map of the 9°46-52’N section of the East Pacific Rise, bounded on the north by the
Clipperton transform fault, on the south by the Sigueiros transform fault, on the west by the Pacific plate, and
on the east by the Cocos plate {Image adapted from GeoMapApp, Mercator projection,
http://www.geomapapp.org/). The detailed map shows pre-eruption multi-beam bathymetry and is adapted
after Cochran et al. (1999). The axial summit trough {AST) is denoted by yellow lines. High-temperature vent
sites are marked with red circles, and the BM82 low-temperature vent site is marked with a purple circle.

Vent names in parentheses refer to vents that were observed to be extinct immediately following the eruption.
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CHAPTER Il

GEOLOGICAL SETTING

| The 9-10°N Iatiiude segmént of the East Pacific Rise (EPR) is the site of a hiéhly

detailed multidisciblinary stUdy which has been ongoing since a volcanic eruption.waS .
discovered thefe less than a montﬁ after its occurrence during an Ocean DriIIing Project
(CDP) site survey in 1991 {Haymon ét al., 1993) With a full spreading rate of 11crﬁ yrt
(Klitgord and Mammerickx, 1982; C}arbotte and Macdonéld, 1992), 9-10°N EPR ig classified
és a fast spréadingridge, and i§ bordefed by the Pacific plate on the wést‘and the Cocos
pl'atevon the east (Figure 3) In the study area for‘this thesis, the water depth is 2500 + 10m.
Mult‘i-channel seismic surveys of the area conducted in 1985 (Detrick et al., 1987) match the -
preliminary results of 3D seismic refleétion imaging cbnducted in 2008 (Carbotte, pers.‘

comm.) to place-the axial magma chamber at an approximate depth of 1.5 km beneath the

{

seafloor.
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Time series studies at 9-10°N EPR

The site was chpsen as adrill site. by ODP with the goal of drillihg zero-age oceanic
crust and was fhe subject of a detailed photographic survey in 1989 by Argo FII (Haymon et
él., 1991). A 1991 dive prbgram utiI'izir‘1g the Deep Submergénce Vehicle'(DSV) Alvin
revealed an unexpected landscape within the Axial Summit Trough (AST), a trough-shaped
feature which runs along the axis of fhe EPI§. The di\)e program ‘reve‘aled vitreous neW lava
emplacement along an,’eruptive fissure system in the trough floor, freshly killed tubeworms, -
and bIoWn-apart sulfide structures in the AST (Haymon et al., 1993). DUring this 25 divé
Séfiés,‘ temporél variations in the chemistry of vent fluids were observed on the time scale
of days (Von Damm et al., 1995; Von Da’mh, 2000),7in sharp contrasf to prior studies, in
whicﬁ the observed chemistry of vent fluids had appeared temporally stéble (e.g. Campbell
et al., 1988). Despite th'e failed atterﬁpt of the ODP to drill néw oceanic crust dn Leg 142 in
19’_92, the discovery of the eruption at 9-10°N gave rise to a detailed and multi-disciplinafy
- study of this MOR systerh. ' |

‘Since 1991, o'ceanographic research. cruises headed by principal iﬁvestigat‘ors'in the
fields of chemistry, biology, and geophysics have monitored yearly changes ét the 9-10°N
EPR site. Among these principal ih\)estigators, Karen Von Damm 6f the University of New
Hampshire hés reported temporal variability} in the temperature and cheﬁistry of individuai
vénts in the 9-10°N EPR study site (e.g.'Von Damm et. al., 1995, 1997; Von Damm, 2000,
2004; Von Damm and Lilley,‘ 20>04). Due to the present difficulty to drill young, un;

sedimented ocean crust at MORs, the chemical changes in the fluids, along with seismicity
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. | and seismic structure, serve as one of ‘dur best indicators of processes occUrring within the
uppér oceanic crust. | |

Low-ta_fnperatUre flow regions at ‘9,-10“?N EPR that formed pdst-1991-eruption, and
| their'”temporalland Spatial'biological colonization, have been‘descAribed by Shank et al.
(1998). -'rBioIog-icaI;settIemarl\t took plaée in the most‘_robuat sites of Iow-femperature flow,
located between”9;’49-51" N and vlgnovs./n as the ’Bio-‘Geotran'sect." Th'ia robust flow is :nOf 'k
' cohtinuoUs aiong the AST, rather, there are several discreté;s;itevs of low-temperature flow
| »alo‘ng:»this severa‘l-kilomet'er long Stfefch ‘of ridge. Shank et al. (1998) hypofh‘eSized that
while oth.er factors (é.g. disfarfées ffo‘m Iarvai sources, ‘physi‘c_all_ oceanographi‘c proce‘Ssaé)
_are ée‘rtainiy imboftant ering the early re-cdloniéaﬁon of a_post-\e.ruptiv»ev vent commUhity,
geochemical.C(J‘n'ditions‘exertéd‘a vifal control err colbhi'zationvpatterns on a decadal
t“imescalve,_ due to the complex life strategies of different species,{ the prbnodnced'chemical

| variability of fluids, and the_transi»ent nature of vent habitats.

The EPR 8-11°N segment is pkes’gntl_y a Ridge 2000 ihtegratéd Studies Site
(httbi//www,ridge2000.drg), with many advantages for Iang-term inferdisciplihafy work
‘v.vhich include tectonic and morphologic diversify, ongoing =.rno'nibtoring of seiSmicity, and the
abundance and diversity of khawh hydrothermal v‘ents’, plum.es‘, 'and biological co‘mmunities,,
along With the aforementioned dirett observatidns of seafldor phenomena-associatéd with

the 1991 volcanic eruption (Haymon et al.,»200'2). The vent area chosen for this study
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con,t_ains the high-temperature vents ‘T_y”:an‘d ’_Io’ and a n’earby reéion‘ of vigorous low-
temperature flow called ‘Biomarker 82' (BM82), contained within the Bio-Geotransect and
marked by one of 120 blomarkers followmg the 1991 92 eruptlon at 9°50’N (Figure 5). Prior -
to 1997, there was no hlgh temperature flow at BMS2. In November 1997 part of the Iow- : o
3 ktemperature floyv‘ focused into two high-temperature vents, subsequently named Ty and lo

~(Von Damm'and Lilley, 2004). The AST near Ty, lo, and BM82 is a shallow ~2-4m trough that

is. “'45m wnde and is divided by a bathymetrlc hlgh that is ~20m W|de and "'2 3min height S

Ty and Io are "‘15m apart and both are "‘6 7m from BM82 (Figure 5) In 2005 these
vents were surrounded by a new [ava flow produced by a major eruptlon at the EPR the |
timmg of'which is reported by Rubln et al. (2008), who used radlometrlc 210p 210Pb to date
: the’fresh Iavas.- Based on these age dates and,geologic mapping, Rubin and al. (2008)
report that 80%~0f the ’eruption‘lava yolum‘e_ had been emplaced by October 2005, and the | o
eruption was 100% complete by January 2006. Although the 2065 eruption at 9-10°N EPR »
| resulted inrnew‘ lava emplace‘ment and the Ioss of the physical biomarkers ‘betWeen the last
E 'sampling period in March 2004 and the first sampiing period,in,June 2006, Ven‘ti‘ng at the
origlnal Ty, lo and BM82 Iocations remained active |mmediately post 2005 eruptlon as
| f'observed by the suence party on the R/VAtIantls RESET06 (June-.luly 2006) and AT15 13

cruises (November 2006). During a DSV Alvin dive in December 2007, | observed that while
Ty vent was still actively venting, there was no discernable fluid fI_ovy or temperature ‘
~anomaly around io‘vent, ‘andit hassince been considered to be inactive. In October 2008',':' v

_an R/V Atlantis cruise reported that Ty vent is also now inactive.
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Figure 5: Top map shows detailed ABE micro-bathymetry of the Ty, lo, BM82 site, provided by D. Fornari and
the R2K DMO. Ty and {o are about 15m apart, and both are about 6-7m from BM82. In vent photographs,
bucket lid markers are about 30 cm in diameter, and HOBO temperature probes are about 1 m long.
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CHAPTER Il
METHODS

Over 15 years of time series work has been conducted at fhe‘9-10°N site, and there

exist fluid data documenting temperature, alkalinity, pH,-and major, some mirlor, and some S

' trace'elémen.'c changé; inﬂhigh-terhper;tdfe and adjacent IQ\Ai/-temperaturebeojw. The
e,)v(tensivve data set cbllected over this »t—imesl:ale inclu'dbes two‘WeIl-dovcumente,d volca_lnlc

_ erllptions i’n 1991 and _1‘992v (Hayhon ét al.';‘1‘993; Rl,lbin e‘t-al.,‘1§94) ‘an-d'a recently “
‘, v clisco_véréd veruption that oc‘curr'éd‘ in 200:5;2006 (Cowen et al., 2007; Tolstoy et él,., 2006;

| Rubivn e"cval., 2008‘)’. A published subset of the IOw-terhpéfatUre data fvoi:bused only orrlthose,‘ 1

| "vel"émentAs that provided.évidencé for chemiéél upfa‘ke 'b':yba‘éubsurface"biosphervé (i.e‘. H,, ‘CH4,

COz‘b;‘ Fe, and M’r‘\)‘ (Von Damm a‘nd_ Lilléy, 2004).“ This is th’e flfst consideratioh clfthese daté ‘
for other element concentrations, and this study additionally in’corporafes new high-and

low-temperaturé,data from samples collected post-2005-eruption.

- Sampling
- This study utilized the Von Damm sample Iibrary‘,at the University of New Har’npsvhir'e

- (UNH) as well as samples collected from R/V Atlantis cruises in June-July 2006, November-
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December 2006, and December 2007. Fluids at the Ty and lo vents and BM82 low-
temperature flow area were sampled using 760mL titanium syringe bottle pairs on the DSV
Alvin (Von Damm et el., 1985), which allows collection of uncontaminated samples for all
metals except for titanium. In situ sampling temperatures were recorded using Alvin’s
high-temperature probe as well as an inductively coupled link (ICL) temperature device on
each pair of samp.li:t\g bottles. Ambient local seawater samples were also collected utilizing
the fluid sempling procedure. Samples were acidified with 0.5-1.0 mL of concentrated 3x
distilled HCI, and stored in high-density polyethylene (HDPE) bottles on the day of sarrtpling.
Splits for shipboard chemical analysis were collected prior to acidification. A challenge in
trace metal analysis is the potentia‘l for entrainment of precipitating particles within the

- sampling bottles, and thus the precipitates were rinsed out of the bottles durihg the sample

draw, termed the “dregs” fraction, and saved in HDPE bottles.

- Sample preparation

In the UNH lab, samples were filtered through 0.4Sum Nucleopore® filters in a
laminar flow bench to prevent contamination. The acidified, filtered fluid fraction samples
are stored at room temperature in HDPE bottles. The filters and filtered particles as well as
the dregs will be digested in Teflon microwat/e digestion vessels, for inclusion in the total

metal concentration calculations in future work.
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Major and minor element chemical analysis

Completed shipboard analyses for samples collected between' 1991-2007 include pH,
alkalinity by Gran Plot potentiometic titration, H,S by iodimetric titration,‘ silica and
nutrients by colorimetric methods (Si, NH4, PO4), and major and minor elements and species
(Na, Mg, Ca, Lj, K, Sr, 5042;, Br) by ion chromatography (IC). At UNH samples were
additionally analyzed for Cl by potentiometric titration, and for métals (Fe, Mn, Cu, Zn) and
major ions (Na, Mg, Ca, Li, K, Sr) by flame atomic absorption spectroscopy (FAAS). Method
precisions‘are summarized in Table 1. UNH lab analyses were performed on filtered,
acidified samples, and standardized to IAPSO Standard Seawater, a NIST-certified standafd
wjth a precisely known electrical conductivity ratio and salinity, except for H,S and Si,‘
which were standardized to Dilut-it® standard solutions. The major énd minor elemental
characterization allows for charge balancing of the samples using EQ3/6 (Wolery, 1992).

The FAAS method for Sr has been historically applied in the shore-based laboratory,
but has a precision of 2%. A more precise rhethod (1% precision) for determining elemental-
Sr was developed via inductively coupled plasma mass spectrometryv(ICP-MS). Twehty
samples were run per day on the Nu Instruments AttoM HR-ICP-MS at UNH. Samplés were
diluted gravimetrically 3500x to approximately 22 nmol/kg Sr with 2% 3x sub-boiling
Teflon® distilled “Optima” HNO3; Optima HNO3s, based on Sr composition determined earlier
via IC and FAAS. All samples and standards were spiked with 12nmol/kg Yttrium (Assurance
Spex-Certiprep standard)‘ to correct for signal drift. Standards were run at0, 5.8, 11.6, 17.4,

23.2, 29.0, and 34.8 nmol/kg Sr concentration (Ricca Chemical Company AA standard) in 2%
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Element/Species

Method

Precision

Cl

Potentiometric titration

+05%

Li FAAS/FAAS with standard additions +1%/+3%
Na FAAS ' 2%

K FAAS +1%

Mg FAAS +1%

Ca FAAS +1%

Sr elemental HR-ICP-MS 1% _
Sr isotopes TIMS + 0.000018
pH (25°C, 1 atm) Potentiometry +0.01
Alkalinityyotal Potentiometric titration/Gran plot +0.5%

H,S ’ Colorimetry/Starch titration +5%

S0,” lon chromatography +1%

Br lon chromatography 3%

Si Colorimetry +1%

Table 1: Summary of analytical methods and precisions. FAAS, flame atomic absorption spectroscopy; ICP-
MS, inductively coupled plasma mass spectrometry; TIMS, thermal ionization mass spectrometry. With the
exception of the new elemental Sr and isotopic Sr methods developed specifically for this study, precisions are
after (Von Damm, 2000).

Optima HNO; after évery 20 samples. A monitor consisting of 22 nmol/kg Srin 2% Opti‘ma
HNO; was run every 5 samples, along with a duplicate sample every 10 samples, to monitor
sighal stability and method precision. A bottom seawater sample was run several times,
and all results were standardized to IAPSC seawater. For HR-ICP-MS 6perating conditions,
see Appéndix A.

In preparation for Sr isotope analysis of the hydrothermal fluids, Sr was sepérated
from the sample matrix using EiChrom Sr Spec resin, adapting the methods employed by
Ravizza et al., 2000 and Bryce et al., 2005. Sample aliquots ranging between 0.2-2.0 mL

were pipeted into 7 mL HNOs-clean Teflon® Savillex vials from the acidified fluid fraction
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such that each sample would contain ~30 nmol of total Sr. Concentrated Optima HNO; was '
added such that the samples were in 3N HNO3, and the samples were dried down on a
hotplate under laminar flow to minimize their organic content. They were brought back up
in 400 uL of 3N HNOj3, and sonicated for 20 minutes to ensure complete dissolution. The
samples were then run through golumns according to the method outlined in Appendix B.
After ;:ompletion of the column work, samples were driedrdown completely under laminar
flow and brought back up in 2 drops of concentrated Optima HNO3, then heated in closed

vials until samples were completely dissolved and a small drop of ~20 pL volume remained.

Strontium isotope analysis

Strontium isotopes were measured on vent samples at Boston University by thermal
ionization mass spectrometry (ﬂMS) using the Finnigan Triton. In a laminar flow bench,
samble volumes of 1.0uL (~100ng) were loaded on single Re filaments and dried, and 2.0uL
TaO in 5% phosphoric acid activator was added and dried prior to loading in the turret. To
ionize Sr, manual runs resulted in the best result when the sample was ramped to 2400mA
(200mA/min) and then ramped slowly (100-50mA/min) to 3500mA, which corresponded
with a pyrometer temperature of ~1400°C and 2-4 volts of signal intensity in 2Sr. During
the course of sample analysis repeat runs of NIST SRM 987 (100ng loads) yielded an
external ®’Sr/®Sr reproducibility of 0.710247 £ 19 20 (n=6). Repeat 100ng load runs of an |

in-house standard gave a Iong term external &Sr/%6sr reproducibility of .707507 + 18 2¢
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(n=16). Two analyses on IAPSO seawater yielded 87Sr/%Sr of 0.709169 + 4 26 and 0.709179
* 7 20, in agreement with the accepted modern 'sea;/vater value (Hodell et al., 1990).

Due to slight differences in their atomic masses, the ionization potential of 8¢r and
87Sr differs, and results in mass dependent fractionation within the TIMS. A correction, or
fractionation, factor is calculated by normalizing the measuréd 85r/%r to the accepted
8v‘ﬁsr/%Sr value. This same fractionation factor is then applied linearly to correct the
measured ¥'Sr/%%sr.

Recent advances in high precision isotope ratio instruments, such as the multi-
collector inductively coupled plasma mass spectrometer (MC-ICP-MS) and the TIMS, have
résulted in a small number of Studies reporting 85 /%5sr fractionation in marine
environments, specifically corals (Fietze and Eisenhauer, 2006; Halicz et al., 2008;
Ruggeberg et al., 2008). It is not known how the higher temperature and pressure

8sr/%8sr in

conditions in a hydrothermal MOR setting may affect potential fractionation of
hydrothermal fluids. if this process is occurring, however, | am assuming that it affects all
the fluids to a similar degree. Hence, the changes in fluid isotopic composition over time

may still be compared on a relative basis. See Table 2a and Table 2b for temperature, major

and minor elements, Sr isotope, pH, and alkalinity raw data.

High-temperature end member calculation

Seawater always comprises some volume of a hydrothermal fluid sample, due to (1) -

‘seawater used to fill the dead volume in the titanium bottles prior to sampling and (2)

30



- seawater entrainment during sample coll{ection. Based on studies that show Mg =0
-mmol/kg in puré vent fluids (e.g. Bischoff and Dickson, 1975), elemental end members were
calculated for a high-t'emperatqre fluid by performing a least-squares regression of an
individual chemical‘species versus Mg, assuming passage through the ambient bottom
' seawater composition, and extrapolating to 0 mmol/kg Mg. Iﬁ the case of a Sr isotope end
member calculation, sample and seawater isotopic values were plotted against Mg/Sr to
account for the variation in Sr between seawater and the samples. Chemical data for all
hajors samples collected for a vént at one time (one dive), plus 15 inputs for the seawater
value are uséd for each High-temperature fluid end member regression, an examplé of
which is shown in Figure 6. Generally speaking, the standard error of the intercepf is equal
toor 'Ie‘ss than the method precision, so method prevcisi‘ons were applied to determine end
member as well as discrete sample uncertainties, unless specifically noted. See Table 3 for

~ calculated end member data.

Mixing hyperbola equation and uncertainty analysis

One method used to examine the relat‘ionship between high- an'd Idw-temperature
fluids at a particular sampling interval was the application of Sr isotopes to draw mixing
hyperbolae for the high-temperature fluid-seawater mixtures. The Sr isqtope composition
of a mixture was calculated according to the equation:

[®7Sr/Sr ] mix = (1)|5|’|§w[875r/ 856 rlsw + (1-AISrirl® Sr/2S iy

(f)[sr]SW+(1'f)[sr]Hi-T
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Where fis the mole fraction pf seawater in the mixture, [Sr]swis the elemental Sr
concentration of seawater, [87Sr/865r]5w is the isotopic Sr composition of seawater, [Sr]uit is
bthe calculated‘end member elemental Sr concentration df the high-temperature fluid
(Figure 6 shows example end member calculation) , and [87Sr/855r]Hi-T is the calculated end
member isotopic Sr composition of the high-temperature fluid (Faure, 1977b). This
equation expresses the mixture as a mass balance that assumes constant 8gr abundanceé in
both end members. The Sr isotope mixture hyperbolae were plotted versus elemental Sr,
elemental Ca/Sr, and elemental Mg/Sr by applying the same mole fraction of seawater as
for the mixture.

In order to determine the uncertainty in these hyperbolae, a Moﬁte Carlo statistical
analysis was performed (Bevington and Robinson, 2003). The mean and twice the standard
error of each of the four input values as described above were input into a spreadsheet
which generated 10,000 randomly-generated inverse normal distributed vaIQes. The values

used are described as follows:

Mean [Sr]sw = 89.53 umol/kg; 2x standard error [Sr}sw = 0.8953

Mean [¥7Sr/%0Sr]sw = 0.7091702; 2x standard error [2'Sr/®°Sr]sw = 0.0000541 (based on 600+
runs of bottom seawater)

Mean [Sr}uir = Calculated end member value (Table 3); 2x standard error [Sr]H, 7=
Uncertainty on end member value (Table 3)

B'Sr/®8Sr) it = Calculated end member value (Table 3); 2x standard error [Sr]yit =
0.0000541
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These 10,000 x 4 values were then input into the mixing equation (above) for f values
ranging from 0-1 (pure seawater to pure high-temperature hydrothermal mixture)
(increment 0.025) to generate 10,000 result values for each‘fvalue. The mean and standard
deviation of these 10,000 results for each f represent the uncertainty in the mixture. For
the mixing hyperbolae plots (presented in the Results and Discussion Chapter) the
uncertainty in the y-axis (the iSotopic mixture uncertainty, as calculated above) was

- compared with that of the x-axis (the elemental concentration or elemental ratio

uncertainty, based on method precisions) and the greater error is plotted.
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Figure 6: Examples of end member plots and regressions, shown for {a) elemental Sr and (b) isotopic Sr, for
discrete Ty {orange squares) and lo {red triangles) samples collected in April 2000. The seawater value is

indicated with a blue circle. The 0.0 Mg (for Sr) and 0.0 Mg/Sr (for 87Sr/%sr) intercept is taken to represent.the .
end member value for that vent.
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CHAPTER IV

RESULTS AND DISCUSSION

In the following discussion, | frame my analysié of high-vand low-temperature fluid
chemical variation in terms of a comparison of the pre'-eruptive (2000-2004) and postf v
eruptive (2006-2007) trends. The data | present include température, pH, and alkalinity
measurements as well as Cl, Si, and other major and minor element data, including Br, Na, '
Ca, Lj, X, Sr, H,S and 5042'. | also discuss Sr isotope variation over the pre- and post-eruptive
periods for both fluid types and usé these data, coupled with elemental Ca and Sr
abundances, to constrain mixing relationships betweben the high- and low-temperature
fluids to assess the deviations from non-conservative mixing, and cqnsider possible
implications of anhydrite dissolution into the Iow-température fluids during the samplihg

interval.

Temperature, Chloride, and Silica

The sampling temperature, along with the chloride and silica content, of a
hydrbthermal vent exiting from the seafloor provides an “integrated record” of the pressure

(P) and temperature (T) reaction conditions that the fluid underwent during its passage
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through the crust (Von Damm, 1995; German and Von Damm, 2004). This information can
be translated into an approximate depth of fluid circulation, which in turn provides a

constraint on the proximity to the heat source. Figure 7 shows the measured temperaturé,
- chloride, and silica composition of end member Ty and lo ﬂuids and discrete BM82 sambles

over the 1994 to 2007 sampling period.

_Temgerature

The temperature reported for all vents is the maximum exit temperature reqorded
by the ICL on the majors bottle during sampling with the‘ DSV Alvin. This temperature is not
corrected to an end member value, and is thus cénsidered to be a minimum témperature.
Many factors contribute to lower the sampled temperature Vrelative td the reaction zone
temperature, including cohductive cooling ih the upflow zone, the difficulty of maneuvering .
a probe fully into a vent orifice, and possible sampling artifacts, including seawater
.entréinment into a éhimney (Von Démm, 2004). For these reasons, temperature is the most
uncertain of the three indicators for P-T reaction conditions, and tendsvto be more.
uncertain with |ower-<juality (high-Mg) samples. Despite these caveats, time series high-
temperature vent temperatures, considered together with C‘I and Si Contents, can provide
m‘inimum temperatures for fluid-rock equilibration and be used semi-quantitatively to
constrain the proximity of the fluid-mineral equilibratioﬁ to the heat source.

At depths of 2500 meters (pressures ~250 bars), temperatures in excess of 389°C are

required for seawater phase separation. Given the measured exit temperatures for Ty
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Figure 7: Time series summary of high-temperature Ty and lo and low-temperature BM82 vent (a) maximum
- sampled temperature, (b) Cl content, and (c) Si content. For these plots as well as the following time series
elemental and isotopic plots (unless otherwise noted), open symbols represent high-temperature end
member values {derived values), with orange squares representing Ty and red triangles representing lo. The
three best (lowest Mg) discrete BM82 samples (out of 3-4 samples total) are plotted for the entire sampling
interval. The blue short dashed line represents the seawater value. The vertical green bar represents
emplacement of 80% of the eruption volume, while the green long dashed line marks the end of the eruption
{Rubin et al., 2008). In the C| plot, as well as in following plots for Br/Cl, Na/Cl, Ca/Cl, and Sr/Cl, additional
“halite corrected” points are shown. These points were adjusted for the possibility of halite precipitation in
March 2004 through the post-eruptive fluids, based on elevations in the Br/Cl. See discussion in text for more
detail. ‘ : '
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(range 319-359°C) and lo (range 303-374°C),‘ venting Ty and lo fluids are in the single phase
region, and are therefore not actively phase separating at the seafloor, throughout the
sampling period (Figure 75). Prior to the eruption, lo sampled temperature remains
approximately constant around 350°C, Whi|e Ty sampled temperature drops by 29°C from
352 to 323°C. As noted in Von Damm (2004), it has been observed previously that
hydrothermal fluids which travel a longer distance along the discharge zone have greater
time to uhdergo conductive cooling. Cooler temperatures may also be a signal of seawater
entrainment into the discharge zone, resulting vin mixing and cooling of the fluids prior to
sampling. The temperature drop in Ty vent prior to the eruption could then be interpfeted
as either é deepening of the heat source in the Ty reaction zone, and/or ehtrainmént of
seawater in the discharge zone. |

Immediate post-eruption measured temperatures peak at both vents and then
decrease over time, with temperatures of 359 to 319°C at Ty and 374 to 303°C at lo,
suggesting a shallow heat source immediate post-eruption. The higher maximum exit
temyperatures of these fluids may also be a manifestation of enh‘anced vigor of convection
through the more porous subsurface rock immediately following the eruption (Rosenburg et
:al., 1993). The cooler temperatures in 2007 suggest either a deepening heat source or
entrainment of seawater into the discharge zones of both vents, as described above for Ty
based on observations by Von Damm (1995). Interpretations based on maximum sampled
temperature measurements, which have high uncertainty, should not be considered

conclusions within themselives. However, these observations may be considered together
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with interpretations based on Cl and Si contents, to be used semi-quantitatively to constrain
the proximity of the fluid-mineral equilibration to the heat source.

It can also be observed that BM82 is ka robust areé of low-temperature flow
throughout the sampling period, varying between 3.7-32.4°C and averaging 19.0°C (Figure |
7a). These temperatures of less than 120°C can support biological communities, and BM82
indeed hosted profuse microbial and macrofaunal communities, including vestimenfiferan
tubeworms, bracyuran crabs, zoarcid fish, amphipods, and limpets, throughout the pre-
‘eruption time series (Shank et al., 1998) and | have personally observed new micro- and

macro-faunal colonization post-eruption in November 2006 and December 2007.

Chloride

Throughout the sampling period, Ty and lo consistently have Cl contents distinct
from that of bottom seawater at 9°N EPR (540 mmol/kg) (e.g. Von Damm, 2000; Von Damm,
2004) (Figure 7b), demonstrating that, although their sampled exit temperatures indicate
that they are not actively phase separating at the seafloqr, the fluids have unequivocally
undergone phase separation at least once during their paths through the oceanic crust. In
the pre-eruption period, Ty Cl contents increase from 406.0 mmol/kg (vapor phase) to 583.4
mmol/kg (brine phase), while lo cl contents also increase, from 286.0 mmoi/kg t0 529.5
mmol/kg (vapor phase). Based on experimental studies (Bischoff and Rosenbauer, 1988;
Bischoff, 1991), Von Damm (2004) proposed that higher Cl contents indicate higher P and

higher T conditions in the reaction zone, in the case of vapor phase fluids. Once a fluid
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exceeds the seawater value of 540 mmol/kg Cl, it is now tapping a brine phase fluid, or at
least some fraction of the sampled fluid is sourced from a brine phase.

In an effort to more quantitatively model the P and T conditions of the deep sea
MOR hydfothermal system reaction zone, Foustoukos and Seyfried (2007) have recently
updated the quartz solubility model by Von Damm et al. (1991); by performing quartz
solubility experiments at various chlorinities. Their empirically-derivéd Si-Cl solubility
curves are shown in Figure 8 ;‘or the P avnd T conditions considered in their study. The end
rhe'mber Cl and Si contents of Ty and lo over the tim.e series considered in fhis thesis are |
superimposed on Figure 8, with arrows indicating the direction of evolution of the fluids
over time. If one assumes that (1) the fluids are at equilibrium with quartz and (2) no
significant amount of Si or Cl is lost during the transit through the dischargé zqne, two
obéervations rﬁay be drawn from the Ty and lo Cl and Si contents, considered within the
framework of the Foustoukos ahd Seyfried model. First, the increasing Cl and Si content in
the vapor phase fluids in both Ty and lo between 2000 and 2004 supports an increase in
reactioﬁ zone pressure (deepening of the heat source) and hotter temperatures of phase
separation in the immediate region. Additionally, the consistently higher Cl and Si contents
of vapor phase Ty quidS relative to concurrent vapor phase lo fluids suggests thaf 2000-
2004 Ty fluids may have originated from a deeper, hotter source fluid. The lower maximum
sampled exit terhperature of Ty, v;/hich really constitutes'a minimum temperature for the |
fluid, may be a consequence of a longer discharge zone path, and therefore more adiabatic

cooling and conductive heat loss (Figure 7a). Additionally, in 2002 and 2004, Ty was tapping
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brines stored in the crust (Figure 7b). Brine phase fluids are denser than vapor phase fluids
and are thought to have a longer residence time within the crust, and thus more time to
cool conductively. The incorporation of these brine phase fluids is fherefore likely to have
contributed to the cooling of Ty vent> prior to the eruption.

In the immediate post-eruptidn sampling interval, Cl contents reach their lowé;t at
both} Qents and then incréase over time, with Ty experiencing i42.9 to 156.7 mmol/kg Cl
and lo experiencing 101.3 to ‘211.7 mmol/kg Cl (Figure 7b). These fluids élso reach their
lowest Si contents immediately post eruption and then increase over time (Figure 7c).
Taken together, the Cl and Si contents indicate a shavllower heat source immediate post-
eruption follbwed by a deepening (Figure 8), which is consistent witH the measured
terhpe_raturé-based interpretation. An alternative explanation for the very low Cl contents
of the quid§ post-eruption may be fhe precipitation of halite, and | wiI‘I'discuss evidence for
this pfocess in the following section, whén the Br contenté and Br/Cl ratios of the vents are
considered.

During the sampling period, the Cl compositions of the BM82 fluids are much closer
to that of seawater (Figure 7b), than the high-temperature fluids. It is clear, however, that
these low-temperature fluids experience both depletions and enrichments in Cl, and must
thus have a high-temperature component, rather than merely representing heated

seawater.
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Figure 8: Solid black and blue dotted lines depict a Si-CI-P-T dependent quartz solubility model developed by
Foustoukos and Seyfried (2007). The model is shown for (a) vapor phase and (b) brine phase fluids. The Cl
and Si contents of Ty and lo vent fluids are plotted, with all fluids plotted in {a) and just brine phase fluids
plotted in (b). Fluid compositions have been converted to molal units to conform to experimental data. The
evolution of a fluid in a particular vent is indicated with arrows. Arrows outlined in green highlight the change
over the 2 year interval, between March 2004 and June 2006, during which the eruption occurred.
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Hydrothermal fluid Si contents can be used as a third constraint on the P-T
conditions of the reaction zone. Inherent in this application is the key assumption that
hydrothermél fluids are at equilibrium with quartz and that no significant amount of Si is
lost during the transit through the discharge zone (Von Damm 2000; Von Damm, 2004).
vSilica in hydrothermal ﬂuids exists predominétely as silicic acid, HsSi04. In this thesis, | refer .
to measured silica as “Si,” to maintain consistency with previously published studies by Von
Damm (e.g. 1995, 2000, 2004), and because it is equimolar to SiO, (pure quartz) and can
therefore be directiy compared with experimental studies (Figure 8, 9). Figure 9 describes
the solubility of quartz in pure water and seawater with changesin P-and T, as caiculated by
the equation derived in Von Damm et al (1991), and the Si contents of Ty and ld over the
sampling interval are plotted versus their maximum sampled temperatures. As stated
previouély, the éonsistently distinct Cl content of Ty and lo relative to bottom sea\ivater at
9°N EPR demonstrates that the fluids have unequivocally undergone phase separationyat
least once during their patiis through the oceanic crqst, and therefore it can be safely
a-ssumedvthat they have been as hot as 386°C at pressures at least as high as 250 barsi |
Considering the data plotted on Figure 9, in Iigth of the previously stated assumptions about
Si, one can thus estimate that the reaction zone of Ty and lo has reached a maximum
pressure of 300-350 bars.

At conditions relevant to a deep sea hydrbthermal system, Si content increases with

increasing T and P until temperatures exceed or are equal to 375°C, after which Si exhibits
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retrbgrade solubility (as temperatures continue to increase, silica content decreases) (Figure
9). -Thevincreasing Si content of both fy and lo pre-eruption, with Ty increasing from 13.8 to
16.0 mmol/kg Si and lo increasiﬁg from 10.6 to 14.1 mmol/kg fluid Si contents (Figure 7c),
when considered at and above the measured exit temperatures, is likely to represent
increasing P conditions in each particular vent with time, and therefore increasing depth to
the magma chamber (Figure 9). Immediate post-eruption Si contents reach their lowest at
both vents and then increase over time, with Ty having 8.3 to 15.5 mmol/kg Si and lo having
5.7 to 12.2 mmol/kg Si. The;e lower but increasing Si contents may indicate reaction
condifions of lower P (shallower heat source) and/or lower T immediately following the
eruption, followed by higher ,P conditions. Again these interpretations are consistent with
the measured temperature and Cl-based post-eruption interpretation. It should also be
noted that if halite is precipitating and re-dissolving in the upper oceanic crust, Si content

may be a better indicator of reaction zone depth than Cl content.
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Figure 9: Temperature and pressure dependence on quartz solubility in pure water (solid lines) and seawater
(dashed lines). Figure modified after (Von Damm, 2004), using an empirically-derived quartz solubility
equation published by Von Damm et al. (1991). The end member Si contents of Ty and lo over the sampling
interval are plotted versus their maximum sampled temperatures. Si content is a function of Cl content, so
vapor phase samples should be considered according to the quartz solubility models for seawater and distilled
water, while brine phase samples should be considered according to the quartz solubility model for seawater.
It is known from Cl data that the Ty and lo fluids have undergone phase separation at least once during their
paths through the oceanic crust, and therefore it can be inferred that they have been as hot as 386°C.
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Major and minor elements, pH, alkalinity

The major and minor elemental composition, pH and alkalinity of a high-
tempverature hydrothermél vent exiting from the seafloor provides information about the
degree of water-rock interaction; fluid residence time, and other mineralogical processes
that may occur in the subsurface (e.g. Von Dam»m, 1985, 1995, 2000, 2004; German and Voo
Damm, 2004). Figures 10, 11, and 12 show the énd member Br, Na, Ca, Li, K, Sr, H,S, SO42',
pH, and alkalinity composition of end member Ty and lo fluids over the 1994 to 2007

- sampling period, as well as element-to-Cl ratios for Br, Na, Cé, Li, K, and Sr.

Bromide

Bromide has been shown to exhibit conservative behavior with Cl during phase
separation (Voh Damm et al., 2003). In Ty and lo, the absolute concentrations of Br vary
from greater than to less than the seawater value in the pre-eruption period. (Figure 10a).
They then drop to less than seawater post-eruption, as wouldv be expected baséd on the Cl
behavior. After the eroption, Br/Cl ratios are elevated in both Ty and lo (Figure 10b). This
observation, coupled with a Na/Cl value greatly exceeding the seawater value (FigureA 10d),
- - may be an indicator of halite precipitation, as described by Oosting and Von Damm (1996)
and Von Damm (2000). Elevation of the Na/Cl ratio may also occur as a result of albitization,
and | will describe this process in the following discussion. Oosting and Von Damm (1996)
discuss the fractionation of Br from Cl that occurs when halite precipitates, due to the

exclusion of the larger Br ion from the halite crystal structure. If halite precipitation were
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occurring, the Br/Cl ratio would therefore’increase. Sodium is less abundant in seawater -
than Cl (Na/Cl = 0.86), and thus if halite were precipitating at a 1:1 molar ratio of Na to a,
vth’e Na/Cl ratio would be lowered in the vent fluid. Von Damm (2000) further discusses the
possibility that halite precipitation may occur immediately following an eruption, and be a
transient event: “We infer that a small amount halite is formed at'the.time of eruption,
perhaps by the flashing of seawater in contact with a hot lava fiow, and that it is quickly re-
dissolved (p. 11,217).” Indeed, Ty and lo vents ‘in the immediate post-eruptive June and
November 2006 sampling intervals shoW an elevated Br/Cl ratio and cohcurrent depletion in
Na/Cl, suggesting that halite precipitation méy indeed occur in deep sea MOR‘hydrothermaI
vents periodically over the course of a volcani;: cycle, and is associated closely with major

eruptions.

If one assumes that Br rerﬁains conservative with Cl during phase separation
throughout the time period, a simple mass balance calculation based on the difference
between the steady state Br/Cl ratio (2000-2002) and the elevated Br/Cl ratio (2004-2006)
allows a rough estimation of the Cl possibly lost to halite.precipitation (Figure 13). An

example calculation is shown for Ty in March 2004:

Measured Br = 1071 umol/kg = 1.8337 umol/mmol
cl 584.3 mmol/kg

Average steady state Br = 1.5555 umol/mmol
Cl
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Additional Cl needed for steady state Br/Cl, x:

Br 1071 umol/kg = 1.5555 pmol/mmol
Cl 584.3 + x mmol/kg

104.2 mmol/kg Cl

X
Therefore, in Ty in March 2004, an estimated 104.2 mmol/kg Cl was lost to Cl, which is |
amount equivalent to approximately 18% of the measured Cl end member. Other losses of
Cl to halite precipitation were calculated similarly, and are shown in ngure 13a and 13b. As
shown in ’Figure 10b, this mass balance calculation adjusts the Br/Cl ratio back to the steady
state value. The amount of Cl lost fo halite precipitation may then be added back into the
total Cl budget. | have also shown adjustments to the Na/Cl, Ca/CI; and Sr/Cl ratios (Figures
10d, 10f, 11f) in order to determine’whether albitization and anhydrite precipitation or
dissolution may also be a factor in determining the high-temperature fluid chemistrieé
throughout the time series. These adjustments will be detailed further in the following

discussion.

Alkali and Alkaline Earth Metals

As the dominant cation, Na also behaves conservatively with Cl during phase
separation. Sodium abundance clearly tracks the Cl pattern, as seen in Figure 10c. Pre-
eruption lo Na/Cl ratios are near that of seawater, but Ty shows some depletion in 2002 and
2004, but these decreases are not significantly different than the seawater ratio, when the
" method error is considered (Figure 10d). lo shows an Na/Cl ratio greater than seawater in

2004, but again, this increase is not significantly different than the seawater ratio, when the
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method error is considered. The post-eruptive Na/Cl ratios may therefore be interpreted as
stead-state values.v
Post-eruption fluid Na/Cl for both vents in 2006 is significantly less than the
| seawater value. These low Na/Cl ratios may be due to disequilibrium of fluid-mineral
processes, albitization, and halite dissolution, or some combination of these three
proceéses. While the sampling time for the Na/Cl ratio of Ty in November 2006 coincides
with the peak in the Ca/Cl ratio és well as elevated’ Br/Cl ratio for thfs vent, suggesting
albitization as a potential process as well as halite precipitation, the Na/Cl ratio of lo does
not coincide with a concurrent peak in Ca/Cl for this vent. Halite dissolutibn’is therefore a
possible explanation for the lo Br/Cl vand Na/Cl ratios in the immediate post-eruption period
of June 2006. In order to determine whether Na/Cl ratios would still be depleted after
accounting for halite precipitatioh, | added the Cl lost to halitebprecipitation back into the
- total Cl budget and an equimolar amoun_t of Na back into the total Na budget, and
recalculated the Na/Cl ratios, as shoWn in Figure 10d for the 2004-2006 sampling interval.
Ty vent in November 2006 still shows a deplefion in the Na/Cl, and so this vent may have
also been affected by albitization at this time. In order tvo account for possible albitization in
the Ca/Cl rafio, a simple mass balance was performed as follows:

Measured Na/Cl = 105 mmol/kg Na =0.734 mmol/mmol

143 mmol/kg Cl

Halite corrected Na 105 + 68.5 mmol/kg Na = 0.8218 mmol/mmol
Cl 143 +68.5 mmol/kg Cl
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Additional Na needed for steady state Na/Cl, y:

Na = 173.8 + ymmol/kg = 0.8592 pmol/mmol
cl 211.5 mmol/kg :

y = 8.050 mmol/kg Na
Albitization reaction:

CaAl,Si,0g + 45i0, + 2Na* > 2NaAlSi;Og + Ca®*
(Anorthite + quartz + sodium (aqueous solution) = (Albite + calcium (agueous solution)

Amount of Ca added to fluid from albitization if 8.050 mmol/kg Na was lost, z:

Measured Ca content of fluid + y/2
12.1 mmol/kg + 8.050/2 mmol/kg = 16.1 mmol/kg

z
V4

The Ca/Cl‘ratid forva in November 2006 can thus be recalculated to account for potential
| halite precipitation and albitization, as shown in Figure 10f.

Like Na, the other alkalis {Li, K) and alkaline earths (Ca, Sr) are thought to behave
conservatively with Cl in hydrothermal fluids. Equilibrium or disequilibrium between fluid-
mineral reactions is another important control on these eIeme‘nts. The eleméntal‘

- abundances for Ca, Li, K, and Sr throughout the time series are plotted (Figure 10e, Figure
113, Figure 11c, Figure 11e), as are the element ratios to Cl (Figure 10f, Figure 11b, Figure
11d, Figure 11f). The pre-eruption element ratios to Cl for Li, K, Ca, and Sr are all greater
than that of seawater (with the single exception of Srin lo in 2000, which is slightly
depleted) (Figure 10f, Figure 11b, Figure 11d, Figure 11f), and thus it is clear that these
metals are being added by water-rock alteration. Despite changes in their absolute

abundances, the consistency of the ratios during this four year period suggests that fluid-
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mineral processes are at equilibrium, or steady-state. This observation of constant alkali
and alkali earth to Cl ratios was also noted by Von Damm (2000) for the 1994-2002 tifne
period for the high-temperature vents Bio9, Bio9’, and P (Figuré 3).

Fluid Li/Cl ratios for both vents in the post-eruptive period in 2006 and 2007 are
lower that the steady-state value, but Still greater than the seawater value. SimilarI‘y,Apost-
eruption fluid K/Cl ratios for both vents drop to lower than the seawater value, then
increase to just above the seawater value, but still much lower than the steady-state value.
Several processes may be driving the drop in the Li/Cl and K/Cl ratios, including fluid-
mineral disequilibrium and formation of clay mineral alteration prodﬁcts. Itis likely that”
~ this drop in the ratios is again evidence for enhanced vigor of convection through the more
pofous subsurface rock immediately foIIowing the eruptidn. Thé resulting kinetic effect on
fluid-mineral reaction is that the fluids do not have sufficient time to equilibfate with the
rock. An additionai process which may be affecting K and Li in the post-erhptive fluids may
be the formation of illite in the‘discharge zone. The clay illite, which is an alteration product
of basalt, incorporafes the K" and Li* ions into its structure. An eruption is likely to result in |
fracturing subsurface, and new flu‘id flow paths would likely encounter fresh, relatively
unaltered»basalt. If illite is forming in the potentially newly-fractured, fresh basalt discharge
zones beneath Ty and lo post-eruption, the result would be a lowering of these elements
relative to Cl in the fluids.

Fluid Ca/Cl and Sr/Cl ratios for both vents in the post-eruptive period in 2006 and

2007 are clearly in disequilibrium with fluid-mineral processes. lo Ca/Cl and Sr/Cl values
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drop very low in the immediate post-eruptive sampling interval in June 2006 for lo vent (Ty
not sampled), which again may be explained by enhanced vigor of convection leading to
insufficient time to allow the fluids to equilibrate with the rock. lo vent in November 2006
shows Ca/Cl values fhat have increased since the June 2006 sample interval, but are still
lower than both the seawafer and the pre-eruptive steady state range, suggesting that the
fluids afe still convecting too quickly to allow equilibration with the rock. Ty ventin
Noyember 2006 shows a Ca enrichment relative to the seawater and the pre-erqptive
steady state range, even after correction for both halite precipitation and albitization. This
suggests that there may be an additional input of Ca not accounted for by water-rock |
interaction and albitization. Anhydrite di‘ssolution fbr‘om either the stockwork and/or the
chimney is one possible source for this éxcess Ca. Post-eruptive Sr/Cl ratios for both Ty and
lo vents; even when corrected for halite precipitaﬁon, show values that are depletéd
relative to seawater and the steady-state value. Two conclusions may therefore be drawn,
the first being that, in agreement with obsérvations for Ca,‘the fluids are still convecting too
- quickly to allow equilibra‘tion with the rock post-eruption, and the second that if anhydrite
is re-dissolving into Ty fluids in November 2006, the éddition of Sr from anhydrite is a

" negligible part of the entire Sr budget, at least on the basis of mass.

&

Alkalinity and pH

Alkalinity was negative and pH was acid throughout the sampling period (Figures 12a,

12b). Reported pH values were measured shipboard at 25°C and 1 atmosphere under
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nitrogen. The low pH ‘of hydrothermal fluids is due to the gain in H' in Mg-OH precipitation
reactions within the recharge and reaction zones, and is responsible for titrating the
alkalinity in the original seawater source fluid, ae previously discussed. When hydrothermal
fluids are sampled, and some amount of seawater is incorporated, this low pH t_itrates some
of the alkalinity of the hydrothermal-seawater mixture. When sample pH or alkalinit'y is
plotted versus Mg, therefore, the mixture results in a titretionbcurve, rather than a linear
mixing line es generated for other elements and species {(Von Damm, 2000). Von ‘Damm
(2000) examined various means of estimating logistic fits fo this curve, and determined that
for high-quality samples (lowest Mg less than 10 mmol/kg),. the measured pH and alkalinity
- are close to the end member \)alue and introduce less error than applying a logistic fit. This
study follows that example, and repdrts the pH and alkalinity end members as the
measured value for the best sample (lowest Mg). As described by Von Damm (2000), when
the sample quality was too poor (lowest Mg sample greater than 20 mvmol/kg) to report an
end member pI-vI‘ or alkalinity value, the lowest measured value is repofted as the maximum
~ end member value, end a “down” arrow is displayed on the correspdnding da‘te point in
Figures 1v2a and 12b. There is no discernable temporal trend in the pH or alkalinity data, as
apparently higher values post-eruption may be artificially elevated due to sample quality

issues.
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Sulfur species

The high acidity of high-temperature vent fluids causes S to occur predominately in
its reduced form as H,S, rather than as the aqueous species HS or s (Gefman and Von
Damm, 2004), and therefore H,S and SO,> are the S species routinely analyzed in vent fluids
(e.g. Von Damm,'1995; Von Damm, 2000; Von Damm, 2004). Hydrogen sulfide is a gas, and
is therefore strongly partitioned into vapor phase fluids. The end member H,S values
reported in this thesis are described as “H,S-LR”, which stands for end member H,S
calculated from a linear regreséion. This convention is consistent with other data sets
published by Von Damm (e.g. 1995, 2000, 2004). Near-constant H,S in the p.re-eruption
fluids in both .vents represents fluid-mineral equilibrium, or steady-state, while higher H,S
abundances post-eruption are potentially due to input by non-equilibrium, increased water-
rock reéction, as well as the production of very low-Cl vapor pHase fluids (Figure 12c) (Lilley
et al., ‘2003).

Fluid SO,> contents are close to zero at all times in both vents (Figure 12d). Sulfate
is a species which is particularly subject to sémpling artifacts. For example, SO,> will be
artificially eleva’ted if @ majors bottle cores a chimney structure and anhydrite particles are
inco‘rplbrated into a sample. This phenomenon is easier to identify in Ca and Sr end member
calculations, and is less obvious when small amounts of S0,> are added. The incorporation
of anhydri.te particles during sampling could explain for the slightly elevated S0,” in both
Tyandlo following the eruption (Von Damm, 2004). All results for Ty and lo over the time

series represent quantitative S0,% removal, as supported by a similar range in result values
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reported by Vdn Damm (2004). An additional possibility may be that some of the S0, in‘
the November 2006 fluids may be sourced from re-dissolving anhydrite, as identified from
the Ca/Cl results. R

A final unique observation in the SO,> data is the occurrence of an occasional
negative end member value (Figure 12d). Very high negative end member values (less than
-1.0 mmol/kg, as discussed by Von Damm (2000)) éould indicate entrainment of seawater
| into a chimnéy prior to fluid exit, which would result in anhydrite precipitation within the
chimney, in which fI‘uid temperatures are greater than 130°C. Anhydrite is indeed found in
the sulfide structures of high-tempefature vents at 9-10°N EPR (R. Haymon, pers. comm.).
The end member for Ty in 2004 is -0.996 mmol/kg SO,>, which approaches but does not go
|ow§r than this -1.0 mmol/kg cut-off. Thisis irﬁportant to note, because if seawater |
entrainment éccurs, a sniall amount of Mg will be introduced into the fluid prior to
sarhpling anda ”trué” end member value is t‘herefore difficult to calculate._ This is most
obvioué for the SO,” calculation, where a small Mg addition will result in a negative end
member value. The other important implication is that Ca and Sr will precipitaté out along
wi‘th the SO,%, and thus the calculated end member Ca and Sr could be arﬁficially Iowered.
It may bve possible, however, that Mg introduced via seawater entrainment could be
precipitated as caminite; a Mg-hydroxysulfate-hydrate mineral. Thus, while there ére no
S0,> values less than -1.0 mmol/kg, entrainment of seawater may still be a significant

process within Ty and lo fluids throughout this time period.
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Figure 10: Time series summary of high-temperature Ty and Io vent (a) Br content, (b) Br/Cl ratio, (c) Na
content, (d) Na/Cl ratio, (e} Ca content, and {f) Ca/Cl ratio. Note: Plotted Na values are charge balanced,
except for 1o in July 2006 and Ty in December 2007, where the measured Na value is plotted (see Table 3).
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Figure 13: Summary of the amount of Cl) that may have been precipitated as halite immediately before and
after the eruption, shown in (a) as moles per kilogram of solution, and in (b) as the percentage of the
measured end member Cl. These values were calculated by a simple mass balance using the Br/Cl ratio, as
described in the discussion under the Chloride sub-heading. Errors shown are based on method error for Cl
and Br, and were propagated through the calculation, based on error calculation rules derived from the

Gaussian equation for normally-distributed errors (Bevington and Robinson, 2003).

64



Strontium isotope time series

The #Sr/%°Sr end member results for Ty and lo and discrete sample results for BM82

875r /%551 values

are shown for the entire 1994-2007 timé period in Figure 14. Pre-eruption
for Ty and lo are approximately constant, and range from 0.70401-0.70419 fi)r Ty and
0.70394--0.70407 for lo. This suggests that, like elemental Sr, isotdpic Sr was ait quid-mineraI
equilibrium, or steady-state, with ihe isotopic Sr~basalt value prior to the eruption. This
result is‘ consistent with those reported for other high-temperature vents at 9°46’-9°54’'N
EPR by Ravizza et al. (2000), who reported ¥'Sr/%%Sr in vents sampled in 1996 to range from
more radiogenic values of 0.7042 (P vent andr Bio9’) and 0.7041 (Biovent) in more northern
vents to léss radiogenic values of 0.7039 and 0.7037 (A and L) in more southern vents
(Figure 3). The ¥Sr/®sr values identified in Ty and lo prior to the erubtion fallin i)etween |
these two ranges in repoited values, and are ci)nsistent with increasingly more radiogenic
values in vents found at increasing distance north along the transect.

Post-eruptioh 8751 /%%Sr values fér Ty and lo are closer to the seawater ratio than pre-
eruption \ialues, and are also the most radiogenic values reported in h‘igii-temperatuié end
mémber deep sea MOR fluids (Figure 15). The 8751 /%5t values in Ty range from 0.70654 in
November 2006 to 0.70590 in 2007, while the ®’Sr/*°Sr value for lo was 0.70511 in June
2006. Althoqgh isotope measurementé were collected for discrete high-temperature lo
samples, an end member 2’Sr/2Sr ratio cannot be calculated due to the extremely low end
member Sr concentration of 0.58 umol/kg in the immediate post-eruption time. The Mg/Sr

ratio of the lo fluids during June 2006 are therefore so.close to the seawater value that a

65



regression through the fluid samples and seawater cannot be performed. These results
indicate that the &’Sr/%Sr values in these high-temperature vents are not at steady state
post-eruption, and the two data points in Ty may suggest a rate of return to steady state.
Although there are only 2 sampling intervals post-eruption on which to base this
observation, the beginnihgs of a return to equilibrium may be observed in the other
chemical data as previously discussed, including Ca, Li, K and Sr. The post-eruption Sr
isotope results also suggest the possibility that seawater may infiltrate down into the more-
permeable discharge zone following an eruption. If the seawater reacts partially at high
temperature, Mg may be precipitated as caminite, and the fluids would therefore still

- regress to a 0 Mg end member. Sr isotopes may therefore provide valuablé evidence for

the entrainment and partial reaction of seawater following an eruptive event.

RaVizza etal. (2001) used Sr isotopes to identify the presence of an intermediate
fluid component in the composition of one of the high-temperature vents at 9-10°N EPR,
Biovent, which is located north of Ty and lo (Figure 3). This intermediate fluid was shown to
contain only about 50% Mg depletion, and had undergone very little Sr exchange with the
basalt. The main method employed by Ravizza et al. (2001) was a comparison between the
slope of avlinear regression thfough the samples and the seawater value versus the slope of
a Iinear regression through just the sémples. Their study considered vents with 3-6 samples,
and with a range in Mg/Sr of at least 0.05 mmol/umol. The Sr isotopic results from this |
study as presented rely upon 2-4 samples/vent/sampling interval, and ﬁwany of the Mg/Sr

ranges are smaller than 0.05 mmol/umol. The sample library at UNH does contain more
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high-temperature samples for Ty énd lo for some of these sampling intervals, and future
work could include running more bf the samples which are most likely to contain some
proportion of partially-reacted Mg (e.g. March 2004, and the 2006-2007 Ty and lo samples).
With a greater number of samples/vent/sampling interval, which will span a wider rangein
Mg/Sr, the slopes of a linear regression containing seawater versus 6n containing just vent

fluid may be more accurately compared.

Low-temperature BM82 fluid &Sr/%°Sr values do not deviate greatly from the
seawater value (Figure 14), ranging from the seawater value up to 0.70902 during the time
series. Most samples do show a deviation from seawater within the error, and thus include

some high-temperature fluid Component within the mixture.
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Mixing relationships between high- and low-temperature fluids

According to the hypothesis of this study, the Sr isotope systematics of adjacent
high- and low-temperature vents will either record a binary two-component seawater-
hydrothermal mixture, or will support anhydrite dissolution as an additional third

“component. Partially—reactedv seawater may be an additional component, particularly in the
post-eruptive fluids. Binary mixing hyperbolae were calculated using the elemental and
isotopic Sr compositions of‘seawater and high-temperature Ty and lo vent end members, as

“described in Methods. These hyperbdlae were then plotted versus elemental Sr, Ca/Sr and
Mg/Sr_ for all sampling time points, and values for discrete Iow-tefnperature samples were
superimposed to determine whether or not their compositions cduld be accounted for by
the binary mixturé. These three plots are shown fof all sampling time points (with the

exception of June 2006, for which an end member ¥sr/%®

Sr could not be calculated),

including April 2000 (Figures 16a, 16b, 16c), January 2002 (Figures 173, 17b,‘ 17c), March

2004 (Figures 18a, 18b, 18c), November 2006 (Figures 19a, 19b, 19c), and December 2007

(Figures 203, 20b, 20c), | |
vao general observations can be made about the low-temperature fluid

| compositions in relation to the high-temperature quid-seéwater mixtures. It is clear from

the mixture plots that variations in isbtopic composition of the low-temperature fluids are

on small scales relative to the seawater value. These small deviations from the seawater

value may preclude the detection of additional contributions of Sr from anhydrite
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dissolution. In the instances when the BM82 fluids deviate from the mixing lines, the
deviation is due to variation in elemental and elemental ratio compositions.

The pre-er‘upbtion April 2000 and January 2002 that the low-temperature fluids may
be explained as binary mixtures, within the error. In April 2000, the three low-temperature
samples show slightly elevated Sr (Figure 16a), while one sample in January 2002 shows
slightly depleted Sr from the binary mixture. (Figuvre 17a), but otherwise these plots support
previous theories that the low-temperature fluids are indeed binary mixtures with seawater,
with respect to their Sr, isotopi; Sr, Ca, and Mg contents. "

In the immediately-pre eruption March 2004 mixing hyperbolae demonstrate, there
are two plots in which the BM82 fluids deviate significantly from the binary mixing
hyperbolae. The first is Figure 18a, in which two BM82 samples display higher elemental Sr
concentrations. The second is Figure 18c, in which two BM82 samples display lower Mg/Sr
ratios than predicted by the binary mixture. Anhydrite dissolution into the low-
temperature fluids could be a potential mechanism of introducing excess Sr with negligible
input of Mg (re‘sulting ina IoWer Mg/Sr ratio), however, this lower Mg/Sr ratio may
additionally indicate Mg depletion in the low-temperature fluids, perhaps by removal of
caminite in the discharge zone stockwork. It is interesting that the 875r/%5Sr versus Ca/Sr
plot (Figure 18b) does not show a significant deviation in the Ca/Srvratio of the BM82 fluids.
A study of hydrothermal anhydrite deposits at TAG demonstrated that the Ca/Sr ratio of
anhydrite variés widely, and ranges from 0.0730-0.225 mmol/pmol in 13 samples drilled

from various depths in the hydrothermal mound (Mills et al., 1998). It is conceivable
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therefore, that potential subsurface anhydrite deposits at 9°50’N EPR could exhibit a Ca/Sr
ratio around the 0.115 mmol/ptmol seawater value. Mills et al. (1998) additionally analyzed
~ anhydrite samples for Sr isotopes, and the 'Sr/%°Sr range they report for 21 samples is
0.706866-0.709128. These ranges are interpreted to represent seawater-dominated
circulation throﬁgh the mound, with subsequent incorporation of a high percent of |
seawater-derived Sr into the anhydrite. This may also be the case for subsurface anhydrite
potentially dissolving in BM82 fluids, as anhydrite containing hi’gh percentages of seawater-
derived Sr cled account for the lack of significant deviations in the low-temperature
isotopic ratios.

In the post—eruption November 2006 and December 2007 sampling interyals, the
BM82 fluids do not appear to deviate significantly from the binary mixing hyperbolae
(Figures 19a, 19b, 19c, 20a, 20b, 20c). To determine whether or not these, and other fluids
in the pre- and post-eruptive time series, are conclusively explained by a binary high-
temperature fluid-seawater mixture, a closer look was taken at the elemental abundances
of Ca and Sr in the low-temperature Hydrothermal fluids.

To determine whebther or not the elemental abundances of Ca and Sr in the BM82
fluids cén be explained by a binary high-temperature fluid-seawater mixture, the measured
BM82 Ca an‘d Sr contents were comparéd with the Ca and Sr contents to be expected from a
binary mixture, by solving the high-temperature end member regression equation for the
measuréd Mg of the BM82 fluids. These calculations were performed for the three highest

quality (lowest Mg) BM82 samples at every sampling point in the entire time series. These
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calculations assume that Mg is conservative between the high- and low-temperature fluids,
an assumption that may not be true for March 2004, as previously discussed. At any
partjcularsampling time and for any discrete BM82 sample, the célculation was performed
using the Ca and Sr regression equations for both Ty and lo vents, as it is not possible to
determine from these data whether the high-temperature component of the BM82 fluids is
derived from just Ty or just lo, or is a mixture of both high-temperature fluids. Figure 21a
and 20b,rrespecti\)ely, show the results of Ca and Sr molar calculations for the BM82 fluids
sa:mpled throughout the entire time series. The result of a pbarticular BM82 sample in the
Ca deviation plots is plotted in the same relative position on the time series in the Sr
deviation ‘plots}in order to compare trends between Ca and Sr. The repofted errorS are
standard errors, baSed on method precision, and a significant deviation is one in which the
total error dqes not overlap the 0.0 mmol/kg value for Ca or the 0.0 umol/kg value for Sr.
For those points that are thus deemed to represent aksignificant deviation, the error bars
aré colored black, and for those that represent an insignificant deviation, the error bars are’
colored gray. Due to the variability of BM82 sample composition over the time series as
‘well as at any given sampling point, these results will be considered for Ca and Sr ivn detail
for the six’individual sampling periods, and a general interpretation can then be made
considering pre- versus post-eruption results.

In 2000, two BM82 fluid samples show no Ca deviation and a slight Sr excess, and
one sample shows a slight Ca excess and no significant Sr deviation (Figure 21a, 21b). In

2002, one BM82 fluid sample shows no Ca deviation (when the lo regression results are
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cbnsidered) and no significant Sr deviation, while the other two samples show Ca depletions
and no significant Sr deviation. The 2004 BM82 samples show the highest variability of a
single sampling point, with one sample shvowing. a Ca depletion and high Sr excess, one
showing no significant Ca deviation and slight Sr excess, aﬁd one Showing high Ca excess
and no significant Sr deviation. Sampling conditions at this time could potentially create a
situafidn in which one sample is collected which records a differeht process than tﬁe others,
as each majors bottle has a separate snorkel. The 2004 BM82 samples may represent fluids
in‘ which Mg is not conservative, so these results are‘not necessarily accurate. In general,
however, the pre-eruptive BM82 fluids do not show strong evidence for anhydrite
dissolutiqn, as only two samples show Ca contents in excess of that predicted by a binary
mixture mechanism. If in fact these two discrete fluid sémples do represent anhydrite
dissolution, the Sr deviation results suggest that no significant anhydrite-derived Sr from is
incorporated into these particdlar. fluids.

In June-July 2006, all three BM82 fluid samples show Ca excessés (Figure 21a). Two
of the}se samples show Sr depletion and one shows no Significant Sr deviation (Figure 21b).
In November 2006,v two BM82 fluid safnples show Ca excesses, with oﬁe sample showing Sr
depletion and the other showing no significant Sr deviation. One November 2006 BM82
sample shows no significant Ca deviation, as well as Sr depletion. In 2007 lo vent was
observed to be extinct, only Ty vent was sampled, and thus the BM82 deviations were
calculated from only this end member regression. In 2007, all three BM82 fluids show Ca

depletion, with two of these samples showing no significant Sr deviation and one showing a
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slight Sr depletion. The Ca deviation results of the immediate pre-eruptive BM82 fluids,
’sampled in June-July and November 2006, are consistent with anhydrite dissolution, as five
of_the six fluids show a Ca excess. These excesses represent a significant fraction of the Ca
in these fluids, as these deviations make up approximately 2-7% of the total Cé invther low-
temperature fluids (Figufe 223, 23a). Interestingly, four of these six sampleé show
concurrent Sr depletion, ranging ffom approximately 1-6% of the total Sr in the low-
temperature fluids (Figure 22b, 23b). There may be two explanations for the Sr depletibns
which occur in tandem with the Ca eXcesses. First, if anhydrite dissolution is indeed
occurring, it is adding hegligible amounts of Sr to the fluids. Second, an otherwise un-
accounted for Sr sink may exist, such as low-temperature basalt alterati‘on. ‘These alteration |
‘p‘rocesses may be more robust during the immediate post-eruption period, wheﬁ BMS82
fluids are at relatively higher temperatures than at other times during the time series

(Figure 7a).
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Figure 16: April 2000 high-temperature fluid-seawater binary mixture hyperbolae. Black lines are the mean
[87Sr/865r], calculated as described in Methods, plotted versus (a) Sr, (b) Ca/Sr, and (c) Mg/Sr of the mixture.
Dotted lines show the greatest 2¢ error, which for the Sr and Ca/Sr plots is based on method precisions, and
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Figure 17: January 2002 high-temperature fluid-seawater binary mixture hyperbolae. Black lines are the
mean [87Sr/865r], calculated as described in Methods, plotted versus (a) Sr, (b) Ca/Sr, and (c) Mg/Sr of the
mixture. Dotted lines show the greatest 2o error, as described for Figure 16.
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Figure 19: November 2006 high-temperature fluid-seawater binary mixture hyperbolae. Black lines are the
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mixture. Dotted lines show the greatest 20 error, as described for Figure 16.
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Figure 21: (a) Ca and (b) Sr molar deviations from the binary high-température fluid-seawater mixture
throughout the time series, calculated for the 3 highest quality (lowest Mg) BM82 samples (of 3-4 samples
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Figure 23: {a) Ca and (b) Sr deviations as in Figure 22, adjusted to represent the percent of total Ca or Sriin the
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A clear missing link, which will greatly enhance this study, is an examination of the
Ca, Mg, eleme;1tal Sr and isotopic Sr composition and variability in anhydrite in altered
~ basalts at 9°N EPR. All published work to date in exploring hydrothe'rmal anhydrite deposits
_has been performed at slow spreading ridges, including the Juan de Fuca and Mid-AfIantic
Ridge (e.g. Mills et al., 1998; Teagle et al., 1998; Amini et al., 2008). A fast-spvreading ridge
like the EPR represents a very different tectonic environment, with distinctive axis geometry
and more frequent eruptive events. Anhydrité deposits in altered EPR basalts are fresh
products of recent processes that are not overprinted by thousands to millions of years of
low-temperature water-rock reactions, as at slow spreading ridges. Thus, comparable data
frém EPR anhydrite deposits aré essential to understanding the fluid mixing.
Dr. Rachel Haymon at UCSB has aupiece of altered basalt, or “stockwork,” cqllected

from the Tubeworm BBQ region (9°50.6’N) that contains anhydrite intergrown with
: pyrrhotite and chalcopyrite in fhe stockwork veins. Haymon has collected a small amount
of preliminary Sr isotope data for this anhydrite, and the ratio is 0.7048. There have been
two polished thin sections made from the BBQ stockwork sample, and one of these sections
“includes an anhydrité-bearing vein (Figure 24). Haymon and | plan to collaborate to re-run.
vein anhydrite from this stockwork sample to determine whether the TIMS at BU reports
the same Sr isotope ratio. Additionaily, Haymon describes the sample as very big, and
containing many veins, and therefore it will be interesting to determine the mm-cm scale Sr

isotope and elemental Sr, Ca, Mg variability within the veins. These data will be integral to
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Figure 24: Photomicrograph of a thin section from the BBQ altered basalt stockwork sample, showing an
anhydrite-bearing vein of about 0.5mm width. Part of the proposed work will involve re-running vein
anhydrite from this stockwork sample to determine whether the TIMS at BU reports the same Sr isotope
ratio. Image courtesy R.M. Haymon.

better understanding the potential chemical signature of anhydrite in the BM82 fluids, as
well as in other low- and high-temperature fluids sampled at 9°N EPR during the time series.
Additional insights to gain include the potential identification of caminite in the stockwork
sample mineralogy, as well as selecting sulfide minerals inter-grown with the anhydrite to

run for S isotopes. Sulfur isotopes will provide additional information about seawater
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versus high-temperature fluid sources, and it will be interesting to determine whether S
isotopes from sulfides tell a fluid mixing story consistent with that provided by Sr isotopes

from anhydrite.
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CHAPTER IV

CONCLUSIONS AND IMPLICATIONS

Pronpunced elemental and isotopic variability of the low-temperature BM82 and
high-temperature Ty and lo fluids at 9-10°N EPR in the pre- (1994-2004) and pbst-eruptivé
(2006-2007) time intefvals emphasizes the short time scales on which these chemistries
change, in addition to providing a mechanism by which we can elucidate subsurface
chemical and‘heat transfer processes. The maximum sampled temperature, coupled with
the Cl, and Si c0ntenfs of Ty and lo describe a system in which the heat source was
deepening prior to the 2005-2006 éruption, followed by a shallower heat source and
vigorous convect‘ion immediately post-eruption, and most recently evidence for a
deepening heat source. fhis observation is in good agreement with the trends observed in
changes in hydrothermall vent chemistry at 9-10°N EPR following the 1991 eruption (Von
Damm, 1995). That the heat source was deepening in 2007, and therefore driving
convection less vigordusly, may greatly impact the robustness of hydrothermal venting in
the near future, and thus impact the micro and macro faunal ecosystems at the s.ite. Indeed,

lo was confirmed inactive in December 2007, and Ty is presently listed as inactive in the
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vent database in the ﬁidge 2000 Data Pbrt‘al (http://www.marine-
geo.org/portaIs/ridgeZOOO/).

Analysis of the vafiation in Ty and lo major and minor elements/species in the pre-
(1994-2004) and post-.eruptive (2006-2007) time intervals reveals several mineral-fluid
reaction zone processes which have affected vent chemistry significantly, including
albitization (depletion of Na with fncrease in Ca)( halite precipitation (increased Br/Cl fatio,
decreased Na/CI ratio) and enhanced vigor of convection through the more porous
SUbsurface rock in thé post-eruptive time period, leading to the inability of fluids to achieve
steady state chemistries due to kinetic constraints (higher maximum measured
temperaturés and depleted Li/Cl, K/Cl, and Sr/Cl ratios).

An analysis of the Sr isotopic composition of Ty and lo end member fluids, as well as
BMS82 fluids provides the first time series data set documenting Sr isotope variation in any
hydrothermal system. Pre-eruption 8Sr/%®Sr values for Ty and lo are approximately
constant, and agree well with thé Sr isotopic compdsitions of hydrothermal vents at 9-10°N

875r/%%sr values for Ty

EPR as well as at other fast- andv slow-spreading ridges. Post-eruption
and lo are not constaht, but rather are much closer to the seawater ratio than pre-eruption
values or any previously published high-temperature end member values, thereby providing
the first evidence that water-rock reactions are not at steady state with respect to basaltic
Sr isotopes post-eruption. Srisotopes may therefore offer an accurate new method of

identifying the state of equilibration of a hydrothermal system, as well as a measure of

fluid-seawater mixing in the subsvurface. Although low-temperature BM82 fluid 8751 /585y
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values do not deviate grelatly from the seawater value, most samples do show a deviation
from seawater, and thus include some high;temperature flﬁid-derived Sr within the mixture.
The Sr isotope ratios of low-temperature fluids do not provide conclusive evidence for or
against the dissolution of anhydrite into low-temperature fluids. However, a careful |
analysis of deviations in low-temperature fluid elemental Ca and Sr from high-temperature
fluid-seawater binary mixtures shows elevated Ca, interpreted as evidence for anhydrite
‘dissolution, in the immediate post-eruptive system in both June-July and November 2006.
These elevations in Ca composition make up 2-7% of the total low-temperature fluid Ca

content, and thus the process of anhydrite dissolution may provide a greater hydrothermal
source pf Ca to the ocean at certain timés i‘n the eruptive cycle, and may be mostly likefy to
occur following an eruption, when the heat source is shallower.

In future work, | plan to collaborate with R. Haymon to perform isotopic Sr and Ca,

, elem»ental Sr, and Mg chemical analysis of mm-cm scale anhydrite vei}ns in the TWP altered
basalt sample. This future work will brovide a better constraint on the chemical variability
of »EPR anhydrite deposits, as well as providing a comparison between the chemistry of 7

subsurface anhydrite at the fast-spreading EPR and similar studies at slow spreading MORs.
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' APPENDICES

Appendix A

Elemental Sr by ICP-MS procedure

Light the plasma dry, with coolant set to 13 L/min, auxiliary Ar set to 0.90 L/min and
nebulizer Ar set to 29.0 mL/min. After line of sight closes, introduce tuning solution énd
check for uptake and proper flow to waste. Allow to warm up for 1 hour minimum prior to
data collection. During this time, tune on 1 ppb Y, starﬁng first with torch alignment,
followed by coolant, auxiliary, and nebulizer pressures, and lastly by adjuSting source, quad
2, andvhigh voltage settings. Adjust quad tables if necessary. A smooth, flat-topped peak of
750,000-1,000,000 cps on Y is acceptable to begin the run. Begin a run by checking the
tuning solution Y, followed by the blanks, standards, and samples interspersed With the
'mon_itor, With a 30 second rinse in 2% Optima HNO; after every introduction. With sambles
éontaining ~22 nmol/kg Sr, #8sr should yield values of ~800,000 cps, and the 12 nmol/kg Y
spike shouid yield values of ~800,000 cps. These valﬁes will declinevover the run as the
vacuum pressure will drop progressively. A drop of 100,000 cps over 3-4 hours is
acceptable, and can be corrected for using the Y spike. When a run is complete, run the
tuning solution for Y. Aspirate in 2% Optima HNO3 for a few minutes, DI water for a few

minutes, and lastly run dry for a few minutes, prior to turning off pIaSma.
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HR-ICP-MS hardware and operating conditions

Plasma
Coolant
Auxiliary Ar
Nebulizer Ar
Sample
introduction

Mass Spectrometer
Sampler
Skimmer
Magnet calibration

Lenses

Data Acquisition

Isotopes to scan
Scanning mode
Number of cycles
Number of sweeps
Dwell time

Switch delay
Threshold

. Reduction

Peak to center on
Resolution
Number of steps

13 L/min
1.02 L/min
31.4 mL/min

- Manual, free aspiration solution mode

Nickel, 1.2 mm orifice
Nickel, 0.6mm orifice

Optimized on 1 ppb 2% Optima HNO; tuning
solution containing Li, Be, Mg, Sc, Co, Y, In, Cs,
Tm, Tb, Pb, U

Optimized on 1 ppb Y in tuning solution

845!', BGSF, 875[’, 885[‘, 89Y
ESA scan, peak jumping
5

500

3000 usec

2

10000

None

8oy

300

300
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Appendix B

Strontium isotope extraction procedure

For all Sr work, clean gloves and acid-cleaned Teflon® supplies were used. All
solution work was performed in a laminar flow bench in the Bryce lab. First, a blank check
was performed.’ Von Damm lab and Bryce lab DI water blanks, as well as 2% solutions of
Von Damm lab 3x quartz distilled HNO3; and Bryce lab purchased 3x sub-boiling Teflon
distilled “Optima” HNO; were checked for elemental Sr via ICP-MS. Additionally, 1 ppb
(12nmol/kg) Sr standard and 1 ppb Y standard (12nmol/kg) in 2% HNO3 were run for Sr via
’the same method.

In preparation to fun columns, 7 ml Teflon® Savillex vials (p/n# 0225R) were heated -
for one déy partially filled with 50% HNOs3, heatéd for a second day filled with DI water, and
driedina |aminér flow bench. Columns were made by cutting the top and bottom of
transfer pipets and inserting a Teflon® frit into the end. Columns were soaked in 5N Optima
HNO; for 2 days at room temperature to ensure clean columns but not weaken the frits.

Sample aliquots ranging between 0.2-2.0 mL were pipeted into cleaned Savillex vials
fromthe acidified fluid fraction such that each sample would contain ~30 nmol of total Sr,
based on FAAS résults. Concentrated Optima HNO; was added such that the samples were
in 3N HNO3, and the samples were dried down on a hotplate under laminar flow to
minimize their organic content. They were brought back up in 400 uL of 3N HNO;,

sonicated with DI water for 20 minutes, and allowed to sit for a few hours to equilibrate.
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To prepare the columns, while working in a hood a small amount of Eichrom SrSpec

“resin was poured into a HNO;3 cleaned screw top large Teflon vial and DI water was added to

rinse the resin. The mixture was shaken and allowed to settle. Fine particles were then

skimmed off the top via pipet. The mixture was shaken and skimmed 4-5 times. To pack a

column:

1.
2.

Fill column with water from the top and rinse (shake out), then rinse from bottom.

Fill from bottom with DI water, flip and fill from top. Continue running water
through so that there are no air bubbles, then cap the bottom with thumb keeping
the column full of water.

Load ~1 mL of resin slurry into column and allow to settle out. The resin should fill to
the base of the reservoir of the column. ‘ '

Packed columns can sit overnight in a laminar flow bench if placed in an HNO3 clean

beaker covered with a watch glass. To run columns, work in a laminar flow bench and take

care not to reach over samples:

NowuewN

8.
9.

Wash with DI water, filling the top reservoir portion of the column. Let drain to
waste.

Wash with 1 N Ultrex HCl in the same way. Let drain to waste.

Wash again with DI water. Let drain to waste.

Repeat steps 2-3 twice.

Precondition the column by loading 1 ml of 3N Optima HNO3. Let drain to waste.
Load sample onto the column.

Wash with 400ul 3N Optima HNOs. Let drain to waste. Use this to rinse the beaker
that the loaded sample came out of, for quantitative transfer.

Wash with 400ul 3N Optima HNO; again. Let drain to waste.

Wash with 1600ul 3N Optima HNOs. Let drain to waste.

10. Place new sample beaker under column for collection.
11. Elute with 2.3 mL DI water and collect in vial.

12. Repeat step 11 twice.

13. Cap sample collection vial.
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To prepare columns for the next round, leave the columns to dry overnight under
|amihar flow. The next day, tap the dried resin out on weighing paper. The resin should not
be discarded of down the drain, but ion chromatographic resin is not regulated and thus can
be disposed of in the trash. Rinse the column well with DI water. Wash the empty column
with ~0.5 mL of 2N Ultréx HCl, the_n DI water, and then repeat three times. Rinse'seﬁveral

times with DIW, and place the columns in 5N Optima HNO; to clean for 2 days.
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